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CHAPTER 1.
INTRODUCTION

The characterisation and preservation of Cultural Heritage is of great importance in order to
understand and preserve human evolution and history. According to the United Nations,
Educational, Scientific and Cultural Organization (UNESCO), the term Cultural Heritage
encompasses several categories of heritage: [1]

1. Cultural heritage:
1.1.Tangible cultural heritage: movable cultural heritage (paintings, sculptures, coins,
etc.), immovable cultural heritage (archaeological sites, monuments) and
underwater cultural heritage (shipwrecks, underwater ruins and cities).
1.2. Intangible cultural heritage: oral traditions, performing arts, rituals, etc.
2. Natural heritage: natural sites with cultural aspects as for example geological formations.
3. Heritage in the event of armed conflict.

Mortars are usually the main material employed in the construction of buildings belonging
to Cultural Heritage. Their characterisation is notably relevant inside the study of buildings of
high historical value and their associated structures because mortars can be an additional good
source for dating the buildings, [2—4] identifying the provenance of the building materials used
in historical monuments, acquiring information of their construction phases, [5-7] and
determining potential past interventions. [2] The characterisation of the original composition
can also be a determining factor when defining the degradation reactions that these materials
can suffer and its consequent influence on their conservation state. Therefore, the
characterisation of the original composition and the definition of the degradation reactions can
give assistance to restorers and can lead to propose new ways for future conservation (e.g.
preventive conservation). The knowledge of the used ancient materials, their technical process
and chemical changes are necessary for choosing restoring materials more physically, chemically
and mechanically compatible with the ancient masonry. [8,9] The repairing mortar must also be
retreatable (in material and applying techniques), which means that it should not jeopardize
future treatments. [10] Thus, a compatible and retreatable repair mortar must behave similar
to the original and should never be a source of new types of damages, such as for example due
to different freeze-thaw performance [10] or to different mechanical properties that could lead
to stress and fractures. [11] What is more, the characterisation of the degradation processes
that are suffering the mortars can give information about the environmental pollution of the
surrounding area in the present and even about the contamination in the past.
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1.1.Mortar description, classification and composition

Mortars are multi-layered complex systems, often characterised by an inhomogeneous
structure [12] with a composition varying surprisingly depending on their geographical location
and time period. [13]. Mortars have been widely used since Egyptian times until the present for
different applications [13]:

- masonry mortars, those employed between bricks or stones to bond them (also known as
joint mortars).

- finishing mortars, those used as wall finishing materials known as plasters (if employed
internally).

- rendering mortars (if referred to the external ones), decorative mortars, those having
especial forms and volumes, etc.

The chemical composition of mortars has changed a lot along history. In general, mortars can
be defined as artificial stones composed of a binder and an aggregate. Mud, gypsum and lime
have been the most used binder types in mortar fabrication until two centuries ago, when their
use was gradually replaced by cements. Nowadays, Portland cement is the most commonly used
binder in building industry. [13]

Consequently, their analytical study requires a multidisciplinary approach in order to achieve
the best characterisation of the binder and the aggregate of each layer. It must be identified not
only the original chemical compounds, that inform us about the kind of mortar, but also the
possible non-expected compounds, that give us information about chemical interactions
between original compounds and chemicals from the surrounding environment.

In this sense, the knowledge of the original chemical compounds formed after the hardening
process of the mortars, is essential to interpret the results obtained after a careful analysis of
mortar samples. There are two main types of mortars according to their binder properties: non-
hydraulic mortars and hydraulic mortars.

1.1.1. Non-hydraulic mortars (air setting mortars)

The most common non-hydraulic mortar is the so-called lime mortar, although there are
other ones such as gypsum-based mortars. However, the use of the latter is limited to the inner
parts of constructions due to its high water solubility.

Lime mortar is obtained by heating limestone (mainly composed of calcite, CaCO3) between
954 and 1066 °C, thus CO; is eliminated and quicklime is obtained (CaO) (eq.1.1). Then, water is
added in order to obtain slaked lime (Ca(OH)3) (eq.1.2), which is the main component of the
mortar binder. Then an inert aggregate, usually sand (SiO,), is added. The non-hydraulic lime
sets by carbonation reaction between the Ca(OH), and the atmospheric CO; (eq. 1.3). As the
hardening process is due to the transformation of the Ca(OH); into CaCO3 by the CO; of the
atmosphere (eq.1.3). These are known as air setting mortars.

CaCO3+A > Ca0 +CO; (eq. 1.1)
Ca0 + H,0 - Ca(OH); (eq. 1.2)
Ca(OH); + CO; = CaCO3 + H,0 (eq. 1.3)
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1.1.2. Hydraulic mortars

These mortars are also composed of a binder and aggregate but they have the capability of
setting even under water and they need water for the hardening process. This kind of mortars
are low porous materials with improved mechanical properties in comparison to air setting
mortars.

The hydraulic mortars were firstly obtained by adding natural pozzolans (volcanic ash) to lime
mortars. [5] The hydraulic characteristic is due to the presence of silica (SiO,) and alumina
(Al,03), which thanks to their amorphous state and their high specific surface can react with
lime giving rise to hydrated calcium silicates and aluminates. The same properties can be
achieved by the addition of brick or ceramic fragments (cocciopesto) to lime. Therefore, two
kinds of pozzolan mortars can be distinguished, the natural pozzolan of volcanic origin and
artificial pozzolan or cocciopesto. [5]

The use of these mortars allowed the romans to build huge constructions as the Roman
Pantheon (118-125 A.C). [14] Then, in the Middle Age this knowledge was lost until when in the
16th century, Andrea Palladio, discovered a kind of hydraulic lime, which independently of the
addition of pozzolans had the ability of hardening under water. [15] In 1756, Sematon
discovered that the presence of clay (mainly composed of aluminosilicates) was decisive for
achieving the hydraulic properties. [15] Later on, in 1812, Vicat demonstrated that hydraulic
characteristics were achieved when burning limestone and clay at the same time. [15].

After the complete dehydration of clay (see eq. 1.4) and thermal decomposition of limestone
(CaCO3 principally, eq. 1.1), a reaction takes place between quicklime (CaO), silica (SiO2),
alumina (Al,03) and some iron oxides that gives rise to the formation of calcium silicates (Eq.
1.5) and aluminosilicates (see eq. 1.6), which are the responsible of the hydraulic properties.

(Alx, Fe(l.x))203(5i02)2.2H20 +A > 2x Al,03 + 2(1-X) Fe,0s3 + 2 SiO; (eq. 1.4)
2 Ca0 + Si0; - CaySi04 (eq. 1.5)
2x Al,O3 + 2(1-X) Fe,03 +SiO, > (Alx, Fe(1.x))25i05 (eq. 1.6)

The material that Vicat obtained was similar to the well-known cement. This kind of hydraulic
binders were the most used ones until the discovery of Portland cement in the middle of the
19t century. [15] From then on, cement mortars were the most employed building materials.
Together with Portland cement, it started the use of concrete, which can be defined as a special
cement mortar. Concrete is composed of cement as binder and an aggregate together with
gravel or stones. Concrete can also be reinforced with steel or asbestos. [16]
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1.2. Portland Cement, the modern mortar

Ordinary Portland Cement (OPC) is a type of hydraulic binder obtained by joint calcination of
limestone and clay that later is milled producing the clinker, which is composed mostly by lime
silicates (alite, (Ca0)sSiO, and belite, (Ca0),Si0,), lime aluminates (celite, (CaO)3Al,03) and
lime ferritoaluminates (felite, (Ca0)4(Al>03)(Fe203)). [17,18] A setting regulator product, which
is usually gypsum (CaSO4-2H,0) is also commonly added before the hydration process. The
chemical composition of the clinker in a Portland Cement is described in Table 1.1.

Table 1.1. Chemical composition of Portland Cement clinker.

Name Molecular formula
Alite (Ca0)sSi02 [C3S]
Principal Components BeI!te (Ca0)25i02 [CaS]
(60- 80% of total mass) Celite (Ca0)3Al20s3 [C3A]
. (Ca0)a4(Al2 O3)(Fe20s3)
Felite [CaAF]
Quicklime/ calcium oxide CaO
Other components Alcaline oxides Na20vy K20
Sulphur trioxide SOs

Once the clinker is obtained, its components react when water is added giving rise to the
formation of new ones, which are the responsible of the hardening. Nowadays, the exact
reactions that take place in this step are still unknown precisely. In Figure 1.1, the fabrication
process of Portland Cement is summarized.

The fabrication of cement starts with the correct selection of raw materials, which they are
mainly limestone, clay (20- 30%) and gypsum (3- 5%). The latter is added after obtaining the
clinker, in order to act as a setting regulator agent. [19]

The first step for cement production is a pre-homogenization of limestone and clay, and then
these materials are grinded in a ball mill followed by a second homogenization where the
particle size is also selected. Afterwards, the mixture is introduced in a heat exchanger. The heat
exchangers are used previously to oven in order to reduce the humidity, increase the
temperature and start the calcination.

Once in the oven, the decomposition of some of the elements and the reaction between
others takes place. At 100 °C, free water is released, at 500 °C, water combined to clay is
evaporated, at 600 °C CO; from the decomposition of MgCOs is eliminated and at 800 °C, CO,
from the decomposition of CaCOs is lost. Around 900 and 1200 °C, the reaction between lime
(Ca0) and clay occurs. Finally, more or less at 1300 °C, the liquid phase is initialised. Then, the
sintering process makes the crude to be transformed into spherical lumps called clinker. [19]
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Grinding and
Raw material: homogenisation Initial composition: CaCO;,, Si0,, Fe,0;, FeCO;,
Mainly limestone, dolomitic [CaMg(CO;).] (in case of dolomitic limestone),
~ limestone and clay (ALO,},5i0,-2H,0
Calcination and sinterization:
clinker obtention
Cement compesition: — -
(Ca0),5i0, [C,5], (Ca0),5i0, [C,S], Prmclpe.ll components of.cllnker:
(CaD}ALO, [CA], (Ca0),(ALO;)(Fe,0,) — (CEIO)3SI02 [C;S], (CEIO):SIOQ [CZS], {CHO)3A|203
[C,AF],Ca0 and CaSO,2H,0 Milling of [CA] and (Ca0ly(ALO;)(Fe,05) [C,AF], Ca0

clinker and gypsum

Cement hydration (setting):
cement + H,0

Reaction between clinker compeonents and water: 3Ca0- 25i0,- 3H,0 and Ca{0H), are some of the known products
formed during this step of cement hardening

Figure 1.1. Fabrication process of Portland Cement.

The cooling step must be fast enough to avoid the crystallisation of magnesium oxide (MgO)
and that part of the quicklime (CaO) that could change into calcium hydroxide (portlandite),
what it would imply expansion problems. Finally, the clinker and gypsum are milled together.
The added amount of gypsum depends on the amount of tricalcium aluminate present on the
clinker. Depending on the type of cement, other additives, such as natural pozzolans, fly ash,
slags, etc can be added. [19]

The hydration of the cement or setting step can be defined as a process in which the clinker
components are dissolved and react with water, followed by a diffusion and precipitation of the
new hydrated components. [19]

The tricalcium silicate (CsS) is the first component reacting with water, although its activity
is stopped somehow due to the presence of gypsum. The first hydration reactions take place in
the surface of grains followed by the hydrated product precipitations and new component
dissolutions that increase the viscosity. It can be said that firstly, the hydration is governed by
reactions but afterwards, due to a gel layer formation (xCa0.ySiO,.zH,0 or C-S-H phases),
diffusion is the main process taking place during this hydration step. [20] This first crystallisation
process is followed by the rest of the clinker components, which when hydrated; they fill the
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empty spaces left by the first crystallisation crystals, joining the particles by crystal interposition
and coagulation. This process leads to the hardening of the cement. [20]

Some of the known reactions taking place during the setting of the cement are described
below:

1. Alite (CasSiOs) reacts quickly with water producing tobermorite (C3S,Hs) and Portlandite
as shown in eq. 1.7. [20]

2(3Ca0- Si0;z) +6 H,0 - 3Ca0- 2Si0;- 3H,0 + 3Ca(OH): (eq. 1.7)

2. Celite (Cas(AlO3)2) reacts also rapidly with water due to its high solubility, giving rise to a
fast hardening. The hydrated aluminate forms a colloidal solution surrounding the hydrated
silicates according to the reactions 1.8 and 1.9. [20]

(Ca0)3Al,03 + 12 H,0 + Ca(OH), - 3Ca0- Al,03- Ca(OH),-12 H,0 (eq. 1.8)
(Ca0)3Al,03 + 10 H,0 + CaS04-2H,0 - 3Ca0- Al;03- CaS04 12 H,0 (slower) (egq. 1.9)
3. Belite (Ca;Si04) reacts slower than alite according to the reaction shown in eq. 1.10. [20]
2(2Ca0- Si0z) +4 H,0 - 3CaO0- 2Si0;- 3H,0 + Ca(OH), (eq. 1.10)
4. Felite reacts also slower as shown in eq. 1.11. [20]

(CaO)4(AI2 03)(F8203) +10H,0+2 Ca(OH)z - 6 Ca0- Al,03- Fe,03-12 H,0 (eq. 1.11)

A good hardening process requires the complete transformation of portlandite (Ca(OH);)
through reactions 1.8 and 1.11
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1.3. Mortar deterioration factors

Once mortars, cements and concretes are included into constructions and therefore exposed
to the atmosphere, they can suffer from different degradation processes. On the one hand, due
to the impact of environmental factors (temperature, humidity, salinity, etc.), and on the other
hand due to the impact of different contaminants of anthropogenic origin (acid gases,
particulate matter, etc.). [21]

Mortars, cements and concrete degradation can be classified into three main groups:
chemical degradation, physical degradation and biological degradation. However, most of the
deterioration mechanisms involve multiple factors, thus it is difficult to define a single source
causing the degradation. [22] Some of the most commonly degradations affecting mortars are
described down below.

1.3.1. Solubilisation and lixiviation of original components

Pure water (coming from fog condensation), rainwater or water coming from snow or ice
melting, contents low amounts of calcium. Thus, when this kind of water gets in contact with
mortars, it can flow through the material pores solubilising the calcium rich phases. [23]

Calcium carbonate (CaCOs;), the principal component of lime mortars, presents an
equilibrium pH around 9.9, quite far away from neutrality. When CaCOs gets in contact with
water, solubilises until achieving the equilibrium. If water contains CO;, the solubilisation of
CaCOs increases due to an acid-base neutralisation:

CaCOs (s) + CO; (g) + H20 > Ca?* + 2 HCO3™ (eq. 1.12)

In the case of cements and hydraulic mortars, Ca(OH); is the most soluble component and it
lixiviates more easily. [23] If the original components of the mortar are dissolved, the original
composition of the mortar changes and therefore its properties. Sometimes, this solubilisation
of salts can lead to a reprecipitation of the components giving rise to efflorescence (fine salt
coatings over the mortar) or even to stalactite-like formations (see Figure 1.2).

Figure 1.2. (A) Stalactite-like formations emerging from the mortar covering the ceiling and (B)

efflorescences over wall rendering mortar in Punta Begoiia Galleries (Getxo, Basque Country, Spain).
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1.3.2. Salt crystallisation

Salt crystallisation is one of the main causes of building deterioration. Some of the most
important constructions in the world such as the sphinx in Egypt or the historical buildings in
Venice, Italy, are affected by salt crystallisation. Salts are formed from the precipitation of
dissolved ionic compounds that can reach the masonry in many ways, as for example by
capillarity rising from groundwater or soil water, by rainfalls or driving rain, by fog condensation,
dew and sea spray. [24] Sometimes, the metabolism of some living organisms can also be the
source of some of these ions.

Due to the porous nature of the mortars, the ions dissolved in water can get into and flow
through them. The crystallisation of a salt takes place when water evaporates and the ion
activity becomes higher than the saturation one; but also when the relative humidity of the
atmosphere around the material is lower than the equilibrium one of the saturated solution of
the salt. In this way, in a porous system with accumulated salts, they will crystalise and they will
be redissolved depending on the relative humidity of the environment. These successive cycles
of crystallisation/solubilisation can destroy mechanically the mortar because they produce
pressures due to the growing of the crystals and to their hydration processes. The most
commonly found salts are sodium chloride (NaCl), near coastal areas, and sodium sulphate
(NaS04). The latter is especially harmful due to its thenardite/mirabilite (Na>SO./
Na,S04-10H,0) crystallisation system. [25]

The system NaSO4-H,0 presents two stable phases, the anhydrous form, thenardite (NaSO4),
and the decahydrated form, mirabilite (NaSO4-10H,0). Thenardite precipitates directly from
solution at higher temperatures than 32.4 °C. Below this temperature, the stable phase
precipitating is mirabilite, which quickly dehydrates to thenardite when the relative humidity is
lower than 71% at 20 °C. Thenardite will be hydrated again if the relative humidity increases
over 71% at that temperature. [26]

Cooke et al. in a study concluded that sodium sulphate damage to the buildings was due to
its high volume change produced when thenardite is hydrated. [27] However, in subsequent
experiments where the hydration was not occurring, the damages on the building materials
were still appearing. Later, it was demonstrated that the precipitation of the anhydrous form,
thenardite, was generating crystallisation pressures higher than the pressures produce by the
hydration or even than the crystallisation pressure of mirabilite. According to the system NaSO,-
H,0, thenardite (NaSO,) is only able to directly precipitate from solution at higher temperatures
than 32.4 °C, but it was finally demonstrated that under non-equilibrium conditions (low relative
humidity and fast evaporation speed), thenardite can precipitate directly from solution causing
big damages to the structure. [25] At low speed evaporation and under 32.4 °C (equilibrium
conditions), mirabilite can precipitate giving rise to efflorescence on the surface of the materials.

Building damage just due to the exposure of the materials to the environment, such as salt
crystallisation, can provoke serious damages reducing their life span and incurring significant
costs for surface repair.
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1.3.3. Interaction with atmospheric acid gases: Black crusts formation and other degradation
products

European architecture has suffered enormously from centuries of exposure to atmospheric
pollution. It was even known in Romans time, when in Rome, with a population of more than
one million people consuming enormous amounts of wood, temples were blackened by soot.
[28]

In the late 18™ century and during the 19" century, there was a big industrialisation across
Europe with the invention of the steam engine and an intense urbanisation that led to highly
polluted cities. However, in the 20" century, there was a gradual reduction of coal used in
Europe and it was substituted by oil, gas and electricity. All these changes led to an entirely new
kind of air pollution. [28] The buildings that were subjected to these changes, now can act as a
recording book of the different kinds of contamination that surrounded them in the past and
that surround them now in the present, as it will be demonstrated in this PhD. Thesis.

The most usually found atmospheric pollutants are CO,, SO, and NOy. [23] The principal
effect related to the presence of CO; is the increased of salt solubilisation described in the
previous section.

Rainwater pH usually varies from 5.5 to 6.5 due to the presence of different pollutants. This
acidification of rainwater in comparison to the past is principally due to SOy (generally H,SO4
when incorporated into rain) and/or to NOx (HNO3 when incorporated into rain). This acid water
in contact with mortars gives rise to nitrates, sulphates, bicarbonates etc., which are highly
soluble and thus easily leachable. [23]

One of the most important deterioration reactions in mortars is due to the dry deposition of
SO, and/or wet H,SO4 deposition. It was thought that the environments with higher SO, content
were more aggressive for lime mortars than the ones richer in NOx. However, recently it has
been demonstrated that there is a synergetic effect between SO, and NO,, (see eq. 1.13). [23]

SOZ + NOz + Hzo - HzSO4 + NO (eq. 1.13)

One of the main degradation products resulting from the interaction of nowadays
atmosphere and building materials is gypsum (CaS04-:2H,0) [29] or its dehydrated form
(anhydrite). Gypsum formation takes place due to the interaction of the SO, present in the
atmosphere with the calcium carbonate present in mortars. Its formation can be due to SO, dry
deposition or wet deposition already as sulphuric acid (H2S04). Gypsum formation can take
place following two different mechanisms, by direct formation of the sulphate (when SO; is
firstly oxidised and hydrated) or by a previously formation of CaS0O3:0.5H,0 (basanite) that is
then oxidised into gypsum. [23] This gypsum formation causes the growing of the so-called black
crusts. Black crusts are mainly composed by gypsum (~76.5%) and calcium carbonate coming
principally from the original material. [30]

As it is well known, gypsum is white-colour but usually these crusts are black (see Figure 1.3)
due fundamentally to the deposition of carbon particles (shoot). [30, 31] The high porosity of
the black crusts converts them into a very effective particle capturer. Among these particles,
natural particles coming from the erosion of calcareous or siliceous nature stones, sand from
the beach or salts in coastline environments, etc. can be found deposited on them. Apart from
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that, metallic particles of anthropogenic origin coming from urban-industrial emissions (e.g.
road traffic, industry, maritime traffic, etc.) [32—34] can also be trapped on them. Additionally,
organic carbon and organic pollutants such as polycyclic aromatic hydrocarbons can be present
in black crusts. [35—37] The ability of black crusts to act as inorganic and organic pollutant
accumulators converts them into a natural growing passive sampler that can be used to describe
the atmospheric contamination of the environment where they grow up. In Figure 1.3 a common
black crust growing over a mortar is shown. As it can be appreciated, the growing of black crusts
is not only changing somehow the original composition of the mortar but also become the
surface unsightly.

< -
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Figure 1.3. Black crusts growing over the building materials of La Galea fortress, a building of the
18" century (Getxo, Basque Country, Spain).

However, black crusts are not the only degradation products formed due to the interaction
of mortars with SO,. Thaumasite and ettringite can also be formed in hydraulic mortars exposed
to atmospheric SO;. [23] In some studies, the formation of thaumasite was reproduced
artificially by interaction between the material and SO, at 5 °C in hydraulic lime mortars and
cement mortars. The first product formed in this interaction is CaS0O4-2H,0 that subsequently
reacts with CaCO3; and the silicates as described in eq. 1.14 to give thaumasite. [23]

CaS04-2H,0 + CaCOs + CaSiO3-H,0 + 12H,0 - CaSiOs- CaS0O4- CaCO3-15H,0 (eq. 1.14)
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Ettringite can be formed because of chemical reaction between sulphates and aluminates
present in the hydration products of Portland Cement. Ettringite formation always takes place
in the first hours during the hydration process of the cement, the ettringite formed in this way,
does not cause any damage to the mortar as the latter is in plastic state while the setting is
occurring. [15] During this hardening process, the formation of ettringite around the cement
particles slow down the setting and this harmless ettringite is called primary ettringite. [38] In
contrast, if new sulphate ions coming from the environment get in contact with the already
hydrated calcium aluminates of the binder, a new harmful ettringite, known as secondary
ettringite, is formed (see eq. 1.15). [15] The crystallisation of this secondary ettringite induces
an increase of volume that, as the material is already hardened, produces fissures increasing the
porosity of the material and reducing its resistance. [38]

3(CaS04-2H,0) + 3Ca0-Al;03-6H,0 + 20H,0 - 3Ca0-Al;03-3CaS04- 32H,0 (eq. 1.15)

Finally, the presence of NOy can lead to the deposition of HNO3 that can react with alkaline
mortars giving rise to the formation of nitrates as other kind of degradation products.

1.3.4. Deposition of particulate matter

Particulate matter (PM) is a complex mixture of solid particles and liquid droplets or clusters
with different physical, chemical and biological characteristics, which determine both, their
behaviour and their environmental and health effects. [39] Some of these particles such as dust
or shoot are big enough to be appreciated with the naked eye, however other ones can only be
seen under an electron microscope. These particles are usually classified according to their size
into PM 1o, particles with their diameters comprehended between 2.5 and 10 um, and PM3s in
refer to particles of 2.5 um or lower. Particulate matter can also be classified into Primary
Particles (PP) and Secondary Particles (SP) depending on their source. Primary Particles are
emitted directly from a source that can be natural such as erosion of natural rocks, resuspension
of dust or sand, ocean spray, volcano eruptions, fires, etc. or anthropogenic, as for example
mechanical or combustion processes, dust or metallic particles emitted from industries and
energy plants, etc. Secondary Particles are formed in the atmosphere as consequence of
chemical reactions between PP and other chemical compounds such as sulphur and nitrogen
oxides, which can come from the emission of power plants, other industries or traffic. [40]

In the past, the research on material degradations was mainly focused in the study of the
effect of gaseous pollutants, especially sulphur dioxide, which was consider to be the main cause
of stone and mortar deterioration. However, in the last years in many places of Europe, the
levels of SO, have decreased significantly while the huge increase of traffic have promote a rise
in ozone and NOy concentrations and PM suspended in air. All this has generated a new air
pollution scenario where PM gains importance. [41] The suspended carbonaceous particles are
not only the cause of the blackening of monuments and buildings, [42] but it has also been
demonstrated they play a key role in the sulphation processes of calcite because of their sulphur
content. [43] Moreover, their high specific surface (10- 100 m?/g) converts them into very
effective catalysers in deterioration reactions. [44] On the other hand, the presence of some
metals (e.g. Fe, V, Cr, Ni, Pb, etc.) in PM is able to catalyse the oxidation and hydrolysis of the
SO, and thus favouring the sulphation process. [43]
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In addition, PM deposition on material surfaces may also add salts to porous materials
increasing salt crystallisation damages, causing damages by corrosion and favouring biological
growth. Therefore, PM can be defined in terms of material degradation as the catalyser of all
the above-mentioned degradation reactions and the ones that are mentioned down below.
Hence, the characterisation of the PM around the building becomes important for describing
the degradation processes at which the materials are exposed.

1.3.5. Reinforced concrete deterioration: corrosion of the reinforcement

There is another important degradation dealing with the especial case of reinforced concrete
and the corrosion of its metal reinforcement. The concrete elaborated with Portland Cement
provides the necessary alkaline medium to protect the reinforcement from corrosion. With the
employment of new additives and mixtures, new more resistant concretes were fabricated but
with a lower amount of cement in order to save money in their production. The reduction of the
amount of cement led to decrease of the pH from the usual one between 13 and 12 to a pH of
10, exposing the steel to corrosion. [45] The alkaline protection can also be lost due to a
carbonation process between the CO, and the Ca(OH); of the cement paste and due to the
depassivating action of some ions, mainly chlorides that are able to decompose the passivating
layer of electrochemical nature existing among the steel and concrete. [45] Chloride ions are
especially present in marine environments, thus reinforced concretes exposed to a coastline
atmosphere will be more subjected to suffer from this pathology.

1.3.6. Physical deteriorations

There are two main physical deteriorations affecting the materials, freeze-thaw cycles and
volume changes due to thermal variations. In the case of freeze-thaw cycles, the 9% increase of
specific volume that occurs when water pass from liquid to solid phase produces pressures
inside the pores that can end up forming fissures in the material. [23] On the other hand,
temperature variations can cause material expansions and contractions that they consequently
can provoke material stress. In addition, in the past it was very usual to cover the walls with
different mortar layers with very different properties. Frequently, the employed materials
presented different thermal expansion coefficients that implied different expansions in each
layer, which used to lead to big stress and thus to fractures on the layers. [23]

1.3.7. Biological deteriorations

Biodeterioration is the process where the deterioration of the material is due to the action
of living organisms. Usually, many kinds of microorganisms co-exist at the same time in the same
material. [46] The autotroph microorganisms are the ones capable to induce biodeterioration
on stone materials together with the ones that live in symbiosis, such as bacteria, algae, some
fungi, lichens and moss, which do not need organic molecules for living because they can
synthetize their own nutrients from mineral salts and other inorganic compounds. [47]
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Stone materials exposed to open air are the most susceptible to be colonized by different
biological organisms. The bioreceptivity of a material depends on its chemical composition,
physical structure and geological origin. The intensity of the biodeterioration processes is
strongly influenced by water availability. This water availability is determined by both, material-
specific parameters, such as porosity and permeability, as well as environmental conditions and
the exposure to them. [48] High porosity values allow deep penetration of moisture into the
material promoting the microbial colonization. The size of the pores also affects to the kind of
colonization. Large-pore sandstones, promote temporally colonizations due to their short water
retention ability, while small-pore stones, with longer water retention time, offer a better
environment for the growth of long-lasting microorganisms. The pH of the material and the
sources of nutrients are also important parameters to take into account. [48] The presence of
significant amounts of carbonate compounds (e.g. >3% w/v CaCOs) in the stone, as in the case
of the calcareous stones, lime mortars and concretes, results in the buffering of biogenic
metabolic products producing a constant suitable pH for biological growth. [48]

Figure 1.4. Trentepohlia algae colonization affecting the tower of La Galea fortress, a fortification
from the 18" century (Getxo, Basque Country, Spain).

In general, these organisms imply a distortion of the facade aesthetics by coloration of the
surface due to the presence itself of the organisms or due to biogenic pigment secretion (e.g.
carotenoids, Scytonemine, etc.). In Figure 1.4 a Trentepohlia algae colonization is shown growing
over a fortress tower from the 18™ century. Sometimes, the biocolonization can also produce
chemical deterioration because of the secretion of acidic substances (e.g. oxalic acid),
mechanical deterioration due to the growth of the microorganisms or the growth of superior
plants (e.g. root penetration). [47]
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1.4. Analytical methodologies for mortar characterisation and diagnosis
of their degradation processes

The analysis of Cultural Heritage materials is almost as old as the scientific documentation of
art and archaeology objects. Martin H. Klaproth, professor at Berlin University, reported in 1795
the chemical composition of Roman coins, ancient alloys and glass based on gravimetric
analyses, after developing new strategies for the separation and quantification of Cu, Pb and Sn.
[49] In those experiments, large amounts of sample material were needed (even small coins) to
be dissolved in nitric acid, [49] a procedure that would not be longer authorised by conservators.
At the beginning of the 20" century, microchemical analyses were developed, reducing
significantly the amount of sample required in their characterisation. [49] Then, in the recent
decades, with the huge development in electronics, new analytical instruments have changed
Analytical Chemistry and therefore, its application on Cultural Heritage.

As stated above, mortar characterisation is quite complicated. In addition, their composition
can vary enormously from one mortar to another, depending on their fabrication period and
region, from one civilization to another, Egyptians, Greeks, Romans, Middle Age, Renaissance
and so on, until modern days. On the other hand, the description of the degradation processes
that they can suffer is not an easy task if the identification of key degradation compounds is not
considered during the characterisation of the mortars. In order to perform this properly, it must
be taken into account the possible exogenous chemical compounds introduced by the
environment that surrounds them, understanding the environment as the atmosphere, soil and
water around mortars. The atmosphere composition depends on the climate of the location,
seasonal changes, marine or hinterland location, and of course, human impact (e.g. industrial
emissions, all kinds of traffic, terrestrial, maritime and air traffic, etc.). The soil and water can
also present an effect on them adding new components to their system by solubilisation,
capillarity, etc. In order to be understood the weathering and durability of historic masonry
constructions, all components of mortars and environmental parameters need to be taken into
account. All this, makes completely necessary a multidisciplinary approach using a large number
of analytical techniques.

In these last decades, the main multianalytical strategy used for the mineralogical
characterisation of mortars and their degradation products was based on the use of
petrographic analyses under Optical Microscopy (OM), X-ray Diffraction analyses (XRD),
different thermal analyses such as Thermogravimetry (TG), Differential Thermal analyses (DTA)
and Differential Scanning Calorimetry (DSC). Infrared spectroscopy (IR), especially Fourier
Transform Infrared spectroscopy (FTIR) and more recently Raman spectroscopy were introduced
at the end of the 20" century. [23] For the description of their degradation reactions lonic
Chromatography (IC) is widely employed nowadays. These molecular characterisations are
usually complemented with elemental techniques such as Scanning Electron Microscopy (SEM)
that can be or not coupled to an Energy Dispersive X-ray spectroscopy (EDS) detector,
Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-AES) or Inductively Coupled
Plasma Mass Spectrometry (IPC-MS) and X-ray Fluorescence (XRF). There is a huge number of
works employing different combinations of these techniques to characterise mortars from
Roman times, [50-54] Middle Age, [50,55,56] Renaissance, [57] and Modern Era. [58,59]
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1.4.1. Molecular characterisation techniques

Optical Microscopy (OM)

For the mineralogical study based on OM, thin sections, very thin slices (20-30 um) of
material, that are essentially two dimensional cross sections of the sample, are usually prepared
in order to allow light to pass through crystalline and amorphous materials. Thin sections are
prepared by vacuum impregnation with low viscosity epoxy resins embedding the sample, which
afterwards allows cutting the thin sections that are finally polished. These surfaces can be
observed under transmitted or reflected polarized light giving information about the
morphology, dimension and type of aggregates, binder, additives, apparent porosity and
cracking, and it can even provide information about secondary or decaying products. [52]

The mineralogical composition of aggregate particles can be defined due to their interference
colours by using polarised light for example. The identification of the binder is more
complicated, although sometimes it is possible to recognise gypsum or lime. The additions of
pozzolans, crushed ceramics or brick fragments can also be identified. [60] Aggregate sorting
can also be performed using Polarized Optical Microscopy following different norms, as for
example, UNI-NORMAL 12/83 and 14/83 Regulations which define model schemes and patterns
to derive qualitative estimations of this parameter. [51] The decaying products can also be
observed, as for example recrystallisations especially in pores or transformations due to for
example penetrating salts. In other specific cases, round nodules of lime can even be recognised.
This can be an indicator of the slacking of lime with a minimum amount of water with the aim
to convert all the CaO into Ca(OH),. The presence of very round siliceous particles and/or schist
(clay subjected to high pressures) can be indicative of the use of river sediments. [53] Black
crusts, can be analysed under optical microscopy after thin section preparation in the same way
as mortars.

These are some examples of the information that OM can provide, but in any case it requires
of high knowledge from the operator and the conclusions obtained must be always compared
and contrasted with other techniques.

X-ray Diffraction (XRD)

XRD is very useful in order to identify the mineralogical composition of a mortar. However, it
is necessary that the phases are crystalline, having a concentration higher than 5% w/w. The
XRD analyses can be performed over the complete mortar after grinding, thus the main
crystalline composition of both binder and aggregate can be obtained, or after the separation
of the binder and the aggregate, in order to concentrate phases that may be present in lower
concentrations and therefore cannot be detected when analysing the bulk material. According
to ISO 565 series of sieves, [61] mortar samples can be fractionated and the fraction under 63
pum is considered the binder and the rest the aggregate, although it is always possible to have
more or less significant amounts of very fine aggregates in the 63 um fraction. [61] Nevertheless,
amorphous phases due to the hydration or pozzolanic reactions in mortars cannot be detected
by XRD, thus, this information is usually complemented wit thermal analyses.
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XRD can also be employed for obtaining the molecular composition of different degradation
products such as efflorescence or black crusts, as for mortar characterisation.

Thermal Analyses

There are three different thermal analyses that are frequently used for mortar
characterisation, Thermogravimetry (TG), Differential Thermal Analysis (DTA) and Differential
Scanning Calorimetry (DSC).

Thermogravimetry is based on measuring the weight loss in a sample while it is heated. This
weight loss is due to physical decompositions as for example dehydration, dehydroxilation, or
decarboxylation due to the increase of temperature. For example, gypsum (CaSO4:2H,0) could
be recognised by weight loss of approximately 26.5% as a result of the dehydration process to
give anhydrite (CaSQ.4). [62] Identification of gypsum could be of interest for the characterisation
of mortars but also for characterising some degradation products as black crusts, mainly
composed of gypsum.

On the other hand, in DTA, the temperature difference between the sample and an inert
standard (usually Al,O3) is continuously plotted during the simultaneously heating process of
both of them at the same temperature rate. In its graphic representation, endothermic peaks
are plotted when the standard increases its temperature and the sample does not, which means
that the sample is absorbing energy for any kind of decomposition or for a mineralogical
transformation. For example, this energy absorption can be used to detect the loose of
chemically bounded components, such as water molecules of hydration in gypsum or carbon
dioxide in calcite or dolomite. The energy at which these processes can occur is characteristic of
each mineral allowing their identification and quantification. [62]

Differential Scanning Calorimetry is based on the same principle as DTA, but in this case,
during the heating process, energy is added to maintain the sample and the reference material
(Al,03) at the same temperature. This energy is used to measure the calorific value of the
thermal transitions that the sample suffers. [62]

DTA and DSC present some advantages over TG when identifying minerals in mortars due to
their capability to detect polymorphic transformations as energy is needed in this process but
no weight loss is involved. An example of this could be the transition that can suffer quartz
aggregates in mortars from a-quartz to B-quartz at 573 °C. This transformation could even be
used as an internal temperature calibration. [63]

The identification of mineral phases using these methods can present some ambiguity due
to phase changes occurring at similar temperatures. It is the case of water loss in calcium silicate
hydrated phases (C-S-H) that takes place at a similar temperature of the one occurring for some
clays. [60] It is also possible to confuse the identification of portlandite (CaOH;) and magnesite
(MgCO03) around 520 °C. [56,63] In addition, the identification of hydrated hydraulic components
in mortars is still not well-demonstrated. The main hydraulic phases of Portland Cement, CsS
and C,S, undergo phase transitions at a range of discrete temperatures from 500 to 1425 °C,
which in principle would permit the recognition of these compounds. However, C,S in some
mortars can undergo its phase transitions at temperatures in excess of 693 °C, same
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temperature at which CaCO3; begins its dissociation. [64] Therefore, the presence of calcite,
which is usually one of the main phases in historic mortars, may interfere the identification of
C.S and other techniques must be used for its identification. These are only few examples that
show the relevance of using complimentary techniques to confirm the identifications.

Infrared spectroscopy

The main mineral phases present in mortars such as CaCO3, MgCOs3, Ca(OH),, Mg(OH),,
CaS04:2H,0 can be identified using Infrared spectroscopy and especially Fourier Transform
Infrared spectroscopy (FTIR). Other organic additives or the presence of salts in lower
concentrations can also be detected by means of FTIR. This technique is based on the interaction
between the IR radiation and the covalent bonds of molecules, which is capable to excite the
vibrational and rotational states of the molecules. The absorption of different IR wavelengths is
related to particular groups in compounds as it could be the -CO3; group in carbonates.

FTIR can also be employed for the quantification of CaCO3/SiO; ratio in mortars. The area of
the absorbance peaks of CaCOs at 1432 cm™ and SiO; at 1100 cm™ can be used to describe the
binder to the aggregate content ratio. [52] This technique can also be used for the molecular
characterisation of different degradation compounds occurring in mortars. [65] In addition,
Diffuse Reflectance Infrared Fourier Transform spectroscopy (DRIFT) and Attenuated Total
Reflectance (ATR) are available in portable and handheld instruments that allow to perform in
situ non-destructive analyses. [65]

Raman Spectroscopy

Raman spectroscopy is nowadays one of the most used analytical techniques to obtain
molecular information for the characterisation of materials belonging to Cultural Heritage,
specially due to its non-destructive character and to the existence of portable and handheld
equipment that allow to perform in situ analyses in a completely non-destructive way. [65—68]
What is more, Raman spectroscopy is widely used to characterise the different degradation
compounds in mortars that give us information to elucidate the chemical reactions, due to
environmental impact on building materials of historical value, suffered by the Built Heritage
materials. [69,70] Raman identification is usually performed by comparison of the unknown
Raman spectrum with a spectral library of reference materials such as RRUFF [71], e-VISNICH
[72] or e-VISART [73] databases.

In contrast to IR, which is based on the absorption of IR radiation, Raman spectroscopy is
based on the inelastic scattering of the incident radiation (laser radiation, which can be of
different wavelengths) due to its interaction with the vibration of the molecules. Most of the
radiation is scattered without energy exchange, called elastic interaction or Rayleigh scattering.
Only a small part of the scattered radiation presents a different wavelength to the original one
due to the interaction with the molecules and constituting the Raman scattering. All the
molecules have some bond vibrations and/or lattice modes that are only active in IR, other ones
only active in Raman and other ones that are active in both of them. Therefore, Raman and IR
are complementary techniques.
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Raman presents some advantages over XRD. First, it is possible to identify phases that are
present in very low concentrations (lower than 5% w/w) due to the capability to work in
microscopic mode, performing direct measurements on specific grains having sizes around 1-10
pum. Second, when a Confocal Microscope is coupled to the Raman spectrometer, depth profiling
can be done directly on the sample. Third, amorphous compounds are Raman active.

lon Chromatography

lon chromatography (IC) is widely used for the characterisation of soluble degradation
compounds that can occur on building materials. Taking into account that mortars can suffer the
sulphation and/or nitration processes when exposed to the atmosphere, the capability of ion
chromatography to quantify anions such as SO4% and SO3* , or NOs™ and NO; is essential to
describe properly the chemical reactions around the degradation processes. [74-76]

Other degradation processes as the crystallisation of soluble salts in mortars described
previously can also be identified by means of ion chromatography. For example, the presence
of NaCl or Na,SO4 can be identify by a previous water extraction and then the subsequent cation
and anion analyses with a following correlation analysis among the obtained concentrations.
[77,78] This technique is also used for the characterisation of water soluble ions present in the
filters exposed for the characterisation of PM. [41,79]

1.4.2. Elemental characterisation techniques
Scanning Electron Microscopy coupled to Energy Dispersive Spectrometry (SEM-EDS)

The molecular analyses are usually complemented with elemental techniques. In the
characterisation of mortars, Scanning Electron Microscopy coupled to an Energy Dispersive
Spectrometer (SEM-EDS) is widely used, [80,81] including for the analysis of their degradation
products or the black crusts. [82] The analysis of samples by SEM-EDS requires its previous
covering with a conductive layer of gold or carbon that enables the removal of electrical charge
from the sample, which otherwise it would interfere with the image information. [60] However,
using an environmental SEM-EDS with low vacuum system, samples can be analysed without
covering.

SEM-EDS provides information about the binder and aggregate elemental composition,
allowing to detect elements trapped by the mortar from the surrounding atmosphere. It also
allows the observation of forms, sizes, textures and distribution. For example, the observation
of needle shaped crystals composed of Ca and Si growing in small cavities may be indicative of
calcium silicate crystals formed by pozzolanic reactions in the aggregate. [53] SEM-analyses are
important for the characterisation of very fine-grained hydraulic mortars. Their hydrated
hydraulic phases in cement or in hydraulic lime mortars are mostly too fine to be identified with
conventional petrographic microscopy and cannot be identified by XRD because most of the
times these phases are less crystalline or amorphous. The SEM-EDS analyses at higher
magnifications allows the recognition of the microstructure of such hydrated phases (e.g. needle
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shaped calcium silicate hydrates C-S-H, hexagonal portlandite plates, etc.) and with the EDS
detector the elemental chemical composition can be defined.

Inductively Coupled Plasma (ICP-AES or ICP-MS)

There are other works in which the elemental characterisation is obtained by a previous acid
digestion of the mortar followed by Inductively Coupled Plasma Atomic Emission Spectroscopy
(ICP-AES) [56] or Inductively Coupled Plasma Mass Spectrometry (ICP-MS) [83] analyses. For this
kind of characterisation, the mortar can be firstly separated into the binder and the aggregate
by sieving, according to ISO 565 series of sieves, or it can be digested the whole mortar (binder
+ aggregate) to obtain the total acid soluble part of the mortar. Depending on the nature of the
mortars different concentrations/types of acids have been used. [84] These techniques are also
widely used for the elemental characterisation of PM after the corresponding acid extraction of
the collected PMs in filters. [79,85]

X-ray Fluorescence spectrometry

When a sample is irradiated with photons of proper energy, they can be absorbed or
scattered by the atoms of the sample. The process in which the energy of a photon is absorbed
by an internal electron of an atom leading to its ejection is called the photoelectric effect. Due
to the expel of this electron, an inner shell vacancy is generated, thus an electron from a more
energetic shell relaxes to occupy that lower energy level and emitting its energy excess in form
of X-rays. The energy of the emitted X-rays is characteristic of each element and the intensity is
related to its concentration in the sample. The process of emission of characteristic X-rays is
called X-ray Fluorescence (XRF). [86]

There are two main types of X-ray Fluorescence systems, Energy Dispersive X-ray
Fluorescence spectrometers (ED-XRF) and Wavelength Dispersive X-ray Fluorescence
spectrometers (WD-XRF). The main difference between both is the presence of a diffraction
crystal between the sample and the detector for selecting a specific wavelength at a time to
arrive to the detector. The main advantage of WD-XRF in comparison to ED-XRF is the higher
resolution between peaks and thus the lower presence of interferences. A third kind of X-ray
fluorescence system is based on the Total Reflection of X-rays (TXRF) permitting also to improve
the sensitivity of the conventional ED-XRF technique.

XRF is one of the most suitable and employed techniques for the elemental characterisation
of Cultural Heritage materials especially due to its non-destructive character [87,88] and
because of the availability of Handheld Energy Dispersive X-ray devices (HH-ED-XRF). [65] XRF in
all its possible configurations is widely used for the determination of major, minor and trace
elements in a very wide range of samples, rocks, minerals, soils and metals. [89-92] It has been
used to characterise different Cultural Heritage materials to study its provenance, [83,93-96] to
discuss the production technology, [97] to differentiate original and restored mortars, [98] to
date of ceramic tiles, [99] or to identify pigments. [100-106]
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Micro-XRF (u-XRF) analysis is also very useful in the field of Cultural Heritage. The reduction
of the beam size to um scale improves the spatial/lateral resolution and permits the study of
small details as for example ancient joining methods and production techniques characterisation
on several archaeological gold jewels in order to stablish its provenance [91,107] or the analysis
of grains or very small areas in a material. Microanalysis was usually performed by insertion of
different shaped apertures (e.g. pin-hole collimators, slits etc.) in various stages of the X-ray
beam path. The advances in microfocus X-ray tubes, rotating anode systems together with a
very fast development in X-ray optical elements (e.g. polycapillary lenses) allowed the
construction of u-XRF spectrometers with capacity to obtain two-dimensional images, mapping
the elemental distributions, and even three-dimensional imaging. [108] What is more, there are
some works dealing with the design of portable p-XRF systems especially important in
archaeometry due to the immovable character of most of the objects, but the spatial lateral
resolution is still higher (~240 um) than the ones that benchtop p-XRF spectrometers can
achieve (~25 um). [108]

Laser-Induced Breakdown Spectroscopy (LIBS)

During the last decades, the use of Laser-Induced Breakdown Spectroscopy (LIBS) has
improved in terms of hardware and software and it has become a powerful elemental analytical
tool for elemental characterisations in the laboratory and in the field. [109]

When a pulsed laser beam of high intensity is focused on a material, a high temperature and
density plasma is generated. Sparks are caused by the breakdown of the gas due to the electric
field associated with the light wave. The spark is accompanied by the production of charged
particles, absorption of laser light and light reemission from the spark. If the temperature of the
plasma is high enough where the gas breakdown occurs, X-ray emission is also observed
together with UV and visible radiation. This effect is the so-called laser-induced breakdown as
analogy to the electrical breakdown of gases. [109] The focused laser pulse of a few nanoseconds
and few milijoules of energy interacts with the solid thus, very small amount of matter is
removed and transferred to the gas phase. Considering that the overall mass removed per laser
pulse is in the sub-microgram range (between 0.1 and 1 pm material layer), LIBS is classified as
a micro-invasive technique, which is important to take into account in the Cultural Heritage field.
The spectral analysis of the light emitted by the plasma plume reveals the elemental
composition of the analysed material. The position of the emission lines in the LIBS spectra
(wavelength of the emitted radiation in nm) provides the qualitative information whereas the
intensity of the spectral lines is associated with the density of emitting species in the plume and
though with the elemental concentration of them in the analysed material. [110]

LIBS is a very suitable technique for the analysis of metals and alloys, thus it is widely used in
the characterisation of metallic archaeological artefacts such as weapons, coins, jewellery, etc.
[111] The qualitative information can provide a fast way for material classification. LIBS is also
used for metal-screening analysis of archaeological objects in order to obtain information about
the composition used in the past for their fabrication. [112] In addition, quantitative
determination of different metals, especially minor and trace elements, can provide valuable
information about the metallurgical technique, period of fabrication and even provenance of
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the employed raw materials. [113,114] Other studies used the capability of LIBS to remove um
of material in layered samples as it can be in the analysis of pigments in artworks containing
several polychromed layers (original or restored) over the preparation layer. [115]

1.4.3. Synchrotron radiation

The use of synchrotron radiation (SR) as the excitation source for different analytical
techniques has increased substantially in the last 15-20 years in Cultural Heritage and
archaeological research fields. [116] SR methods present some benefits, which are especially
important in Cultural Heritage studies as for example their low destructiveness as they are based
on light-matter interactions (from IR to X-ray) and the capability of some of them to be non-
invasive due to the possibility to analyse entire objects (hard X-rays and THz). In addition, SR
sources present some other advantages over common radiation sources used in the laboratory
instruments. On the one hand, its higher beam brightness, allows to obtain high quality data on
a limited quantity of sample due to its better signal to noise ratio. On the other hand, its higher
spatial resolution offered by a smaller beam spot size allows a more selective analysis and
improves considerably the p-imaging analyses. [117] The main limitations of SR based methods
are that objects and people have to move to synchrotron installations, sampling is required and
there is always a limited time access to the beam line. [117]

Cultural Heritage synchrotron based investigations are mainly focused on the X-ray
techniques, above all on X-ray fluorescence, absorption and diffraction, and on Fourier-
Transform Infrared spectroscopy. [116] More complex modalities such as 3D elemental
sensitivity trough confocal XRF and XRF macro scanning are also gaining prominence. [116]

Synchrotron radiation Fourier Transform Infrared (SR-FTIR) microscopy is widely used in
Cultural Heritage as it can be applied to nearly all kind of materials, hard materials (e.g. metals),
softer materials (e.g. paper) and materials with medium characteristics such as paintings and
bones. [118] However, most of the works dealing with SR-FTIR deal with the characterisation of
pigments, which allows the simultaneous identification of the organic components (binders,
mordants, varnishes and some organic pigments), the inorganic components (pigments) and the
components resulting from the reaction between the organic and the inorganic compounds
(usually carboxylates).[118] Another, commonly performed characterisation using SR-FTIR is the
study of surface corrosion layers of bronze by means of direct analysis of the surface. [119]

The use of SR radiation as excitation source in different X-ray analyses varies enormously as
it encompasses different techniques, SR-X-ray fluorescence (SR-XRF), SR-u-X-ray fluorescence
(SR-u-XRF), X-ray Absorption Near Edge Structure (XANES), synchrotron macro scanning X-ray
fluorescence (MA-XRF), etc. The best LODs of SR-XRF can provide information about trace
elements that may not be detected in normal XRF. There are works dealing with the
characterisation of metals according to their trace. For example, the characterisation performed
of Transylvanian antique gold bracelets according to their Sn, Sb, Pb and Te traces for their
authentication. [120]

Nevertheless, one of the main strengths in Cultural heritage is the combination of SR-XRF
with XANES. This technique is based on the absorption of X-rays by materials in the vicinity of

21



CHAPTER 1

the absorption edge of one of its constituting element providing information on the coordination
sphere of the absorbing selected element and therefore the oxidation state of the element
(chemical speciation). [116] Most of the works in Cultural Heritage and archaeology are
performed using XANES in fluorescence detection. Then, the obtained XANES fingerprint is
compared to that of reference compounds. XANES is especially used for the characterisation of
degradation products that are present as thin layers at the surface of weathered archaeological
and artistic materials or objects. [116] An example of this kind of studies is the analysis of the
darkening of the originally bright chromate yellow paint of some Vincent van Gogh paintings
using a combination of u-XRF and Cr K-edge u-XANES. [121]

The combination of SR-XRF and XANES is the main setup used for the characterisation of
mortars. For example, to obtain information about Fe oxidation state and thus to know the oxide
present on them [2] or to obtain correlation between XANES signals, for example between Al, Si
and Ca in order to elucidate if calcium silicates or calcium aluminates are present in the mortars,
thus classifying mortars into hydraulic or non-hydraulic. [122]
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1.5. Current evolution of Cultural Heritage characterisation and
conservation

The change in the composition of modern urban-industrial atmospheres, by decreasing the
SO, emissions and increasing the NOyx and PM ones, is a big point to take into account in
nowadays Cultural Heritage investigation field. This is especially important to differentiate past
and present impact over the historic buildings and monuments, whose conservation is highly
conditioned by the composition and interaction of the surrounding atmosphere. Particularly,
the monitoring of PM with the aim of studying its effect on the material degradation processes
is still scarcely investigated.

Even though the role of PM in the degradation processes of building materials has been
demonstrated decades ago, [42—44] little work has been performed to monitor systematically
the impact of PM pollution on historic buildings and monuments. Most of PM monitoring that
has been done in the past or is done currently, is direct to study the effects of PMs in human
health and thus, they are generally performed according to air quality directives related to this.
[123,124] The resulting published data often regards to samples collected far away from a given
monument of interest, making impossible the evaluation of temporal and spatial variations of
PM in proximity to the monuments to be protected.

Moreover, if a systematic monitoring of PM is considered important in the frame of a
restoration process, the use of sampling devices used for human health studies is expensive.
Thus, other cheaper alternatives must be developed with the aim to collect all the relevant PMs
for a further study, including the possibility to perform seasonal and temporal distribution
studies of the PMs arriving to a particular Cultural Heritage asset.

On the other hand, there is an increasing trend in the use non-destructive analytical
techniques when dealing with immovable artworks of high cultural value that cannot be
transported to the laboratory, like the analyses of Roman wall paintings in Pompeii. [100] Such
portable devices allow us to perform the complete in situ characterisation of building materials
without the need of taking any sample and leaving the typical marks due to the sampling
process. [125]

The portable or hand held spectrometers are especially suitable when a high number of
samples are required to be analysed for a given study. In such situations, these devices can
monitor a high number of samples, because one analysed spot means one analysed sample.
Thus, if any Cultural Heritage asset or artwork is monitored in-situ using spectrometers that
analyse the elemental and molecular chemical composition, the analysis of the results from such
a screening give us the spatial information required to select the minimum number of different
samples that should be taken, if necessary, to perform further analysis in the laboratory.

However, with the increasing availability of such systems, another problem is arising: these
devices are able to provide very fast and easily large amounts of instantaneous results,
sometimes ignoring the physics and chemistry fundamentals that govern them and just trusting
on the results shown in their screens without a proper manner of dealing with the information
they provide.
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In addition, there is an increasing use of the so-called “Analytical Green Chemistry”
alternatives, techniques which do not imply lot of chemical reactants harmful for the
environment. In this sense, the employment of IR, Raman and XRD spectroscopic molecular
techniques and SEM-EDS and XRF for the elemental characterisation present some advantages
over the use of chromatography (e.g. IC) or ICP-AES and/or ICP-MS, which do not only employ
different reagents as mobile phase but also they need a first acidic extraction procedure.
Nevertheless, these last two methodologies are still necessary for obtaining reliable quantitative
information. The development of reliable quantitative methodologies using XRF would be a
more “Green alternative” to these ones.

This is the situation and starting point of this PhD. Thesis, which would try to contribute to
the characterisation of mortars and the diagnosis of pathologies present on them, by proposing
new analytical methodologies, which encompassed all the cited facts in the current evolution of
science dedicated to Cultural Heritage.

At the time of starting the project of this PhD. Thesis, the University of the Basque Country
and the City Council of Getxo (Basque Country, Spain) signed an agreement to recover a highly
degraded historical building, the Punta Begoiia Galleries, through a multidisciplinary approach
from different disciplines: architecture, geodynamics, hydrogeology, chemistry, restoration,
sociology, history and archaeology. That building was erected in 1918, in the top of a cliff that
hosted the first defensive fortification (1645) of Bilbao’s estuary, the Punta Begofia Fortress that
is probably into the architectural complex of Punta Begofia Galleries. Moreover, the building
has been affected by the industrial evolution over the last 100 years of the industrial port area
(exhaust from ships, traffic, mineral dusts from discharges, gases from a refinery, particulate
matter form an old and a new power station, different metallurgical and chemical factories) and
humans (graffities and vandalism).

With this aim, mortars and their corresponding degradation products from Punta Begofia
Galleries were considered as the main materials for this PhD. Thesis. As stated at the beginning
of this chapter, there is a huge number of different mortars depending on regions and periods,
but the analysis of mortars from the beginning of the 20" century, when the first generation of
Portland Cement was used, is of great interest. A large number of monuments and buildings
from 19" -20'™" need restoration nowadays. [15] Another important reason for studying the
materials from this period is the fact that they were employed widely in different restoration
works in Cultural Heritage, which were performed during the last two centuries, and now require
another conservation action. [15]
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CHAPTER 2.
OBJECTIVES

The main objective of this PhD. Thesis was to develop new methodologies in the field of the
characterisation of Cultural Heritage building materials (mortars, cements, concretes) and their
degradation products (black crusts, calcium carbonate formations, efflorescences) formed
because of their exposure to the surrounding atmosphere. Due to the importance of the
interaction between the chemicals in the atmosphere and the materials in their degradation
processes, the characterisation of the composition of the atmosphere focused on the
Atmospheric Particulate Matter (PM), was also considered in this PhD. Thesis. In order to
develop these new methodologies as an alternative to the traditional ones, the building
materials from the Punta Begofia Galleries (Getxo, Basque Country, North of Spain) , a building
of the beginning of the 20" century with high cultural and historic value, will be analysed
together with their degradation products.

To achieve this main objective, four operational objectives were defined to be developed
using Punta Begoia Galleries building and its surroundings as knowledge source for this PhD.
Thesis:

1. To show the importance, possibilities and advantages of the in situ characterisation in the
field of Cultural Heritage. As an application example, the characterisation of the main
composition of the building materials (mortars/cement and concrete) employed in the
construction of Punta Begofa Galleries and the degradation products that can be found
nowadays due to their deterioration will be developed.

The analysis of the literature suggests the use of Raman spectroscopy as the initial technique
to determine in a non-invasive way the compounds present in the surfaces of the building.
Thus, in situ Raman spectroscopy analysis, using portable spectrometers, was selected to
perform such initial study, which will help us to select the most interesting sampling points,
minimizing the number of samples and the deterioration generated in this step. In the
laboratory, Raman microscopy (single point and imaging analyses), assisted with Scanning
Electron Microscopy coupled to an Energy Dispersive detector (SEM-EDS) and X-Ray
Diffraction (XRD) will be used to study the samples collected in the building with the aim to
confirm the original compounds and their degradation products previously identified with
the portable instruments. The characterisation will be complemented for the first time in our
group with u-Energy-Dispersive X-ray fluorescence (u-ED-XRF) imaging showing the great
potential of this technique in the characterisation of Cultural Heritage building materials.
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Moreover, soluble salt tests using lon Chromatography (IC) will be applied to the sampled
mortars trying to confirm some Raman observations and to evaluate the concentration of
the different new salts present on each mortar from the Galleries.

2. To develop a new classification methodology to ascertain the differences in the
composition of mortars employed in Built Heritage.

Due to the increasingly importance and use of portable and handheld devices in the Cultural
Heritage field, handheld Energy Dispersive X-ray Fluorescence (HH-ED-XRF) was selected to
establish a proper working methodology to achieve a fast in situ non-invasive classification
of mortars.

The obtained XRF raw data will be normalised and treated by Principal Component Analysis
(PCA) as the chemometric tool to obtain an in situ, reliable and fast mortar classification
methodology.

3. To propose new analytical methodologies to study the atmospheric Particulate Matter
(PM) present in the atmosphere affecting the conservation state of the materials in Built
Heritage.

This goal will be achieved starting with a description of possible natural growing passive
samplers (black crusts and biological patinas) and designing a new artificial passive sampler
to characterise the PM. To demonstrate the capability of the natural passive samplers as a
fast source of information of the current and past atmospheric particulate matter
contamination, Raman spectroscopy in single point and imaging analysis modes, p-ED-XRF,
also following single point and imaging analysis, and SEM-EDS will be used.

The design of a new artificial passive sampler to obtain information about the PM promoting
the dry deposition over the materials, will be assisted by elemental characterisation using p-
ED-XRF and SEM-EDS. New quantification methodologies for the collected PM will be
developed based on p-ED-XRF and Inductively Coupled Plasma Mass Spectrometry (ICP-MS).

4. To develop new quantification methodologies for mortars and their degradation products
based on the use of X-ray fluorescence (XRF) spectrometry.

In this case, different XRF quantification methodologies for direct mortar and concrete
elemental quantification to avoid tedious and dangerous total extractions and for the
elemental quantification of aqueous and acid extracts coming from them, as an alternative
methodologies to the traditional ones carried out by means of ICP-MS and lon
Chromatography (IC), will be developed.

Considering that in the last decade IBeA research group has been characterising frequently
mortars, new empirical calibration methodologies for the elemental quantification of historic
mortars by means of a dual ED-XRF spectrometer (1 mm and 25 um of lateral resolution) will
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be developed. The applicability of these methodologies will be also tested for concrete
samples. These methodologies will allow to this research group in the future to determine
the elemental composition of this kind of samples without applying a total extraction of the
samples.

For liquid extract quantification, two methodologies will be developed. In the first one,
aqueous and acid extracts will be deposited on a special sample retainer and ED-XRF
technique will be used for the development of empirical calibrations for elements with low
and high atomic number (Z), light and heavy elements respectively.

Finally, a Total Reflection X-ray fluorescence spectrometry (TXRF) based methodology for the
elemental characterisation of these aqueous and acids extracts as a faster alternative to the
above mentioned ED-XRF methodology will be developed. In addition, a second TXRF based
method will be studied to show the possibilities and limitations of TXRF for direct
quantification of mortars as solid suspensions avoiding the extraction step for their total
characterisation.
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EXPERIMENTAL PROCEDURE

CHAPTER 3.
EXPERIMENTAL PROCEDURE

As it was described in the introduction, the characterisation of mortars and their degradation
products requires a multianalytical approach. In this PhD. Thesis, most of the abovementioned
analytical techniques have been employed with this aim.

The molecular characterisation of both, mortars and their degradation products, was
performed mainly by Raman (micro)-spectroscopy and X-Ray Diffraction (XRD). Raman
spectroscopy has been stablished as a reliable tool for the non-invasive analysis of inorganic and
organic compounds present in different objects belonging to Cultural Heritage, [1] and the
characterisation of mortars is not an exception. This technique presents some advantages over
XRD being the main one the possibility to detect compounds present at minor (<5% w/w) and in
some cases at trace levels, thanks to the possibility to couple the Raman spectrometer to a
microscope, allowing the characterisation of selected microscopic grains, crystals or areas in the
mortar. This configuration, also allows obtaining the distribution of the identified molecules in
the sample following an imaging analysis. Moreover, Raman spectroscopy allows acquiring
information about amorphous phases while XRD is not capable to do it. Finally, another
advantage over XRD would be the possibility of non-invasive in situ analyses at relatively short
measurement times.

Soluble salt crystallisation is a very common degradation of mortars. In order to study the
impact of this process over the analysed mortars, lon Chromatography (IC) with conductivity
detection and Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-AES) were used
to quantify the concentrations of anions and cations present in the obtained aqueous extracts.

Optical Microscopy was also used for the characterisations of specific pathologies occurring
on mortars, concrete and other kinds of artificial stones. On the one hand, Phase Contrast
Microscopy (PCM) was used for the observation of biofilms or artificial stones and on the other
hand, Polarized Light Microscopy (PLM) was used for the visual inspection of black crusts
growing on mortars and concrete prepared as thin sections.

However, in this PhD. Thesis the greatest importance remains over elemental
characterisation, an especially over X-ray fluorescence spectrometry (XRF) based techniques
such as handheld Energy Dispersive X-ray fluorescence spectrometry (HH-ED-XRF), Energy
Dispersive X-ray fluorescence (ED-XRF) spectrometry, Wavelength Dispersive X-ray fluorescence
(WD-XRF) spectrometry and Total Reflection X-ray fluorescence (TXRF) spectrometry.
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Other elemental techniques such as Scanning Electron Microscopy coupled to an Energy
Dispersive spectrometer (SEM-EDS), Inductively Coupled Plasma Mass Spectrometry (ICP-MS),
Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-AES) and Flame Atomic
Absorption Spectrometry (FAAS) were also used for both, characterisation and comparison
techniques for the developed of X-ray fluorescence quantification methodologies.

The ICP-MS technique was also used to determine the isotopic ratio of lead on mortar and
black crust samples. In the specific case of black crust characterisation, an Elemental Analyser in
line with an Isotopic Ratio Mass Spectrometer was also used for Carbon and Nitrogen isotopic
ratio determinations.

Finally, in order to study the effect of atmospheric Particulate Matter (PM) dry deposition
over the mortars, the developed passive sampler was also subjected to Raman, SEM-EDS, ED-
XRF and ICP-MS analyses.
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3.1. Samples description and nomenclature

In this PhD. Thesis, the studies were performed for the characterisation of the original
composition and the degradation products formed on the mortars and concrete belonging to
Punta Begoiia Galleries, a building from 1918 with high historical value located in Getxo (Basque
Country, Spain) (see Figure 3.1). Due to the importance of the surrounding atmosphere on the
conservation state of the mortars, different studies of the atmospheric Particulate Matter (PM)
dry deposition over these materials were also conducted using different kinds of passive
samplers (natural and artificial). In addition, inside the study of new ways for the
characterisation of PM depositions, two biological colonisations over a building of new
construction in the Technological Park of Zamudio (Basque Country, Spain) and over an old
Fortress in Getxo were also analysed.

Punta Begofia Galleries are located in front of the sea. They are mainly divided into two levels.
The Lower Gallery is located just under the gardens where in the past, the mansion of the owner
was placed. This Gallery is the closest one to the Arriluze bay presenting Southwest orientation
while the Upper Gallery is longer and it is in front of Ereaga beach presenting Northwest
orientation (see Figure 3.1). The Upper Gallery presents two different heights, the lower one
composed of a main room, which was basically an events room with a chimney and an external
viewpoint and the upper one, which is the Gallery per se (see Figure 3.1.).

Upper Gallery
Main room ok

Figure 3.1. A general view of Punta Begorfia Galleries from the Ereaga beach located in front of
them.

Figure 3.2. Rendering mortar covering the wall of the Lower Gallery (MLG) on the left image and
rendering mortar covering the wall of the Upper Gallery (MUG) on the right image.
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Figure 3.3. A fragment of the reinforcement composing the ceiling of the Galleries showing the
outermost black crust layer (L1), on the left image and a cross section polished fragment from it on the
right image.

In general, samples from the Upper Gallery (Northwest orientation) are labelled as UG and
samples from the Lower Gallery (Southwest orientation) are labelled as LG. According to this
nomenclature, mortars from the Upper Gallery are referred as MUG and mortars from the Lower
Gallery are referred as MLG (see Figure 3.2). These mortars are all of them rendering mortars
used as wall finishing materials. When the mortar sample is placed over the reinforced concrete
(covered with three different mortar layers), it is labelled as CLG-L with a number at the end
indicating the position of the layer (L2 external, L3 intermediate, L4 internal one) (see Figure
3.3). Over the most external mortar layer covering the reinforced concrete of the ceiling, there
is also a black crust layer (L1) (see Figure 3.3). Finally, the mortar/concrete coming from an
external railing (ER) over the Lower Gallery, located in the gardens, is labelled as MER.

As it was mentioned above, two main types of degradation products were analysed. On the
one hand, black crusts (BCLG, BCUG or BCER), gypsum crusts formed due to the interaction
between the original material (CaCO3) and the SO, present in the atmosphere that can trap
carbon and metallic particles (see Figure 3.4). On the other hand, calcium carbonate formations
(FLG or FUG) formed due to a dissolution/re-precipitation process of the CaCO3 present in
mortars (see Figure 3.5) were sampled and analysed.

Figure 3.4. Black crust (BCER) growing over the external railing mortar (MER).
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Figure 3.5. Calcium carbonate stalactite-like formations (FLG) collected from the ceiling of the
Lower Gallery (left). Details of the stalactite-like formations (FLG) (right).
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3.2. Sample pre-treatments

Some of the methodologies employed and/or developed in this PhD. Thesis did not require
any pre-treatment of the samples and they were performed in situ (portable Raman
spectroscopy and HH-ED-XRF analyses) or directly over a collected fragment of the material
under study (Raman single-point and imaging analyses performed in the laboratory). In some
cases, where different mortar layers were placed one over the other (see Figure 3.3) and they
had to be analysed using a technique that does not allow micro-analysis, the layers were
manually separated with the help of a scalpel and/or chisel and grinded in an agate mortar. This
type of physical sample pre-treatment was usually applied to conduct the X-ray diffraction (XRD)
analysis. For the distribution imaging analyses acquired by Raman Spectroscopy, Scanning
Electron microscopy coupled to Energy Dispersive spectrometry (SEM-EDS) and Energy
Dispersive X-ray fluorescence spectrometry (ED-XRF), mortar fragments were only firstly
polished in order to achieve a flat surface. The analysis of the Particulate Matter (PM) captured
with the developed self-made passive sampler did not require either any pre-treatment and the
surfaces were characterised directly by means of SEM-EDS. However, the ICP-MS quantification
of the PM trapped with this developed passive sampler required a previous acid extraction step.

The Polarized Light Microscopy (PLM) observations of the black crusts and for the elemental
and molecular imaging analyses performed on them, thin sections were firstly prepared from
different cross sections of some black crusts fragments.

In the same way, the characterisation of the acidic soluble part of the mortars and their
degradation products, using ICP-MS and ED-XRF liquid extracts quantification and TXRF
developed methodologies, required a microwave energy assisted acid extraction of the
previously grinded samples. In the same way, for the characterisation of the water soluble salts,
a water extraction assisted by ultrasound energy of the powdered mortars was firstly necessary.
Then, the obtained acid and aqueous extracts were analysed by IC and ED-XRF and TXRF aqueous
extracts quantification developed methodologies. For both kind of liquid extracts a special
deposition of the liquid was needed for the ED-XRF and TXRF developed methodologies.

Finally, for the ED-XRF and WD-XRF quantification methodologies developed for mortar
samples, they were grinded and sieved to 250 um in order to homogenise the samples for the
subsequent preparation of the pressed pellets or fused beads, but not to lose all the mortar
aggregate.

3.2.1. Thin sections preparation

For the preparation of thin sections of the black crusts samples, fragments of each sample
were immersed into a resin (see Figure 3.6A). Once the resin was hardened, they were cut
through their transversal axis from the external to the inner part of the samples in order to
achieve a complete "image" of the external, internal and their interface sections. Then, the
surface was polished in order to remove the resin layer over the black crust sample for its later
chemical analysis (see Figure 3.6B).
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Figure 3.6. A) Different black crust fragments embedded in resin and B) final thin section of one
black crust sample.

3.2.2. Water extraction of soluble salts of mortars

For the characterisation of the soluble salts present on the mortars, 0.5 g from each powered
mortar were introduced in an oven at 60 °C for 24 h to dry them until constant weight. After
drying them, samples were kept in glass vials inside a desiccator until the extraction process was
conducted within 24 hours after the desiccation process.

For the soluble salts extraction, 0.1 g of each sample were mixed with 100 mL of Milli-Q
water. The extraction process was accelerated using an ultrasonic bath during 2 hours. The
aqueous extracts were filtered using a 0.45 um nylon membrane filter and they were brought
to a final volume of 100 mL. The samples were kept in polypropylene tubes in the fridge at 4 °C
until the chromatographic analysis. [2]

These extracts were characterised by IC and by ED-XRF. For the last analysis, aqueous extract
were deposited on special sample retainers (Rigaku Ultra Carry Light sample retainers, Rigaku,
Tokyo, Japan) and a subsequent drying of the liquid was conducted before the ED-XRF
measurement (see Figure 3.7).

Figure 3.7. Some prepared liquid standards deposited over the sample retainers.
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3.2.3. Acid extraction of mortars and their degradation products

For the characterisation of the acidic soluble part of the mortars and their degradation
products, the samples were grinded in a ball mill and then they were sieved through 250 um in
order to eliminate the biggest aggregate particles but with the aim to preserve part of the
aggregate together with the binder.

Then, 0.5 g of each sample were accurately weighed and subjected to and acid extraction in
a microwave oven, Multiwave 3000 (Anton Paar, Graz, Austria) system provided with an 8XF-
100 digestion rotor and 100 mL fluorocarbon polymer (PTFE) microwave vessels, using 3:1 HNO3
(69%)-HCI (36%) following the EPA 3051A method. [3]

After their filtration through 0.45 um PVDF filters, the extracts were characterised by the ED-
XRF developed quantification methodology by liquid deposition and drying optimized procedure
on the previously mentioned special sample retainers (see Figure 3.7).

3.2.4. TXRF sample preparation

Total X-ray fluorescence spectrometry (TXRF) was used for the characterisation of both kind
of liquid extracts, acid and aqueous, and also for the direct characterisation of solid samples
(mortars and black crusts) as suspensions.

The TXRF quantification was performed using a 1000 mg/L stock solution of Rh (Ill) in HCI 3M
from Romil Pure Chemistry (Cambridge, UK) as internal standard. For the deposition of the
samples in the quartz glass disc reflectors, a silicone solution in isopropanol (Serva
electrophoresis GmbH & Co, Heidelberg, Germany) was deposited in order to obtain a
hydrophobic film before sample depositions. Once the silicone was dried, the standardized
sample was stirred in a vortex and the optimized sample volumes were deposited over it and
dried again under Infrared radiation lamp before their measurement.

3.2.5. XRF pressed pellets preparation

Part of the grinded and 250 um sieved powders were kept for the preparation of pressed
pellets for ED-XRF developed solid calibrations.

The powdered mortar samples were dried at 60 °C and 10 g of each powdered and dried
sample were mixed with 1 g of wax (Ceridust 3910, Hoechst) in an agate mortar and pressed at
20 tons for 1 minute to obtain the final 30 mm pellets using a semi-automatic press Mignon SS
(Nannetti, Faenza, Italia). The wax is added as binding agent before the pelletization in order to
obtain more stable pellets (see Figure 3.8).
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Figure 3.8. Some mortar samples prepared as XRF pellets.

3.2.6. Fused borate beads preparation

In order to compare the results provided by the ED-XRF and WD-XRF calibration
methodologies developed in this work using pressed pellets, the samples were also measured
by the classical WD-XRF procedure using fused borate beads trying to reduce in this way the
matrix effect especially significant in solids. For each kind of solid, two different fused borated
pearls were prepared using an inductive micro-oven and mixing the flux Spectromelt A12
(Merck, ref. n°11802) and the sample in 20:1 proportion.

3.2.7. Passive Samplers

A new passive sampler was developed and set in Punta Begofia Galleries for the
characterisation of the Particulate Matter (PM) of the surrounding environment in order to
improve some of the disadvantages that present for XRF analysis, a previous one based on
carbon tapes pins developed in a work performed by Morillas et al. [4]

This passive sampler consisted on using the above mentioned special surfaces, designed for
liquid samples analysis by X-ray fluorescence (Rigaku Ultra Carry Light sample retainers), as the
retaining surfaces for sampling PM. These surfaces consist on an external PET ring, which holds
a polyester film in where an adsorbent special cellulose filter is fixed. These filters were set on
the same wall from the Lower Gallery and the same orientation as the first self-made passive
sampler. [4] In Chapter 5, a more extensive description for the development of this passive
sampler is given. In this case, the PM was directly characterised using u-ED-XRF and SEM-EDS.
In addition, the pu-ED-XRF measurements were complemented with ICP-MS characterisation
after an acid extraction of the passive samplers. The acid extraction was conducted using 2 mL
of HNO3 (69%), 1 mL of HCl (36%), 1 mL of H,0, (20% ) and 1 mL Milli-Q deionized water,
following the microwave assisted extraction procedure described in EPA 3051A method [3] for
the power, time and temperature rate setting.
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3.3. Microscopic Instrumentation

Two different kinds of microscopes were used in this PhD. Thesis. The first one, a Phase
Contrast Microscope (PCM), for the characterisation of the biofilms (see Chapter 5) and the
second one, a Polarized Light Microscope (PLM), for the mineralogical characterisation of the
black crusts thin sections (see Chapter 5). The Phase Contrast Microscopic observations were
conducted in the Department of Plant Biology and Ecology of the University of Basque Country
(UPV/EHU), while the observations under the PLM belongs to the “Instituto di Scienze
dell’Atmosfera e del clima (ISAC-CNR)” of the “Consiglio Nazionale delle Ricerche (CNR)” in
Bologna (Italy) that was used during the pre-doctoral stay.

3.3.1. Phase Contrast Microscopy

The biological colonization (see Chapter 5) was characterised by PCM using a Nikon Eclipse
80 | PCM microscope provided with 20x, 40x and 60x objective lenses. The main colonizers were
taken from the red biofilms with special tweezers under the view of a microscope, and they were
placed on a slide with a drop of oil to avoid spherical aberration with the highest numerical
aperture lenses, promoted by the different indexes of refraction of the specimen and the
objective lenses.

3.3.2. Polarized Light Microscopy

For the analysis of uncovered thin sections partially polished of the black crusts (see Chapter
5), in order to be able to perform observations in both transmitted and reflected light, an
Olympus BX 51 microscope, equipped with scanner and the MICROMAX software
“Primoplus_32" vers. 8.11.02 was used. This petrographic microscope allowed us to observe the
thin sections through plane polarized light (PPL) and crossed polarized light using the polars. In
Figure 3.9 the Polarized Microscope used is shown.
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Figure 3.9. Olympus BX 51 petrographic microscope.
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3.4. Spectroscopic Instrumentation

The analysis of mortars and their degradation products is mainly based on spectroscopic
analytical techniques. In this section, the employed benchtop, portable and handheld
spectroscopic instruments are described. The last two ones were used to perform in situ
measurements. Among the spectroscopic techniques, some were used for molecular analyses
(Raman spectroscopy and X-ray Diffraction) while others were used for elemental
characterisation (X-ray fluorescence spectrometry and Scanning Electron Microscopy Coupled
to an Energy Dispersive Spectrometer).

3.4.1. Raman spectrometers

In this work, several Raman instruments were employed for the characterisation of mortars,
their degradation products. Three of them (the transportable RA100 spectrometer and the two
portable innoRam™ spectrometers) belong to the laboratories of IBeA research group
(Department of Analytical Chemistry, University of the Basque Country UPV/EHU) where this
PhD. Thesis was developed. The fourth one (inVia Raman microscope) is placed in the Coupled
Multispectroscopy Singular Laboratory (LASPEA) of the General Research Services (SGlker) of
the UPV/EHU.

The Raman analysis of the collected samples was conducted in the laboratory mainly using
the transportable Renishaw RA100 Raman spectrometer (Renishaw, Gloucestershire, UK)
equipped with a 785 nm excitation laser (diode laser) and a CCD detector (Peltier cooled) (see
Figure 3.12). The nominal power of the laser at the source is 150 mW. The use of neutral filters
allows to work at 1% (5 mW at source and 1 mW at sample), 10% (50 mW at source, 10 mW at
sample) and 100% (150 mW at source, 30 mW at sample) of the total power. The laser is
transmitted through optical fibre to a microprobe coupled to a video-microscope, which allows
to perform a microscopic analysis of the samples at different magnification depending on the
adjusted objective lens. In this work, long-distance lenses of 20x and 50x (laser focus on
approximately 200- 10 um spots) were employed. The instrument was calibrated daily with the
521 cm™ Raman characteristic peak of Si by measuring a silicon chip. The spectra were collected
between 3000 and 200 cm! and with a 4 cm ! spectral resolution. Depending on the aim of some
measurements, a narrower spectral range centred in the region of interest was used. The
employed integration time and accumulation scans was varied depending on the spectral
response of each kind of sample in order to obtain the best signal-to-noise ratio. Finally, the data
acquisition was performed with the Renishaw Wire 3.0 software. In Figure 3.10, the RA100
Raman spectrometer is shown.
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Figure 3.10. RA100 Raman spectrometer.

The inVia confocal Raman microscope (Renishaw, Gloucestershire, UK ) was used specially
for Raman imaging analysis (see Figure 3.13). This instrument is equipped with a Peltier-cooled
CCD detector (-70 °C). The spectrometer is coupled to a DMLM Leica microscope, which can use
a great variety of long-range lens (5x, 20x, 50x and 100x). The confocality allows to obtain the
maximum lateral resolution of the microscope. The microscope is equipped with a motorized
XYZ positioning stage with integrated position sensors on the X and Y axes (Renishaw). Excitation
lasers of 785, 514 and 325 nm can be used for measuring. In order to avoid fluorescence, the
individual measurements and all the imaging analysis were performed with the 785 nm NIR
excitation laser with 350 mW at the source (output power), and about 150 mW (set as 100% of
the laser power) at the surface of the analysed sample. This laser is the most appropriate one
for inorganic characterisations and though for mortar characterisation. In order to reduce the
acquisition time, the Raman image acquisitions (different mortar layers analysis in Chapter 4 and
Pb compounds distribution on a black crusts in Chapter 5) were performed using the
StreamLine™ Plus by Renishaw. The first step was to select the area under study and decide the
number of measurements included in this area. The StreamLine™ Plus presents a special optics
inside the microscope, which is able to change the spherical spot of the laser into a line. This line
is focused into the sample and allows a much faster scanning of the analysed area than the
spherical laser spot. Once the spectra of the selected area were obtained, a spectral treatment
consisted on filtering and baseline correction was applied. Finally, in order to represent the
distribution maps, the regions/bands of the components of interest were selected, thus an
individual distribution map for each of them was obtained based on the relative intensity of that
band in each measurement point (represented as a pixel in the image). The Raman distribution
images were acquired using the Wire 3.0 software (Renishaw, UK). In Figure 3.11, the inVia

B

confocal Raman microscope is displayed.

Figure 3.11. The in Via confocal Raman microscope.
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For the in situ analysis and the analysis of samples of lower size than the ones measured
using the RA100 spectrometer, two portable innoRam™ Raman spectrometers (Bs WTEKxc,
Newark, EEUU) were used. One of the spectrometers is equipped with a 785 nm excitation laser
(<300 mW laser output power) and the other one with a 532 nm excitation laser (<50 mW laser
output power). The first one was used in most of the cases except for the determination of the
organic compounds analysed in the biofilms covering the mortars (see Chapter 5). Both
instruments implement a laser power controller to vary it from 0 to 100% of the total power of
the laser and a two dimensional charged coupled device (CCD) to detect the dispersed Raman
signal, which is thermoelectrically cooled to -20 °C to maximize dynamic range by reducing dark
current. In addition, a back-thinned CCD is used to obtain 90% quantum efficiency by collecting
the incoming photons at wavelengths that would not pass through a front illuminated CCD. The
spectral resolution achieved with the spectrometer equipped with the 785 nm laser is around 4
cm™ (measured at 912 nm) while the one of the spectrometer implementing the 532 nm laser is
approximately of 5 cm™ (measured at 609 nm). The spectral range used for the measurements
performed with the 785 nm laser was 3000- 65 cm™ and 3750- 65 cm™* for the measurements
performed with the device equipped with the 532 nm laser. Both instruments are provided with
1.5 m optic fibre length probe. This probe can be used for in situ direct measurements or it can
also be coupled to a video-microscope where different magnification objectives can be coupled
allowing also the micro-Raman analysis (see Figure 3.12). Finally, the spectral acquisition was
performed using the Bg WTEK nc software.

Figure 3.12. The portable innoRam™ Raman spectrometer with the probe coupled to the video-
microscope.

The Raman spectra acquired following a single point strategy were treated using the OMNIC
7.2 software (Nicolet). The spectra interpretation with all the above described Raman
instruments was performed by comparison of the obtained spectra and the spectra obtained for
pure standards that are collected in different data bases such as e-VISNICH [5], e-VISART [6] as
well as with the free on-line data bases (e.g. RRUFF). [7]
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3.4.2. X-Ray Diffractometers

The molecular characterisation of mortars and some of their degradation products was also
conducted by means of X-ray diffraction (XRD). A semi-quantitative estimation was also
performed for the principal crystalline compounds (above 5% w/w). These analyses were
performed in the General X-ray Services of the University of Basque Country (UPV/EHU) in the
Rock and Mineral analysis unit and in the “Instituto de Diagndstico Ambiental y Estudios del Agua
(IDAEA)” from the “Consejo Superior the Investigaciones Cientificas (CSIC)” in Barcelona, where
several working days were spent during a pre-doctoral stay in the University of Girona.

The XRD analyses performed in the General service of the UPV/EHU were carried out using a
PANalytical Xpert PRO diffractometer (Almelo, Netherland) equipped with a copper tube (A
CUkamean=1,5418A, ACua1=1,54060 A y ACuyqe2=1,54439 A), vertical goniometer (Bragg-Brentano
geometry), programmable divergence slit, secondary graphite monochromator, PixCel detector
and automatic sample exchanger. The measurement conditions employed in this case were 40
kV and 40 mA within the range 5- 70° 26. The treatment of the obtained diffractograms and the
identification of the phases were performed with the PANalytical X pert HighScore and the data
base PDF2 from the ICDD respectively. Finally, the XRD spectra performed with this equipment
and shown in this work are built together with pure mineral standards available in the on-line
free access RRUFF [7] database.

The X-ray powder diffraction spectral data acquired in the CSIC were carried out on a D2
PHASER diffractometer (Bruker/AXS GmbH, Germany). The X-ray source was a common sealed
X-ray tube with copper anode (30 kV, 10 mA and 300W). Cu K, radiation (A= 1.5418 A) to irradiate
the sample was obtained by the use of nickel filter. This system presents a reduced distance
tube-sample-detector, which allows to increase peak intensity (see Figure 3.13). The
instruments is equipped with a 1.0 mm primary divergence slit before the sample, an anti-scatter
screen 1mm over sample surface and 2.5° soller slit between sample and detector (see Figure
3.13). X-rays coming from the sample at different 28 angle were registered by an advanced 1-D
Linxeye™ detector. The micro-strip sensor of this detector, with an angular coverage (>5.5° of
20) increases the counting statistics. Additionally the Linxeye™ detector allows suppression of
sample fluorescence providing a good peak-to-background ratio even for strongly fluorescent
samples, eliminating any need of secondary monochromators, as necessary with classical
scintillation counters. The instrument allows to obtain continuous scans from 5 to 70° 26 with a
step width of 0.02° and 1 second per step as counting time.

Anti-scatter §
screen

X-ray tube

Figure 3.13. The D2 PHASER X- ray diffractometer.
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3.4.3. X-ray Fluorescence spectrometers

In this work several X-ray fluorescence spectrometry based methodologies have been
developed for the characterisation of mortars and their degradation products in situ, in the
laboratory, and in both, liquid and solid state.

There are two main kinds of X-ray fluorescence spectrometry techniques, Energy Dispersive
X-ray fluorescence spectrometry (ED-XRF) and Wavelength Dispersive X-ray fluorescence
spectrometry (WD-XRF). Their main difference is their configuration after sample excitation and
therefore the way they collect the information coming from the emitted X-rays. In the case of
ED-XRF, a detector is positioned to measure the fluorescent and scattered X-rays emitted by the
sample and a multichannel analyser and software assigns each detector pulse to an energy value
providing the spectrum. However, in the case of WD-XRF a diffraction crystal or device is placed
before the X-rays coming from the sample arrive to the detector. In this way, the detector
collects the X-rays that are diffracted or scattered in the crystal. Depending on the space
between the atoms of the crystal lattice (diffraction device) and its angle in relation to the
sample and detector, specific wavelengths directed to the detector can be controlled. Therefore,
the angle can be changed in order to measure elements sequentially or multiple crystals and
detectors can be arrayed around the sample for simultaneous analysis. In this PhD. Thesis, both
X-ray spectrometries were employed.

Finally, Total Reflection X-ray fluorescence, a third kind of X-ray fluorescence spectrometry,
was used for the characterisation of the aqueous and acid extracts of mortars and their
degradation products (obtained as described in sections 3.2.2 and 3.2.3) and for the direct
characterisation of mortars as solid suspensions. The main difference of this technique with the
above-mentioned X-ray fluorescence instrumentation is its different geometrical source-
sample-detector configuration. This special configuration allows to work in Total Reflection
conditions, which implies the generation of a field of X-ray standing waves on the surface of
sample reflector providing this technique with unique analytical characteristics (see Chapter 6).

Energy Dispersive X-ray fluorescence (ED-XRF) spectrometers

Three different kinds of ED-XRF spectrometers were used in this work. The first one is a hand-
held Energy Dispersive X-ray fluorescence (HH-ED-XRF) spectrometer, which was used for the in
situ measurements. In the laboratory, two different benchtop spectrometers were used, one of
them with the capability of measuring complete pellets of around 30 mm in size, and the second
one able to measure at two lateral resolutions (dual spectrometer): 1 mm and down to 25 mm.
This last instrument was used to perform multi-point studies of pellets with the aim of
developing quantitative methodologies and also to obtain elemental distribution maps of
specific samples or selected areas into a sample under study.

The XMET5100 HH-ED-XRF spectrometer (Oxford Instruments, UK) used in this PhD. Thesis
is equipped with a Rh tube as X-ray source (see Figure 3.14). This device can work at a maximum
voltage and current of 45 kV and 50 mA respectively. The size of the emitted X-ray beam
radiation is 9 mm. The analyser includes a silicon drift detector (SDD) of high resolution that is
able to provide an energetic resolution of 150 eV (calculated for the Mn K line). In addition, the
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instrument contains a PDA to control the spectrometer and to save the obtained spectra and
the semi-quantitative information. This spectrometer contains different Fundamental
Parameters (FP) based methods (see Chapter 4) to perform the measurements and to obtain the
semi-quantitative information. According to the manufacturer, some of them are more suitable
for metals and alloys quantification, while others are more appropriate for ores and soils
quantification.

Figure 3.14. The XMET5100 HH-ED-XRF and its PDA disconnected from the device, which can be
coupled to the spectrometer in the back part.

Considering that the samples under study in this work are mortars, concretes and their
degradation products, the FP-methods contained in the software that could fit better with this
kind of samples are those developed for soils. Therefore, these kinds of FP-methods were tested
in this work. Concretely, two FP-based methods were considered. The first one more suitable
for heavy elements quantification (SoilFP) and the second one, more appropriate for the
determination and quantification of light elements (SoilLEFP). The differences between these
methods are the conditions at which the HH-ED-XRF device collects the spectra. Depending on
the selected method the voltage and the intensity of electric current applied to the X-ray source
is different. The method used to detect the lightest elements (SoilLEFP) is programmed to
acquire one spectrum up to 13 keV to improve the detection of lightest elements (Z< 17) and
an additional one up to 40 keV for the determination of heavier elements (Z>18). To acquire
both spectra, the instrument divides the acquisition time giving around 60% of it to the first
acquisition and 40% for the second acquisition. To acquire the spectrum for the detection of
elements with Z <17 the tube works at 13 kV and 45 pA. The voltage and current used to detect
elements with Z>18 are 45 kV at 15 pA respectively. In this last acquisition the instrument uses
a 500 umAl filter (not used in the previous acquisition, because the sensitivity of lighter elements
would be reduced) [8]. On the other hand, the method used to detect the elements with Z >18
is programmed to acquire an individual spectrum up to 40 keV and the voltage and current used
in this case are 45 kV and 15 pA respectively. In this acquisition, a 500 um Al filter is also
considered. If in the area under study elements with Z between 16 and 18 are present as major
(almost minor) elements, their detection can be also achieved with this method.

The collected spectra were transferred from the PDA of the spectrometer to a computer in
.txt format. The raw files were transformed into binary files (x; Energy in keV and y; Intensity in
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Counts) using a macro implemented in Excel. After that, the spectra were transferred to the
executable program ezData (chemilab, USA) that makes possible to obtain the net areas of the
XRF-lines of the elements present in the spectra. A polytetrafluoroethylene (PTFE) block was
used as instrument blank to verify the instrumental background of the HH-ED-XRF spectrometer.
This instrument blank was useful to verify that no contamination exists on the spectrometer
probe window and to determine the instrumental background (possible X-ray fluorescence
emissions coming from metallic pieces used in the set-up of the instrument). In order to ensure
that this block was free from superficial contamination, the PTFE block was cleaned in a nitric
acid bath at 20% during 24 h. Then, the PTFE block was rinsed in Milli-Q water and dried at air
before its use. This instrument blank was measured before each working session. To extract the
background of the instrument and possible contributions coming from contaminations, 20
repetitive measurements using the same acquisition conditions employed to measure the areas
or samples under study were conducted using both FP-methods explained above.

The dual M4 TORNADO ED-XRF spectrometer (Bruker Nano GmbH, Germany) used during
the PhD. Thesis presents two micro-focus side window Rh X-ray tubes powered by low-power
HV generators and cooled by air (see Figure 3.15). One of the tubes can work between 10- 50 kV
and 100- 600 pA and it is connected to a poly-capillary system that allows to work under a
lateral/spatial resolution of 25 pm measured for Mo K, (around 17 mm at 2.3 keV to 32 um at
18.3 keV). The second X-ray tube is able to operate at a maximum voltage of 50 kV and at a
maximum current of 700 pA and it is linked to a mechanical collimator, which allows to obtain
X-ray spot sizes of 1Imm. The detection of the fluorescence radiation was performed using a
XFlash® silicon drift detector with 30 mm? sensitive area and energy resolution of 145 eV for
Mn-K. In order to improve the detection of the lightest elements (Z>11), filters were not used
and measurements were acquired under vacuum (20 mbar). To achieve the vacuum in the
sample chamber, a diaphragm pump MV 10 N VARIO-B was used (see Figure 3.15). In order to
focus the area under study, two video-microscopes were used, one for exploring the sample
under low maghnification (1 cm? area), and the other one for the final focusing (1 mm? area).

Figure 3.15. The dual M4 TORNADO ED-XRF spectrometer.
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Apart from the single point and multi-point analysis, elemental distribution images were also
acquired with this equipment. These maps were obtained after a previous assignation of the
elements and deconvolution of the spectra obtained in each point. The maps shown in this PhD
Thesis are coloured according to the relative intensity of the X-ray lines of the detected
elements. For most of the elements, the selected line was the K line, except for the specific
cases of Pb and Ba, that their corresponding L. lines were employed. The spectral data
acquisition and treatment was performed using the M4 TORNADO software while the
quantification was carried out thanks to the M-Quant software package.

The $2 RANGER benchtop ED-XRF spectrometer (Bruker AXS, GmbH, Germany) with touch
control used in this PhD. Thesis is equipped with a Pd target X-ray tube (maximum power 50 W),
a XFLASH LE silicon drift detector (SDD) Peltier cooled and an ultrathin beryllium window (0.3
pum thickness) with a resolution lower than 129 eV at Mn K. line for a count rate of 100 000
counts-per-second (see Figure 3.16). The distance of tube to sample is 62.1 mm, and the distance
of sample to detector is 33.8 mm. In this LE configuration of SDD detectors, the intensities for
Na K, and Mg K4 are, respectively, close to 8 and 4 times higher than the intensity recorded by
conventional SDD detectors. The instrument is also equipped with nine primary filters that can
be used in front of the tube before the X-ray beam impinges the sample surface to improve
measuring conditions for the elements of interest and that can operate under vacuum
conditions. Vacuum or He filling of the chamber can be used for the determination of the lightest
elements. The software used to control the equipment, to build the calibrations and to perform
the data treatment was SPECTRA EDX (Bruker AXS, GmbH, Germany). This software can perform
the full line profile fitting, deconvolution when lines are overlapped and intensity correction for
inter-element effects.

Figure 3.16. The S2 RANGER benchtop ED-XRF spectrometer.

The used HH-ED-XRF spectrometer and the benchtop dual one (M4 TORNADO) belong to the
laboratory of IBeA research group, while the benchtop ED-XRF spectrometer (52 RANGER)
belongs to the Department of Chemistry in the University of Girona (Spain). This last instrument
was used during a pre-doctoral stay.

The HH-ED-XRF spectrometer was used for a fast in situ characterisation of Punta Begofia
mortars (see Chapter 4) and also in the characterisation of the algae biofilm (see Chapter 5). The
dual ED-XRF spectrometer (M4 TORNADO) was used in several analyses following a single point
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and multi-point strategy, together with mapping studies. This device was also used for
developing two different kinds of calibrations for the quantification of the elements present in
mortars samples measured in solid state (prepared as pellets) (see Chapter 6). The S2 RANGER
ED-XRF spectrometer, on its behalf was used for developing the liquid calibration methodologies
for aqueous and acid extracts (obtained as described in sections 3.2.2 and 3.3.3) coming from
mortar samples and their deterioration products, that are described in Chapter 6.

Wavelength Dispersive X-ray fluorescence (WD-XRF) spectrometers

Two different WD-XRF spectrometers were used during this PhD. Thesis, an AXIOS WD-XRF
spectrometer, which belong to the General X-ray Services SGlker of the University of Basque
Country (UPV/EHU), in the rock and mineral analysis unit, and a S8 TIGER property of the
MINERSA international group industrial mineral manufacturer, whom a collaboration was
established during this PhD. Thesis.

The sequential AXIOS WD-XRF spectrometer (PANanalytical, Almelo, Netherland) is
equipped with a Rh tube (20-60 Kv, 10-160 mA, 4.0 kW), standard ultra-high transmission
window, 300 um brass primary filter, three different detectors (flow gas, scintillation and Xe
sealing) and dual multi-channel analyser (DMCA) with digital signal processer. The chamber can
be filled with He and/or N, or vacuum achieving up to 13 Pa. It presents different goniometers
based on LiF200 and LiF202 flat crystals, parallel beam collimation that can be employed with
scintillation and sealing detectors, and PE002, InSb, Gel11, LiF200 and LiF220 that can be
employed with the flow gas detector. In these measurements, the calibration curves were
obtained by measuring international standards of rocks and minerals from the U.S. Geological
Survey (USA): G-2 (Granite from the Sullivan quarry near Near Bradford, Rhode Island), GSP-1
(Granodiorite, Silver Plume, Colorado), AGV-1 (Andesite from the eastern side of Guano Valley,
Lake Country, Oregon), BCR-1 (Basalt from the Bridal Veil Flow Quarry, Columbia River), PCC-1
(Peridotite) and DTS-1 (Dunite, Twin Sisters area of Washington state).

The S8 Tiger WD-XRF spectrometer (Bruker, Germany) is equipped with close coupling Rh
end-window X-ray tube with an ultra-thin 75 um Be window and powered by 1 kW generator,
which can work up to 50 kV and 50 Ma (see Figure 3.17). This system presents 10 positions
primary beam filter changer, vacuum sample chamber, automatic mask changer and two
collimators (0.23° and 0.46° apertures). The device is equipped with four different analyser
crystals (LIF200, PET, XS-55 and XS-Ge-C), encoder controlled goniometer with decoupled 8- and
206-drive and two different detectors, scintillation and high transmission thin window flow
counter detector for light elements. The measurement conditions used for the developed
calibrations for mortar solid characterisations were 50 kV and 20 mA, vacuum, no filter, 34 mm
mask, PET crystal (2d = 4.026 Ao), 0.46° collimator aperture.
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Figure 3.17. The S8 TIGER WD-XRF spectrometer.

Total Reflection X-ray fluorescence (TXRF) spectrometer

The total reflection measurements performed for aqueous and acid extracts of the mortars
and their degradation products (obtained as described in sections 3.2.2 and 3.2.3) as well as the
ones performed as solid suspensions were performed using a benchtop §2 PICOFOX™ TXRF
spectrometer (Bruker AXS Microanalysis GmbH, Germany). This instrument is equipped with an
air-cooled tungsten target X-ray tube (max. power 50 W), a multilayer monochromator (35.0
keV) and a Peltier cooled Silicon Drift Detector with a resolution <160 eV at Mn K,. The
equipment is provided with a cassette changer for 25 samples that allows the programming of
different measurement sequences (see Figure 3.18). The evaluation of the spectra and the
calculation of the elements concentrations were performed using the Spectra Plus 5.3 (Bruker
AXS Microanalysis GmbH, Germany) software. The measurements were performed at 50 KV and
1 mA in air conditions in all cases. The other possible measurement combination of potential
and current intensity of 20 KV and 0.4 mA, which is also possible to employ, was tested for the
measurement of the lightest elements in the aqueous extracts. However, no element
identification was possible under these measurement conditions and the obtained spectra were
highly affected by instrumental noise, because though the potential is more appropriate for light
elements, the associated current intensity in this equipment is too low for light element
detection. It must be also highlighted that S2 PICOFOX™ does not allowed to work under
vacuum conditions and thus the determination of elements with low Z value is more restricted
and the limits of detection are higher.
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Figure 3.18. The S2 PICOFOX TXRF spectrometer.

3.4.4. Scanning Electron Microscope coupled to an Energy Dispersive Spectrometer (SEM-EDS)

Three different SEM-EDS systems were employed during this PhD. Thesis. The first one
belongs to the Singular Laboratory of hyphenated multispectroscopic techniques (Raman-
LASPEA) of SGlker General Services of the University of Basque Country (UPV/EHU) and it
consists of a EVO®40 SEM (Carl Zeiss NTS GmbH, Germany) coupled to a X-Max EDS (Oxford
Instruments, Oxfordshire, UK), which was employed for determining the elemental
compositions at specific points inside the observed area or for determining the whole
composition of a selected are (mapping). Particularly, it was employed for the characterisation
of the different mortar layers (single point and imaging) (see Figure 3.3 and see Chapter 4). The
SEM images were obtained at vacuum and using a working distance between 9 and 11 mm. The
EDS single point analysis and the mappings spectra were collected at two different voltages (20
and 30 keV) and using a current of 50 pA for image acquisition and 200 pA for spectrum
acquisition. In order to improve the conductivity of the mortars samples, they were previously
coated with a thin film of gold (<20 um) in an Emitech K550X sputter coater vacuum chamber
(Quorum Technologies LTD, Sussex, UK). Finally, the element assignation of each spectrum was
performed with the INCA software (Oxford Instruments, Abingdon, Oxfordshire, UK).

The second SEM-EDS system used belongs to the Electronic Microscopy and Material
Microanalysis unit of the SGlker General Services of the UPV/EHU. It consists of a JEOL JSM-
7000-F SEM (JEOL, Tokio, Japan) coupled to an EDS (Oxford instruments INCA, Energy 350,
Oxfordshire, UK). This instrument was used in two case studies: (i) in the characterisation of the
algae biofilm present in the building from the Technological Park of Zamudio (ii) in the
characterisation of the particles trapped in the developed passive sampler exposed in the
Galleries of Punta Begoina (see Chapter 5). With this instrument the elemental spectra were
collected at 20 kV and 1 mA and at low vacuum. In order to improve the conductivity of both
kind of samples, the algae biofilm and the employed surfaces for PM characterisation, they were
firstly metalized by depositing approximately 20 um of carbon. The element assignation was also
performed with the INCA software (Oxford Instruments, Oxfordshire, UK).

Finally an additional instrument which belongs to the Institute for Microelectronics and
Microsystems (IMM) of the “Consiglio Nazionale delle Ricerche (CNR)” was used during the pre-
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doctoral international stay in the “Instituto di Scienze dell’Atmosfera e del clima (ISAC-CNR)” in
Bologna (ltaly) for the characterisation of the thin sections of black crusts (see Chapter 5). The
instrument is an EVO LS10 SEM (Carl Zeiss NTS GmbH, Germany) coupled to a QUANTAX XFlash
6|30 EDS detector (Bruker, AXS Microanalysis GmbH, Germany) (see Figure 3.19). In this case,
the low vacuum achieved makes possible to measure the samples without the need of
metalizing, thus the black crusts thin sections were measured directly. The software employed
for data acquisition and treatment was ESPRIT 1.9 (Bruker, Germany).
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Figure 3.19. A) The EVO LS10 SEM coupled to the QUANTAX EDS detector. B) A detail of the
QUANTAX EDS detector.

3.4.5. Other atomic spectroscopy techniques (ICP-AES and FAAS)

The results for mortar and for liquid extracts of their degradation products obtained with the
ED-XRF and TXRF developed calibration methodologies were compared with the ones provided
by Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) and for the specific case
of the quantification of K, which its determination by ICP-AES is problematic, Flame Atomic
Absorption Spectroscopy (FAAS) was used (see Chapter 6). Both devices belong to the
Department of Chemistry in the University of Girona (Spain).

The ICP-AES analysis was performed using a sequential inductively coupled plasma atomic
emission spectrometer (Liberty RL, Varian, Mulgrave, Victoria, Australia) equipped with a 40
MHz free running generator, 1 kW energy radio frequency, and a V-groove nebulizer. 13.5 L/min
Ar plasma gas and 1.5 L/min Ar auxiliary gas rates were used for the measurements. A Varian
spectra A-300 atomic absorption spectrophotometer (Agilent Technologies, United States) was
used for the quantification of K by means of FAAS. The elemental calibration of both were also
performed using the same solutions described in section 3.3.1 for the calibration of ED-XRF
developed liquid calibrations.
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3.5. Mass Spectrometry

The results for mortar and for liquid extracts of their soluble products, obtained with the ED-
XRF and TXRF developed calibration methodologies, were also compared with the ones provided
by Inductively Coupled Plasma Mass Spectrometry (ICP-MS) (see Chapter 6) using a NexION 300
ICP (Perkin Elmer, Ontario, Canada) working in a class 100 clean room present in IBeA research
group. Z7Al, %4Ca, 88Sr,138Ba, and 206*207+208p}y jsotopes were determined in standard mode and
BNa, #Mg, 3°K, Y'Ti, IV, 52Cr, *Mn, *°Fe, >°Co, ®Ni, ®°Cu, ®Zn, isotopes were determined in
collision mode with He, in order to eliminate possible polyatomic interferences. The plasma
conditions such as nebulizer argon flow, torch position and instrument lenses voltages were
firstly optimized before each measurement session by aspirating a standard solution of 1ng/mL
of Mg, Rh, In, Ba, Pb and U. The gas nebulizer flow was optimized for a compromise between
sensitivity and low oxides level (less than 2.5 % for the CeQ/Ce ratio). Before the sample
measurement of the acid extracts (obtained as described in section 3.3.3), their acid
concentration had to be reduced to less than 1% of HNO3 by dilution with Milli-Q water. Three
different acid extracts were measured for each kind of sample. Finally, the data treatment was
performed with the Elan 3.2 software (Perkin Elmer SCIEX™, Ontario, Canada).

A second Mass spectrometer, the ISOPRIME 100 Isotopic Ratio Mass (Elementar UK Ltd.
Manchester, United Kingdom) Spectrometer, located in the Department of Earth Sciences from
University of Ferrara (Italy), was used during the international pre-doctoral stay carried out
during the development of this PhD. Thesis. This instrument was used for the determination of
carbon and nitrogen isotopic ratios in the black crusts (see Chapter 5). The elemental and
isotopic carbon and nitrogen composition of the black crusts have been determined by the use
of an Elementar Vario Micro Cube Elemental Analyser in line with an ISOPRIME 100 Isotopic
Ratio Mass Spectrometer operating in continuous-flow mode (see Figure 3.20). The system
allows variations of the combustion module temperature up to 1050°C. Powdered samples were
introduced in tin capsules that were wrapped and weighed. These capsules, that allow loading
up to 40 mg of sample, were subsequently introduced in the Vario Micro Cube autosampler to
be analyzed. Flash combustion takes place in a sealed quartz tube filled with copper oxide grains
(padded with corundum balls and quartz wool) which acts as catalyst, in excess of high purity (6
grade purity) O, gas. Freed gaseous species are transferred through a reduction quartz tube (at
550°C) filled with metallic copper wires that reduce the nitrogen oxides (NOy) to N. The formed
analyte gases (N2, H,0 and CO;), carried by dry He (5 grade purity) gas flow, and passed through
a water-trap filled with Sicapent® to ensure a complete removal of moisture, are sequentially
separated by a temperature programmable desorption column (TPD) and quantitatively
determined on a thermo-conductivity detector (TCD). Sample N, goes directly to the interfaced
IRMS for isotopic composition determination, while CO; is held by the TPD column, kept at room
temperatures (20-25°C). When the N, isotopic analysis is completed, CO; is desorbed from the
TPD column by raising the temperature to 210°C, and finally reaches the IRMS compartment for
the determination of carbon isotopic ratios. The detection of the distinct isotopic masses of the
sample are bracketed between those of reference N, and CO; (5 grade purity) gases, which have
been calibrated using a series of reference materials. In our case, they were calibrated against
IAEA international standards, such as the limestone JLs-1 (Kusaka and Nakano, 2014), the peach
leaves NIST SRM1547 (Dutta et al., 2006), the Carrara Marble (calibrated at the Institute of
Geoscience and Georesources of the National Council of Researches of Pisa), and the synthetic
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sulfanilamide provided by Isoprime Ltd. Mass peaks were recalculated as isotopic ratios by the
lon Vantage software package. The elemental precision estimated by repeated standard
analyses, and accuracy estimated by the comparison between reference and measured values,
were in the order of 5% of the absolute measured value. Uncertainties increase for contents
approaching the detection limit (0.001 wt %). Carbon and nitrogen isotope ratios are expressed
in the standard (6) notation in per mil (%o), relative to the international Vienna Pee Dee
Belemnite (V-PDB)and atmospheric air (AIR)isotope standard, respectively. The &%C
and 8%°N values were characterised by an average standard deviation of +0.1%. defined by
repeated analyses of the above mentioned standards.

Figure 3.20. The Elementar Vario Micro Cube Elemental Analyser in line with an ISOPRIME 100
Isotopic Ratio Mass Spectrometer.
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3.6. lon chromatography (IC)

In this work, lon Chromatography coupled to a conductimetric detector with postcolumn
suppression was used to evaluate the soluble salt content on the mortars of Punta Begoiia
Galleries (see Chapter 4), to confirm the presence of some salts of new crystallisation detected
by Raman spectroscopy (see Chapter 4) and also as comparison technique for the ED-XRF and
TXRF developed liquid calibration for aqueous extracts (see Chapter 6).

Figure 3.21. Dionex ICS 2500-pressured ion chromatograph coupled to a conductimetric detector with
postcolumn suppression and AS 40 autosampler.

The chromatographic analyses of the aqueous extracts obtained as described in section 3.2.2
were carried out using a Dionex ICS 2500-pressured ion chromatograph (Dionex Corporation,
Sunnyvale, CA) provided with exchangeable precolumns, exchangeable columns and
exchangeable self-regenerating ion suppressors for measuring sequentially anions and cations,
a conductimetric detector (ED50 Dionex conductimetric detector) and an AS40 autosampler
from Dionex (see Figure 3.21). In Table 3.1, the characteristics of the employed precolumns,
columns and suppresors are shown.

Table 3.1. Chromatographic analysis conditions employed for anions and cations quantification of
the water soluble salts.

Conditions Anions Cations
DIONEX IONPAC® AG23 DIONEX IONPAC™ CG12A RFIC™ 4X
Precolumns
4X 50 mm 50mm
Columns DIONEX IONPAC® AS23 DIONEX IONPAC™ CS12A RFIC™ 4X
4X 250mm 250mm
lon suppressors DIONEX AERS 500 4mm RFIC™ DIONEX CERS 500 4mm
Applied current to ion 25 mA 59 mA
suppressors
Mobile phase 4,5 mM Na2C03/0,8 mM NaHCO3 Acido metanosulfénico 20 mM
Flow 1,0 mL/min 1,0 mL/min
Injection volume 25 uL 25 uL
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For the quantification of the anions (F, CI, NOs", SO4%* and Br’) and cations (Na*, K*, Mg?*,
Ca?, Li*, NH4* and Ba?*) an external calibration was used composed of different multicomponent
standard solutions. Due to the wide expected concentration range (0- 100 mg/L), it was decided
to perform two different calibrations, one for the ions expected at lower concentrations (0.25-
10 mg/L) and another one for the ions expected at higher concentrations. Nonetheless, for some
samples a dilution step between two and five times was necessary for the quantification of SO4*
and Ca®* ions. The mobile phase employed for the anions and cations quantifications, the
employed flow and injection volume are shown in Table 3.1.

The chromatographic peak integration and data acquisition were performed with
Chromaleon 6.60-SPIA software (Dionex Corporation).

3.7. Chemometric calculations

In order to extract more information from the obtained analytical data, some chemometric
tools (multivariate analysis) were used using The Unscrambler®7.6 (CAMO Software, Oslo,
Norway) [9] software. One of the main applications of this software during this PhD. Thesis was
the correlation analysis performed between the anions and cations determined by IC (see
Chapter 4) and the Principal Component Analysis (PCA) for mortar classification (see Chapter 4)
and for the algae biofilm analysis (see Chapter 5).

3.7.1. Correlation analysis

With the obtained quantitative data by IC, a correlation analysis between anions and cations
was performed using The Unscrambler®7.6. [9] This correlation analysis was used as a tool to
identify salt crystallisation in mortars (see Chapter 4). In this way, a high correlation value (a
value above a critical value dependent of the confidence level and the degrees of freedom of
the system) between an anion and a cation is indicative that both of them are components of
the same salt. In this way, information about the mineralogical composition of the water soluble
salts can also be achieved and compared with XRD and Raman analyses.

The ion concentrations obtained by IC for the correlation analysis cannot be introduced as
molar values. Instead, the molar values must be multiplied by the ionic charge of the ions.
Therefore, the effect of each ion charge is taken into account when it is combined in the salt.
The corrected values for each measured anion (X™) and cation (M™) were calculated according
to the formulas shown in eq. 3.1 and eq. 3.2.

(X™) = m x mmol X™ (anions) (eq. 3.1)

(M™) = n x mmol M™ (cations) (eq. 3.2)
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3.7.2. Principal Component Analysis (PCA)

The Principal Component analysis (PCA) for mortar classification (see Chapter 4) and the
algae biofilm studies (see Chapter 5) were performed using the data acquired by means of the
handheld X-ray Energy Dispersive fluorescence (HH-ED-XRF) device and the data treatment was
carried out with The Unscrambler®7.6 [9] software.

The collected spectra by means of HH-ED-XRF were transferred from the PDA of the
spectrometer to a computer in .txt format. The raw files were transformed into binary files (x;
Energy in keV and y; Intensity in Counts) using a macro implemented in Excel. After that, the
spectra were transferred to the executable program ezData (chemilLab, USA) that makes
possible to obtain the net areas of the XRF-lines of the elements present in the spectra. The
obtained net counts for each detected element (variable) in the XRF spectra were then used in
the different PCA performed after centring and normalizing (1/S weight) each data matrix. Cross
validation was used in all PCA carried out in this work.

3.8. Thermodynamic Modelling

In order to confirm thermodynamically the existence of some molecular compounds
detected by Raman microscopy, thermodynamic simulations were run with MEDUSA software
[10] and some constants from Visual MINTEQ software [11] were used.
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ANALYTICAL PROCEDURES FOR MORTAR AND THEIR DEGRADATION PROCESSES CHARACTERISATION

CHAPTER 4.

ANALYTICAL PROCEDURES FOR MORTAR
CHARACTERISATION AND DIAGNOSIS OF
ITS DEGRADATION PROCESSES

Until 1970-1980, the characterisation of historic mortars was mostly based on traditional wet
chemical analysis. [1,2] However, these methods are usually very laborious, and the
interpretation of the results is difficult and often impossible without a good previous knowledge
of the nature of the different mortar components. [3,4] However, as stated in the introduction,
in these last decades, the main multianalytical strategy used for the mineralogical
characterisation of mortars and their degradation products is mostly based on spectroscopic
analysis, apart from the petrographic analyses and thermal analyses that still are very used to
define mortar composition. X-ray Diffraction (XRD), Infrared spectroscopy (IR), especially Fourier
Transform Infrared spectroscopy (FTIR) and more recently Raman spectroscopy together with
elemental techniques such as Scanning Electron Microscopy coupled to an Energy Dispersive X-
ray spectroscopy detector (SEM-EDS), Inductively Coupled Plasma Atomic Emission
Spectrometry (ICP-AES) or Inductively Coupled Plasma Mass Spectrometry (IPC-MS) and X-ray
Fluorescence spectrometry (XRF) are the most used ones. [5—9] For the description of their
degradation reactions lonic Chromatography (IC) is widely employed. [10-12] Most of these
techniques require simple sample treatments like aqueous extraction for soluble salt analysis by
IC and the acid extraction required for ICP-MS.

The special nature of Cultural Heritage artefacts, buildings or places that are unique and
irreplaceable has encouraged the use of non-destructive in situ techniques. In fact, these are
indispensable conditions when dealing with samples of high cultural value that cannot be
damaged and when no sampling procedure is allowed. [13] In fact, the UNESCO-ICOMOS
(International Council of Monuments and Sites) guidelines about the investigation protocols on
artworks and constructions preserved as Cultural Heritage and ratified by the ICOMOS 14t
General Assembly in Victoria Falls (Zimbabwe, October 27% to 31%, 2003) recommended more
than 30 years ago the use of non-destructive techniques as far as possible. The same
recommendations were given in the field of Analytical Chemistry. [14]

Most of the non-invasive analytical techniques are based on different light beam interactions
by direct analysis of the surface of the material under investigation. One of the first installations
was the analyser mounted inside the Louvre Museum, an accelerator for different lon Beam
Analyses (IBA) such as Proton-Induced X-ray Emission (PIXIE), Proton-Induced Gamma Emission
(PIGME), Rutherford Backscattering Spectrometry (RBS) and Nuclear Reaction Analysis (NRA)
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dedicated exclusively to museum problems. [15] Precise multi-element analyses and studies of
the conservation of archaeological materials by the investigation of the diffusion of elements
from the surface are the main advantages that provides the IBA to the museum. [15] However,
the most common analytical technique employed in standard laboratories working in the
Cultural Heritage field was infrared spectroscopy (IR). Then, with new laser sources
development, Raman spectroscopy emerged as the leading molecular spectroscopic technique
after the nineties of past century and nowadays is one of the most used non-invasive techniques
for the molecular and mineralogical characterisation in the field of Cultural Heritage. [16] In
addition, more recently developments on miniaturization of components have permitted the
design of compact, portable and sometimes hand-held analytical instruments that are able to
provide in situ high quality analytical data [13] not only for Raman analysis but also for elemental
techniques such as X-ray fluorescence spectrometry.

In the case of Raman spectroscopy, the miniaturisation of laser sources, charge-coupled
device electronic control boxes and the improvement in lap-top technology led to a big change
in this technique allowing to perform good quality measurements outside the laboratory. [17]
However, the variety of mobile lasers is limited to three excitations: infrared (1064 nm), red (785
nm) and green (532 nm), the positioning, focusing and protection against solar/bulb lighting
must be controlled to obtain non-corrupted spectra and the spectral resolution and spectral
window are limited. [17] In the future, it is expected the availability of new filtering devices and
to improve the miniaturisation. In this way, more than 30 years after the first application of
Raman to the study of artworks, [18] its high spatial resolution (1-10 um), molecular specificity,
non-destructivity, together with the ability to conduct in situ analysis and its high versatility to
measure a huge range of samples (minerals, organic and inorganic pigments, ceramics, etc),
have become Raman spectroscopy almost an indispensable tool for molecular characterisation
in the Cultural Heritage field. [19-22] Among all the cited advantages, Raman spectroscopy is
certainly valued for its non-destructive character due to the modern efficient detectors
permitting to work at very low laser powers and thus reducing the risk of charring or altering the
sample during the analysis; and for its portability, which allows to perform measurements not
only in museum galleries but also on archaeological sites. [19] There are many reviews and
research papers describing and comparing portable Raman spectrometers for Cultural Heritage
analysis. [23—26] Probably the main area of study using Raman spectroscopy in the field of
Cultural Heritage is pigment characterisation. There are innumerable works dealing with
different identifications of pigments and their degradation products, from different time periods
and cultures such as, Egyptian pigments, [27-29] Greek pigments, [30] Roman pigments, [31—
36] and more modern pigments from medieval manuscripts. [37,38] However, in our research
group it has already been demonstrated the usefulness of portable Raman spectroscopy for the
characterisation of different building materials such as sandstone, limestone, mortars and bricks
and for the description of their degradation products. [39,40]

In the same way as portable Raman spectroscopy but for elemental analysis, the great
advantage of portable X-ray fluorescence spectrometry for simultaneous multi-elemental non-
destructive analysis in a wide concentration range from 100% to mg/kg levels with an excellent
relative precision of 1%, [41] makes this technique very suitable for critical information on the
elements present in the analysed area. Non-destructive portable X-ray fluorescence
spectrometry can also be considered non-invasive when no sample extraction is required. [42]
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In the past few years, there has been also a high development in portable X-ray fluorescence
units. The major improvement of the last 15 years has been the increasing of the sensitivity of
these devices. The Limits of Detection (LOD) of the previous generations were very high for
quantitative analysis of complex materials such as ceramics or mortars, restricting their use. [42]
Nowadays, the implementation of Silicon Drift Detectors (SDD) in the new advanced models of
portable X-ray fluorescence devices has achieved to reduce the LODs by an entire order of
magnitude in comparison to the LOD provided by Silicon Pin Detectors and by up to four times
relative to the Hgl technology employed a decade ago. [42] In addition, the miniaturization in
this case in contrast to Raman spectroscopy, has allowed the design of hand-held X-ray
fluorescence (HH-XRF) units, which as the name suggests, they can be manipulated with a single
hand. All this has promoted an increase in the use of HH-XRF spectrometers in the last years,
especially in the field of Cultural Heritage, [43—-45] Archaeology, [46—49] and Art. [50] HH-XRF is
especially appropriate for fast screening applications when the elemental composition of
samples is unknown. What is more, the micro-XRF portable spectrometer developed at the
“Centro Nacional de Aceleradores (CNA)” implements the advantages of a polycapillary lens
system to a portable spectrometer.[51] In this way, it is possible to achieve a 30 um lateral
resolution improving up to 4000 times the X-ray transmission in comparison to the one that
would provide a hypothetical mechanical collimator of the same spot size. [51] This kind of
portable spectrometers, with a very small lateral resolution, allowed for example the in situ
analysis of joining techniques in Etruscan jewellery, which are zones of analysis usually smaller
than 100 um.[51] In another work, a portable energy dispersive X-ray fluorescence spectrometer
with orthogonal triaxial geometry between the X-ray tube, the secondary target, the sample and
the detector was developed in order to reduce the background of the spectra. [45] However,
the most important limitation of these devices is the quantitative analyses they are able to
perform, which requires certain assumptions that many times are not possible, as for example
the assumption of sample homogeneity. In any case, even if the sample could be considered
homogeneous, the accuracy of quantification and limits of detection are not comparable to the
ones that can provide other laboratory atomic spectroscopy techniques such as ICP-AES or ICP-
MS. It is in this point that, as current HH-XRF devices are able to provide large amounts of
quantitative information based on their implemented Fundamental Parameters (FP) methods,
very quickly due to their easy-to-handle characteristic, they can be used as “black boxes”. During
the last years, the development of quantitative methods based on the so-called Fundamental
Parameters (FP), capable of producing almost instantaneously quantitative results, tend to
enhance the use of HH-XRF spectrometers as “black boxes”. Sometimes, FP-methods developed
for a specific matrix (soils, metals, alloys, etc.) are thoroughly applied to the quantitative
determination of the elemental composition of very different matrices (e.g. stones, mortars,
wall paintings, etc.). Originally, these hand-held devices were developed for their specific use in
the metal and mining industry. Metals and alloys are samples with low matrix effect
contribution, thus the quantification of this kind of samples using FP-methods can be very
accurate in comparison with the quantification in cements and mortars, which are
heterogeneous complex matrixes and usually showing layers or crusts.
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In this chapter, a first screening of the mortars of Punta Begofia Galleries and their
degradation products mainly based on in situ Raman analyses and Raman imaging assisted with
SEM-EDS, XRD and (ED-XRF) imaging in the laboratory is described. In addition, aqueous extracts
of the mortars were measured by means of IC in order to verify the presence of some salts
already detected by Raman observations and to evaluate their concentration. IC was also
employed for the quantification of other salts not previously detected in the in situ
characterisation with the aim to describe the salt crystallization effects that are suffering the
mortars from Punta Begofia Galleries. In the second part, a fast in situ non-invasive HH-ED-XRF
elemental characterisation to classify these same mortars is proposed.

68



ANALYTICAL PROCEDURES FOR MORTAR AND THEIR DEGRADATION PROCESSES CHARACTERISATION

4.1. Description of the historical building Punta Begoia Galleries and its
decaying

Punta Begona Galleries are located in Getxo, in front of Ereaga beach, in the Basque Country,
North of Spain, in front of the Arriluze harvour, at the end of Nervidn-lbaizabal estuary, also
called as “El Abra” (see Figure 4.1). This Estuary flows into the Cantabric sea and it is the deepest
one in all the Basque Country coastline. Due to its geographical location and to its mineral
wealth, especially iron rich, during the 19" century and the beginning of 20™" century there was
a big industrialization of the area. This industrialization process was followed by a demographic
increase causing the consequent environmental problems. Nowadays, the old primary industries
have diminished considerably and the environmental situation has improved, though the
contamination of that time is still visible in a lot of buildings and fagades from that period.

These Galleries were built in 1918 for an important businessman, Horacio Echevarrieta, [52]
and were abandoned in 1960 and forgotten by society for years. The Galleries were designed
with ecliptic classical style by Mr. Ricardo Bastida (Bilbao, Basque Country), an architect
graduated in Barcelona where he was influenced by the modernism. These Galleries were firstly
built as a retaining wall for Arriluze hillside.

Figure 4.1. Punta Begona Galleries and their geographical location.

For some vyears, these Galleries and the palace on the top of the hill, where Horacio
Echevarrieta lived, were used for luxury parties, social events and even tennis matches. All these
ended, when the descendants of Echevarrieta sold the palace and after, in 1976, it was
demolished. However, the Galleries were preserved but they remained abandoned and very
deteriorated until in October 2014, the city council of Getxo promoted a revalorization project
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together with the Basque Government and the University of Basque Country (UPV/EHU) in order
to restore and recover their value for the citizens.

As described in section 3.1 in experimental procedure, the Galleries are mainly divided into
two levels. The Lower Gallery is located just under the gardens where in the past, the mansion
of the owner was placed. This Gallery is the closest one to the Arriluze bay presenting Southwest
orientation while the Upper Gallery is longer and it is in front of Ereaga beach presenting
Northwest orientation. In Figure 4.2, one picture for each of the Galleries nowadays can be seen
together with the original plan view map (1918) from the municipal files of Getxo, in order to
facilitate the understanding of the situation and orientation of the Galleries. The ceiling of the
Upper Gallery is just below the gardens of the new Punta Begofia residential zone. Through these
gardens water can flow reaching the Upper Gallery. Some parts of the ceiling have been
detached and parts of the reinforcement structure can be observed. This building is probably
one of the first where reinforced concrete was employed for the structural parts. The walls and
the columns are covered of different mortar layers (rendering mortars) that are also detached
in many places. Until half height, the walls are decorated with ceramics. The Lower Gallery is
built similarly to the Upper Gallery, water percolations can also be shown and the same
reinforced concrete structure in the ceiling can be observed in the detached zones. In this
Gallery, the ceiling presents several stalactite-like formations and efflorescences are visible in
many parts of the wall. In Figure 4.3 the conservation state of the Lower Gallery is displayed as
an example with showing some of the described degradations.

Lower Gallery

Figure 4.2. Punta Begoiia Galleries and their original plan view map (1918) from the municipal files
of Getxo.
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The construction of the Galleries in 1918 took place in full swing of reinforcement and
Portland Cement industry. In addition, in 1916, Portland Cement Iberia was founded, where
Horacio Echevarrieta was involved. [52] These events make it likely that the Galleries were built
using the first reinforced concrete and Portland Cement as a binder in Spain, which become
these materials of great interest for their study. Furthermore, as explained in previous sections,
the study of the degradation of the materials from this period is of big importance as the number
of buildings from this time that need restoration works is increasing and because they were used
widely in many restoration processes of places of high historical value all along Europe. [53]

Figure 4.3. A) Lower Gallery showing the detachment of the ceiling in many parts. B) Zoom of the
maintained ceiling showing the stalactite-like formations. C) Lower Gallery corridor showing the
decorated walls with ceramics up to middle height and a zoom of the mortar covering the upper part
of the wall (rendering mortar) affected by efflorescences. D) One of the mortars covering the wall of
the Lower Gallery (rendering mortar) and a collected fragment.
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4.2. Portable and Raman imaging usefulness to characterise and detect
decaying on mortars from Punta Begoiia Galleries

In this part of this PhD. Thesis, portable Raman spectroscopy was applied to evaluate the
original composition and possible deterioration products of the rendering mortars used in the
walls inside of the Galleries and those covering the concrete of the ceilings from the Galleries
(different rendering mortar layers). In the laboratory, Raman microscopy and Raman imaging
analyses, assisted with SEM-EDS, XRD and ED-XRF imaging, were used with the aim to confirm
the original compounds and the products of their deterioration, aiming to understand the
distribution of the main components of the mortars (in the walls and covering the concrete of
the ceiling). Moreover, the soluble salt test was applied to the sampled mortars trying to confirm
some Raman observations and to evaluate the concentration of the different new salts present
on each mortar from the Galleries. ICP-MS was finally performed after the acid extraction of
different mortars and degradation products.

4.2.1. In situ molecular characterisation and XRD analyses of the mortars and their
deterioration products

In order to describe the presence of major and minor components in the mortar samples and
their deterioration products, in situ Raman spectroscopy analyses were carried out in the four
areas presenting different mortar structures. For each area, samples with one or several layers
were collected, namely MUG, MLG, MCUG and CLG (see section 3.1 in experimental procedure
for sample nomenclature and deeper description).

Table 4.1 shows a summary of all the identified components using the portable Raman
spectrometers. As it can be observed in this table, the main compounds of the analysed mortars
are calcite (CaCOs), quartz (a-SiO3) and gypsum (CaS04-2H,0). It must be remarked that in this
case, gypsum is an original component of the mortar, as described in the documents of the
materials employed in the Galleries.

To obtain a semi-quantitative approximation of the concentration of these components in
the mortars, the extracted mortar samples of each area were analysed using XRD. The obtained
results are shown in Table 4.2. These values were calculated taking into account that the 100%
of the sample composition is formed only by the components detected using XRD and, thus,
without considering minor or amorphous compounds that cannot be detected easily using this
last technique.

As it can be observed in Table 4.2, all the samples contain calcite and quartz, and most of
them gypsum. These results agree with the ones obtained by means of portable Raman
spectroscopy. However, Raman analysis allowed also the identification of gypsum in MCUG that
was not detected by XRD, probably because in this sample, gypsum is present as minor
compound (below 5%) and it is not widely distributed in all the mortar.
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Table 4.1. Compounds identified in the mortars under study using both portable Raman
spectrometers.

Samples | Original components Transformation/Deterioration Products

Calcite (main band at 1085 cm™)
Gypsum (main band at 1008 cm™) Nitratine (main band at 1067 cm'?)
Alite (main band at 838 cm'!)
Belite (main band at 861 cm™)
Calcite (main band at 1086 cm?) v-Anhidrite (main band at 1025 cm™)

MLG Gypsum (main band at 1007 cm®) | Nitrocalcite/niter (main band at 1050-1051 cm'?)
Hematite (main band at 292 cm?)
Calcite (main band at 1085 cm?)
Gypsum (main band at 1008 cm™)

MUG

MCUG
Quartz (main band at 467 cm™) None
Aragonite (main band at 1084 cm™)
Calcite (main band at 1085 cm™)
Gypsum (main band at 1008 cm™)
; -1
CLG Quartz (main band at 467 cm™) Bassanite (main band at 1015 cm™)

Aragonite (main band at 1086 cm™)
Hematite (main band at 292 cm™)

MUG, mortar from the wall of the Upper Gallery; MLG, mortar from Lower Gallery; MCUG, mortar over the
concrete from Upper Gallery; CLG, mortars over concrete from Lower Gallery.

Table 4.2. X-ray diffraction semi-quantitative estimation for the major components identified in
the mortar samples.

Sample | Calcite % | Quartz % | Gypsum % | Aragonite % | Halite %
MUG 91 1 8 - -
MLG 88 1 10 - 1

MLG (BC) 64 3 33 - -

MCUG 36 59 - 5 -

CLG-11 74 2 24 - -

CLG-L2 89 1 10 - -

CLG-L3 38 53 3 6 -

CLG-L4 36 49 - 15 -

MUG, mortar from the wall of Upper Gallery, MLG, mortar from the wall of the Lower Gallery; mortar over the
concrete from the ceiling of Upper Gallery; CLG-L, different mortar layers covering the concrete from the ceiling of
the Lower Gallery.

According to the XRD results in some mortar samples, aragonite (CaCOs), a calcite
polymorph, was also a major component (see Table 4.2). This calcium carbonate polymorph was
also detected by portable Raman spectroscopy (see Table 4.1 and Figure 4.4), and its presence
points out the use of beach sand as an aggregate in some cases (MCUG, CLG-L3 and CLG-L4),
which was expected after the observation of some shell fragments in the walls of the Galleries.
It is also important to remark the presence of halite (NaCl) in the MLG that could have been
deposited from the marine aerosol on the surface of the sample or crystallized inside the pores
of the materials.
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Figure 4.4. In situ Raman spectrum obtained for the mortar layer 4 over the concrete from the
ceiling of Lower Gallery (CLG-L4).

The XRD analyses showed that MUG, MLG and CLG-L2 are similar in composition. Probably,
all of them are lime mortars with low quartz content. This observation was confirmed also using
Raman imaging analyses as explained below. On the other hand, the rendering mortar covering
the concrete from the Upper Gallery (MCUG) is more similar to the L3 and L4 mortar layers
covering the reinforced concrete from the Lower Gallery (CLG-L3 and CLG-L4).

The sample labelled as MLG (BC) is referred to the black layer that covers the rendering
mortar of the wall from the Lower Gallery (MLG). As it can be seen in Table 4.2, the gypsum
content of MLG (BC) is much higher than in the analysis performed on the mortar (MLG). The
same tendency can be observed for the black layer (CLG-L1) over the most external rendering
mortar layer, covering the concrete from the lower gallery (CLG-L2). These results suggest that
both black layers can be related with the formation of black crusts.

In the Raman spectra acquired in situ on the rendering mortar from the wall of the Upper
Gallery (MUG), the repetitive presence (in more than ten spectra) of the lime silicates, alite
[(Ca0)5Si0,] and belite [(Ca0),Si0;], was confirmed (see Figure 4.5 and Table 4.1). Their
presence can be related with the use of Portland Cement as the binder of this mortar that
remains unreacted in the clinker hydration reaction (see Portland Cement composition in section
1.2). As they are traces of unreacted phases of Portland Cement, their concentrations are very
low to be detected by XRD (probably much lower than 5%) and therefore they can only be
detected thanks to Raman spectroscopy.

Apart from the original components of the mortar, deterioration products such as nitrates
were also identified in situ by Raman spectroscopy. The presence of nitratine (NaNOs) in this
mortar could be explained following two reactions. In the first one, the NaCl present in the
mortar could react with the atmospheric NO or nitrate ions present in the mortar and coming
from infiltration waters to form the nitratine (NaNOs). The second reaction, which could explain
the presence of nitratine in the mortar could take place in the atmosphere between the NaCl as
particulate matter coming from the marine aerosol and the acid NOy from the atmosphere. The
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nitratine formed as secondary marine aerosol particles can be deposited later in this mortar

following a dry deposition process. [54]
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Figure 4.5. Raman spectrum acquired in situ with the 785 nm laser on the rendering mortar (MUG)
from the Upper Gallery (in red) showing the presence of gypsum, calcite, alite and belite together with
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gypsum and calcite standard spectra (in blue and green respectively).
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Figure 4.6. Raman spectra acquired in situ with the 785 nm laser on the binder from the reinforced

concrete of the ceiling from Lower Gallery showing the bands of bassanite (B) and on the rendering
mortar from the wall of the Lower Gallery (MLG) showing the bands of calcite (C) and gypsum (G)

together with the band at 1025 cm™.

In the rendering mortar from the wall of the Lower Gallery (MLG), calcite and gypsum were

also detected by portable Raman spectroscopy as in the XRD analyses. In this mortar, a Raman

band at 1025 cm™ was also observable (see Figure 4.6). This strong band can be related to the

principal band of coquimbite or to its polymorph paracoquimbite [Fe,(SO4)s - 9H,0]. However,
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it can also be due to the presence of y-anhydrite (y-CaSQ.4). [55] The existence of this anhydrous
calcium sulfate could be related with a dehydration process of the original gypsum present in
the mortar, which can crystallize in a different form to the most usual one, the B-anhydrite.
According to some authors, the environmental temperature and the pressure, in this case the
inner pressure of the material, can affect to the dehydration process of gypsum leading to the 8
ory forms. [56]

The principal band of nitrates such as niter (KNO3) and/or nitrocalcite [Ca(NO3),-4H,0] was
also detected around 1050-1051 cm™. As in the obtained spectrum no secondary bands were
observable, it could not be distinguished between the presence of both nitrates. Therefore, as
it is explained below, the soluble salts analysis of the mortars was conducted by means of IC in
order to confirm the presence of nitrate salts and additional decaying products.

Under the same mortar from the wall of the Lower Gallery, efflorescences (salts crystallized
on the surface of the mortar) were visually observed. In the direct analyses performed on the
efflorescences using the portable Raman spectrometers, thenardite (Na,SO4), gypsum and
calcite were detected (see Figure 4.7A). Calcium carbonate is the main constituent of the
mortars from the gallery, although this carbonate is insoluble in water, it can be transformed at
pH<9 into bicarbonate [Ca(HCO3)2], which is more soluble than the original carbonate. The
formation of bicarbonate from the original carbonate can be promoted by the atmospheric CO..
In the current modern atmosphere, the concentration of CO; is high, near 70 mg/L in the
atmospheric aerosol. Therefore, carbonic acid (H2CO3) can be formed in the atmosphere by
water reaction and can react with the calcium carbonate from the mortar to form the soluble
calcium bicarbonate (see eq. 4.1).

CaCOs (s) + H20 (I) + CO; (g) > Ca(HCOs3); (eq. 4.1)

The soluble calcium bicarbonate can be mobilized by rain-washing. However, it can also
precipitate into the surface of the material during the evaporation process. In the absence of
rain, and after evaporation, the equilibrium shown in eq. 4.1 can be displaced to the left just
when the saturation of calcite is reached by evaporation, promoting the crystallization of
calcium carbonate, which can be deposited on the surface as an efflorescence.

This reaction process is the most plausible that can take place in the rendering mortar from
the wall of the Lower Gallery from Punta Begofia, but it is not the only one. The ceilings of this
Lower Gallery are covered by gypsum, a partially soluble salt. Over the years, gypsum can be
partially solubilised, and the dissolved sulphate anions can migrate downwards to the walls.
These sulphates, together with the calcium that can be present in solution in the material, can
precipitate together over the surface of the walls as gypsum. That is why using Raman
spectroscopy this calcium sulphate salt was identified in the efflorescence of those walls (see
Figure 4.7A). In some Raman spectra, apart from the mentioned compounds, natron
(Na,CO3-10H,0) was also observed in the same efflorescences (see Figure 4.7B).

The concrete from Punta Begoiia Galleries showed an important loss of the gravel binder. As
it was too difficult to separate the binder from the gravel in the concrete, it was not possible to
perform the XRD analysis of this binder. However, as Raman spectroscopy does not need to
make a previous separation, this part of the concrete was directly measured using the portable
Raman instruments. In the binder of the concrete gravel, hematite was more abundant than in
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the mortar layers, probably because of the reinforcement of the concrete. Additionally,
bassanite (CaSO, - 0.5H,0) was identified (see Figure 4.6). The presence of bassanite indicates
that gypsum is suffering a dehydration process. The existence of a hydration/dehydration
process of gypsum can lead to volume changes and, therefore, to cracks or fractures in the
material, a pathology that is quite evident in the concrete of Punta Begoiia Galleries.
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Figure 4.7. A) Raman spectra acquired in situ with the 785 nm laser of the efflorescences below the
rendering mortar from the wall of the Lower Gallery and pure thenardite (Na:504), gypsum
(Ca2504:2H:0) and calcite (CaCO3) Raman spectra and B) Raman spectra acquired with 785 nm laser
of the efflorescences below the rendering mortar from the wall of the Lower Gallery and pure
thenardite (Na:504), gypsum (Ca2504-2H20), calcite (CaCOs) and natron (Na:COz-10H20) Raman
spectra.

The Raman analysis performed over the reinforcement of the concrete covering the ceiling
of the Lower Gallery showed the abundant presence of lepidocrocite (y-Fe(O)OH) (see Figure
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4.8). If the chloride concentration had been low, the most probable iron oxide would have been
Fe(OH),. However, when the concentration of chlorides is high ([CI']/[OH]>1), an intermediate
product, called green oxide (2 Fe(OH),, FeOHCI, Fe(OH;)Cl) is formed. This oxide was not
identified because it is rapidly transformed into lepidocrocite, the corrosion product identified
in the reinforcement of Punta Begofia. [57] This is another evidence of the degradation of the
reinforcement of the ceiling of the Lower Gallery, in this case due to the presence of Cl in the
marine environment that can interact nowadays with the Fe of the armour because of a first loss
of the mortar covering it. The mortar seems to have been dissolved and lost leaving the Fe
reinforcements exposed to the marine environment.

Reinforcement of the concrete
Lepidocrocite

Raman Intensity
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Figure 4.8. Raman spectrum obtained with the 785 nm laser in the analysis of the reinforcement of
the concrete from the ceiling of Lower Gallery and lepidocrocite standard Raman spectrum.

4.2.2. Molecular imaging characterisation of the mortars in the laboratory

A fragment of the reinforced concrete of the ceiling of the Lower Gallery covered with three
different mortar layers and a black crust was subjected to Raman imaging analysis in order to
map the distribution of the main compounds of all the mortar layers. In Figure 4.8, the analysed
sample fragment can be observed together with the Raman imaging analyses performed
through the cross section of the different mortar layers covering the reinforced concrete and a
magnified analysis of layer 2. The Raman images of each compound shown in Figure 4.9 were
represented using their respective main bands (calcite 1086 cm™, dolomite 1099 cm™ and
gypsum 1008 cm™) and according to 1162 cm™ band for the case of silicates. The lateral or
spatial resolution achieved in the Raman images shown in Figure 4.9 was around 1.25 um, and
the step size in x-axis and y-axis were 150 and 3.5 um, respectively.
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Figure 4.9. Molecular distribution of the main compounds on the cross section of sample concrete from
Lower Gallery including all the mortar layers (L2, L3 and L4) over the concrete and the black crust layer

(L1) over the L2 (on the left). In the right side, calcite distribution inside layer 2 is depicted, showing
three calcite aggregate fragments distributed into the calcite mortar.

According to the molecular map distribution results, calcite is distributed homogeneously,
and it is widely present in the mortar layers 2 and 3. In layer 4, a significant decrease of calcite
presence and an increase in the presence of silicates can be observed. The non-identification of
silicates in layer 2 reaffirms the hypothesis that the aggregate used in this mortar layer was
calcareous sand instead of silicate sand. In order to confirm this observation, a Raman imaging
analysis of layer 2 was performed. In Figure 4.9 on the right, calcite distribution is displayed
[image obtained at a 1.25-um lateral resolution and (x, y) step size of (25 and 3.5 um)]. In the
microphotograph of this layer captured under the optical microscope, fragments that probably
belong to the aggregate of the mortar can be observed (some of these fragments are marked
with circles in Figure 4.9 on the right). According to the Raman imaging analysis, the composition
of these fragments is calcite, confirming again the calcareous character of the aggregate in
mortar layer 2. In Figure 4.9, it can be appreciated the calcite fragments (more intense red over
the fragments observed under the microscope) inside the calcite binder of mortar layer 2 (rest
of the calcite distribution in red). This observation was possible thanks to the advantages of
Raman imaging analysis.

In mortar layers 2 and 3, dolomite [CaMg(CO3),] was detected, which was not found
previously in the single-point Raman analysis performed in the outermost layer. Taking into
consideration the scale in Figure 4.9, the distribution of dolomite seems also to be related to
aggregate fragments. Moreover, the observation under the microscope and the distribution of
dolomite in layer 2 and 3 indicate that L3 has lower size dolomite fragments than the observed
ones in layer 2. Taking into account this dolomite distribution, layer 2 seems to present two
kinds of aggregates, calcite and dolomite.

Regarding gypsum distribution, it is mainly present in layer 2, although it is also detected in
layer 3 in a lesser extent. However, gypsum is not present in layer 4 confirming the results
obtained by XRD and the single-point Raman analyses. Finally, gypsum is the only component
detected in the Raman imaging analysis of the black crust as it can be observed in the thin layer
(L1) marked in Figure 4.9.

These results give the required information to ascertain the nature of the three mortar layers
in the ceiling of the Lower Gallery. The layer in contact with the reinforced concrete, L4, is
composed of calcite and silicate aggregates probably to maintain compatibility with the
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concrete. The intermediate layer, L3, has not silicates but carbonate aggregates (dolomite). The
small amount of gypsum present in the binder of L3 was probably added to guarantee the
compatibility between layers L4 and L2. Finally, the outdoor exposed layer, L2, is a typical calcite-
gypsum mortar from the Atlantic areas, a mortar that was also used for mural paintings in
medieval times. [58]

4.2.3. Elemental imaging characterisation of the mortars in the laboratory

The Raman imaging analysis performed to describe the distribution of the principal
compounds in the different mortar layers that form the CLG sample was complemented with an
u-ED-XRF imaging analysis of another cross section fragment using a lateral resolution down to
25 um (mapped area 27.8x17.9 mm?). In Figures from 4.10 to 4.13, the results of this analyses
are displayed.

Figure 4.10. A) Analysed cross section area of CLG sample limited in green. B) Ca distribution C) S
distribution and D) Ca and S elemental distributions overlapped.

In Figure 4.10, Ca and S distributions all over the analysed area are displayed. As it can be
seen, Ca is more or less homogeneously distributed through the entire sample, which matches
with calcite distribution observed in Raman imaging. The intensity of Ca signal in layer 2 is higher
than in the rest of the layers, which agrees also with XRD semi-quantitative data (see Table 4.2)
where CLG-L2 was the layer with the highest calcite content. In Figure 4.10C, S distribution is
shown, in this case the presence of S is concentrated in Layer 2 and also in the borderline that
would correspond partially to the black crust (L1) over L2. This result also matches with the XRD
semi-quantitative data for gypsum (see Table 4.2), whose higher concentration was detected in
the black crust and in layer 2. The distribution of gypsum displayed in Figure 4.9 also shows a
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higher concentration of gypsum in layer 2 and decreasing while going to insider layers. Finally,
in Figure 4.10, S and Ca distribution maps are shown together, showing the overlap between Ca

and S and thus suggesting the presence of a kind of calcium sulphate, probably gypsum
(CaS04-2H,0).

Figure 4.11. A) Si distribution displayed over the mapped area image; B) Al distribution displayed over
the mapped area image; C) K distribution displayed over the mapped area image and D) Al, Si and K
distributions over the mapped area image.

In Figure 4.11, the elemental map distributions for Si, Al and K are displayed individually (see
Figures 4.11A, B and C) and together (see Figure 4.11D). In these representations, the elemental
distributions were plotted over the mapped area image. According to these distributions, Al and
Si are present mainly in mortar layers L3 and L4 and already in the binder of the concrete. This
is coincident with the presence of silicates detected by Raman imaging in L4 (see Figure 4.9). If
we compare these distributions with the XRD semi-quantitative, the concentration of quartz
(SiO,) in layers L3 and L4 is around 50% in both of them, being a little bit higher its concentration
in L3 (see Table 4.2). The higher presence of SiO, and the absence of silicate Raman signals in
layer 3 could also be suggesting that the Si observed in layer 3 is mainly due to quartz, while the
presence of silicate Raman bands and the higher amount of Al in layer 4 could be suggesting the
presence of aluminosilicates in this layer as the aggregates. Furthermore, in the elemental
distribution showing the Al and Si together, an overlapped between the distribution of both
elements can be observed (see Figure 4.11D). Inside layer 2, on the right, there is a big fragment
which is not composed of Ca (see Figure 4.10B), and in Figure 4.11, it can be seen how Al, K and
Si are part of its composition, suggesting an isolated potassium aluminosilicate fragment.
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Figure 4.12. A) Fe distribution displayed over the mapped area image; B) Mn distribution displayed
over the mapped area image; C) Fe and Mn distributions displayed over the mapped area image and
D) Cl distribution displayed over the mapped area image.

With the u-ED-XRF imaging analysis, it is also possible to map other elements present in the
different mortar layers that were not possible to detect with the previous analyses. In Figure
4.12, Fe, Mn and Cl distributions are displayed over the image of the mapped area individually
(see Figure 4.12A, B and D) and the distributions of Fe and Mn together (see Figure 4.12C). It can
be seen the overlap of Fe and Mn (pink colour as combination of red, Fe, and blue, Mn, in Figure
4.12C). The presence of Clin layer 4 and even more inside, already in the binder of the concrete,
is not appropriate for the conservation of the reinforcement of the concrete. This could be due
to a penetration of Cl from the marine environment, which in this case is not the most probable
event happening because there is no Cl in the outermost layers. Another possibility to explain
the accumulation of Cl in L4 could be the use of beach sand as the aggregate.
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Figure 4.13. A) Ti distribution displayed over the mapped area image; B) V distribution displayed
over the mapped area image; C) Ti and V distributions displayed over the mapped area image and D)
Cr distribution displayed over the mapped area image.

In Figure 4.13, Ti, V and Cr elemental distributions are displayed over the image of the
mapped area individually (see Figure 4.13A, B and D) and Ti and V distributions together (see
Figure 4.13C). In this last map distribution, the particles containing Ti and V are shown in pink
due to the overlap of red and blue of the individual distributions. As it can be seen these
elements are distributed heterogeneously and randomly all over the sample. It can also be
observed that the potassium aluminosilicate fragment in layer 2, it is also composed of Ti and V.

Finally, with the aim to obtain the elemental distribution in a more microscopic scale, SEM-
EDS analysis was performed in a small area inside layer 4 of the same cross section previously
analysed by means of u-ED-XRF. In Figure 4.14, Ca and Si distributions are displayed, showing
that the zones high in Ca are the zones without Si and vice versa. These distribution maps allow
to observe the binder distribution related to Ca distribution (see Figure 4.14A) and the aggregate
distribution related to Si distribution (see Figure 4.14B).This observation reaffirms the previous
observations of higher silicate content in this layer, higher quartz content according to XRD (see
Table 4.2), other silicates observed in Raman Imaging (see Figure 4.9) and the elemental
distributions by pu-ED-XRF analyses (see Figure 4.11). All this, together with the high aragonite
content detected by XRD (see Table 4.2) and by in situ Raman measurements, confirms the use
of beach sand as the aggregate for the mortar in layer 4. Being very probable that the Si
aggregate fragments observed in Figure 4.14 are quartz particles (SiO) contained in beach sand.
This could also be the source of Clin layer 4, which due to the use of beach sand as an aggregate,
NaCl was also introduced to the system.
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Figure 4.14. SEM-EDS Ca map distribution (left) and Si map distribution (right) in mortar layer 4
over the concrete of Lower Gallery (CLG-L4).

4.2 4. Soluble salt quantification in the mortar samples

Considering that some of the mortars could be suffering from salt crystallization as previous
in situ Raman analyses showed, a soluble salt test was also conducted with the aim to evaluate
their nature and concentrations. The results obtained for the extraction of the soluble salts with
Milli-Q water and their following analyses by IC for the determination of the extracted anions
and cations are shown in Tables 4.3 and 4.4 respectively. The results of these samples are
expressed with a 95% confidence interval over the mean value of three replicates. According to
the soluble salt test, all the analysed mortars showed the presence of chlorides; thus, the
influence of the marine aerosol (chloride salts deposition) is clearly confirmed with this
additional analytical technique. With the XRD technique, it was only possible to identify halite
on the MLG sample, which is, according to these quantitative results (see Table 4.3), the sample
with the highest chloride content. The external mortar layers covering the CLG showed the
presence of fluorides that can also be present because of the influence of the marine
aerosol.[59] However, the observed high concentrations for this anion could also be due to the
deposition of fluorides coming from an industry quite close in straight line to Punta Begoiia
Galleries, which works with fluorides and their derivatives.

Table 4.3. Water soluble anion concentrations (mg/kg dried sample) in different mortar samples from
Punta Begoiia Galleries.

Anion Concentration (mg/kg dried sample)
MUG MLG MLG (BC) CLG-L1 CLG-L2 CLG-L3 CLG-L4
F <L0Q <L0Q <LOD 1900 £ 200 900 + 20 640+ 70 <LOQ
Cl- 4000 + 200 5600 £ 300 4700 + 500 1440 + 40 680 = 10 159+5 1310+ 10
NO3- 340+ 30 570+ 70 10782 <LOD <LOQ 490 + 90 260 £ 40
SO, 6400 + 100 (8.6 £0.5)-104 2.5-10°2 (1.9+0.2)-10° (5.5£0.1)-10* | 15500 + 200 8300 + 200
Br <LOD <LOD <LOD <LOD <LOD <LOD <LOD

<LOQ: under the Limit of Quantification; <LOD: under the Limit of Detection.
a Single value due to lack of mass
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Table 4.4. Water soluble cation concentrations (mg/kg dried sample) in different mortar samples from

Punta Begoifia Galleries.

Cation Concentration (mg/kg dried sample)
MUG MLG MLG (BC) CLG-L1 CLG-L2 CLG-L3 CLG-L4
Na* 3970+ 80 4800 £ 600 3400 + 400 1140 £ 60 360+ 20 92+6 <LoQ
K* 960 + 20 <L0Q <L0Q 190 + 40 <L0Q 740 + 80 480 + 10
Mg2+ <L0Q 430+ 20 <L0Q 550+ 20 <L0Q <L0Q <LoQ
Caz* (1.4+0.2)-10* | (4.1+0.2)-10* (1.08 £ 0.09)-10° (8.9+0.6)-10* | 32600+ 800 | 19200+ 600 | 13000 + 700
Li+ <LOD <LOD <LOD <LOD <LOD <LOD <LOD
NH,* <LOD <LOD <LOD <LOD <LOD <LOD <LOD
Baz* <LOD <LOD <LOD <LOD <LOD <LOD <LOD

<LOQ: under the Limit of Quantification; <LOD: under the Limit of Detection.

In this same sample, nitrates were only detected in the inner layers and in a very low
concentration. The higher nitrate content was detected in the black crust over the mortar from
the wall of the lower gallery [MLG (BC)] and in the mortar itself (MLG). Considering that in this
last mortar different sulphates were identified in the efflorescences (see Figure 4.7) in situ by
Raman spectroscopy, it makes sense that in this mortar the concentration of sulphates
determined by the soluble salt test was also the highest one. Moreover, this last mortar sample
was the only one in which nitrocalcite and/or niter (a single band at 1050 cm™) presence was
identified by single-point Raman analysis. Considering the low nitrate concentration in the other
samples, it was expected that Raman spectroscopy technique was not able to detect this kind of
compounds.

Regarding the quantified cations using the soluble salt test (see Table 4.4), the concentration
of sodium in the mortars from the walls of the Lower Gallery is set around 5000 mg/kg. Some
authors reported that the presence of 0.1% of Na;O in the Portland cement could promote the
formation of 0.45 kg of sodium carbonate per 100 kg of cement. [60] Taking into consideration
the concentration of sodium in the mortar from the wall of the Lower Gallery of Punta Begofia,
the percentage in weight of Na,0 is set around 1.4%. Therefore, it could be easy to justify the
identification of natron (Na,CO3-10H,0) on the analysed efflorescences (see Figure 4.7) formed
after the dissolution process of the sodium compounds on the mortar itself. The presence of
sodium compounds can leave free sodium cations in the material. These cations can react with
the sulphates coming from the solubilisation of the gypsum from the material, giving rise to the
formation of thenardite (Na,SO4). Thenardite can be present in equilibrium with the
heptahydrated and/or decahydrated form (mirabilite) of the sodium sulphate (see section 1.3.2).
This system can cause volume changes in the material, giving rise to the promotion of fissures
and cracks.

With the obtained concentrations of cations and anions, coming from soluble salts, a
correlation analysis between the anions and cations was performed using the Unscrambler
program. The correlation analysis for a 95% of confidence, six degrees of freedom and two-tailed
analysis (titica=2.45 and reica= 0.84) indicated that ClI—Na* and SO4*—Ca®'presented a
correlation that significantly differs from zero. These results are consistent with the ones
obtained by Raman spectroscopy and XRD that showed the existence of halite (NaCl) and
gypsum (CaS04-2H,0) crystals. Na* and NOs" also presented a high correlation value as well as
the one between Mg?* and SO,%. The high correlation value between Na* and NO3™ supports the
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hypothesis of the presence of nitratine (NaNOs) in MUG sample as detected by Raman
spectroscopy (see Table 4.1).

4.2.5. Characterisation of new formations

Apart from the above mentioned degradation compounds detected while performing the
characterisation of the materials, in Punta Begofia there were also observed different new
formations promoted by the degradation of the original building materials due to the
interactions with environmental agents (e.g. atmospheric gases interactions, infiltration waters,
metal particle depositions etc.), such as stalactite-like formations growing in the ceiling of the
Lower Gallery, black patinas formed over the floor in the Lower Gallery and other kind of black
depositions found in the walls or the many black crusts growing over the mortars.

Characterisation of stalactite-like formations in the ceiling and black patinas over the floor of
the Lower Gallery

The Raman characterisation of the stalactite-like formations from the ceiling of Lower Gallery
showed the major presence of calcite in all of the kinds of stalactite-like formations, which were
different in colours from white to more brownish ones (FLG-1, FLG-3 and FLG-4). In Figure 4.15,
it can be seen one of the multiple spectra obtained of calcite from the measurements performed
over the stalactite-like formations. As it can be observed the obtained spectra were almost as
the calcite standard spectrum.

Stalactite-like formations

Raman Intensity

f\h i Mg\\

' 1200 1600 ‘

2000
Wavenumbers (cm™)

Figure 4.15. Raman spectrum obtained in the analysis of stalactite-like formations (a) and calcite
standard (b).

The formation of these calcite stalactite-like formations can be explained in the same way as
the calcite efflorescence. In addition, in the external part of these calcite formations, hematite
(Fe,0s3) was also detected by means of Raman spectroscopy in the brownish coloured ones.
Thus, it seems probable that the brownish colour of the surface of some of the stalactite-like
formations (see Figure 4.15) may be due to this iron oxide.
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The hand-held energy dispersive X-ray fluorescence (HH-ED-XRF) measurements performed
over the surface of the white and brown stalactite-like formations showed also an increase in
the Fe signal for the brown ones (see Figure 4.16A and B). The spectra shown in Figure 4.16 for
the stalactite-like formations are the ones obtained using the SoliFP measurement conditions,
more appropriate for elements with higher Z values (see Chapter 3, section 3.4.3).
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Figure 4.16. HH-ED-XRF spectra obtained for stalactite-like formations (SoilFP measurement
conditions) A) white colour (FLG-1) and B) brown colour (FLG-4), for C) the black patina over the floor
(FLG-6) and D) zoom of the low energy part of the spectrum for FLG-6 (SoilLEFP measurement
conditions).

The most probable origin of this iron covering these calcite formations in the ceiling of the
Lower Gallery is the reinforcement of the concrete used in its construction, which may be
suffering from Fe leaching.

In some points of the Lower Gallery, there were found some black patinas growing over the
ceramic floor. These black patinas were always found below leaks and water percolations. In
Figure 4.17 some Raman spectra are shown together with a picture of the black patinas covering
the floor in the Lower Gallery of Punta Begofia.
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Figure 4.17. Black patinas growing over the floor of Punta Begofa in the Lower Gallery and some
Raman spectra obtained in their analysis.

The in situ Raman analysis of these black patinas was complicated due to the high
fluorescence that showed these samples with both lasers (532 and 785 nm). Nonetheless, it was
possible to detect bands probably related to calcite, gypsum and hematite. Broad bands were
also detected between 1200 — 2000 cm®, which may be indicative of the presence of silicates.
The XRD analysis confirmed the presence of calcite, gypsum and quartz.

The HH-ED-XRF measurements performed on these black patinas using the SoilfFP (see Figure
4.16C) showed the presence of Fe and unexpected high signals of Zn and Pb. The unexpected
signals obtained in situ for these last two elements was confirmed and quantified by means of
ICP-MS. On the other hand, the measurements performed using the SoilLEFP measurement
conditions (see Figure 4.16D) showed the presence of Si, confirming the possible presence of
silicates (detected as broad bands by Raman spectroscopy) and S due to the presence of gypsum.

In order to accurately quantify the concentrations of the metals (Fe, Zn and Pb) found in the
new formations by means of HH-ED-XRF and in order to detect the presence of other metals
which may be under the LOD of the HH-ED-XRF, the different formation samples were crushed
and subjected to acid extraction assisted by microwave energy (see chapter 3). These acid
extracts were finally analysed by Inductively Coupled Plasma- Mass spectrometry (ICP-MS).
Apart from the quantification of the acidic extractable elements present in the different
stalactite-like formations (see Figure 4.15) and in the black patina covering the floor of the Lower
Gallery (see Figure 4.17), a new black deposition over the rendering mortar from the wall in the
stairs next to the main room in the Upper Gallery was also analysed. In Tables 4.5, 4.6 and 4.7,
the obtained elemental concentrations expressed in mg/kg in different analysed formations are
shown.

In these tables, it can be observed that Ca is the main component of all these formations
coming from the degradation of the original building materials, in agreement with the analyses
displayed in previous sections. Moreover, the quantitative results demonstrated also the Fe
leaching problem in the Lower Gallery. The highest Fe concentrations are the ones measured in
the black deposition found in the wall of the stairs near the main room of the Upper Gallery and
in the black patina covering the floor in the Lower Gallery. Among the different stalactite-like
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formations, the highest iron content was found in the brownish coloured ones as the previous
HH-ED-XRF elemental and Raman analyses suggested with the detection of high signals of Fe
and hematite (Fe,0s3) respectively.

These results allowed also to detect the presence of other heavy metals (Ba, Sn, Hg and Cd),
which were not possible to be detected in the previous analyses by means of HH-ED-XRF. It is
important to highlight the huge concentration of Pb found in the black deposition on the wall of
the Upper Gallery (see Table 4.7). An important amount of Pb is also present in the black patina
growing on the floor in the Lower Gallery as previously detected by means of HH-ED-XRF (see
Figure 4.16). From these ICP-MS results it is also remarkable the Ba concentrations, which are
higher than the expected ones.

Table 4.5. Elemental concentrations expressed in mg/kg in different degradation formations found
in Punta Begoiia.

Samples Li Na Mg Al K Ca Ti
Black
. 8.4+0.4 310+ 40 660+40 | 6000+200 | 540+60 | (2+1)10% 81+4
deposition
Stalactite like-1
(FLG-1) 29+04 530+40 460 + 50 200 £ 60 70+ 10 (41t 2)-104 19+04

(white colour)
Stalactite like-2
(FLG-4) 23105 2400 + 200 710+ 20 480 £ 40 480+60 | (37+1)-10* | 3.9+0.2
(brown colour)
Stalactite like-3
(FLG-3) 1.1+0.6 200+ 30 340+ 50 240 £ 50 450+50 | (40+2)-10* | 1.9+0.3
(yellow colour)
Black patina
covering the 1.5+0.5 120+ 20 450 + 30 420+ 20 140+20 | (36%1)-10% 29+4
floor (FLG-6)

Table 4.6. Elemental concentrations expressed in mg/kg in different degradation formations found
in Punta Begoiia.

Samples Y Cr Mn Fe Co Cu Ni
Black
. 15.7+0.9 244 47 £2 990+ 70 29+0.2 19+1 8.6+0.4
deposition
Stalactite like-1
(FLG-1) 0.44 +£0.08 0.5+0.1 16+1 48+3 0.20£0.03 0.78 £ 0.02 0.56 £0.02

(white colour)

Stalactite like-2
(FLG-4) 0.76 £ 0.05 0.71+0.09 | 27+1 330+ 10 0.31+£0.02 3.0+0.2 0.85+0.01
(brown colour)

Stalactite like-3
(FLG-3) 1.1+0.2 0.33+0.09 | 12+1 41+2 0.26 £ 0.02 1.0+£0.3 0.82+0.01
(yellow colour)

Black patina
covering the 6.6+0.3 4.0+0.5 72+3 | 2810+50 | 0.50%0.01 202 3.1+0.2
floor (FLG-6)
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Table 4.7. Elemental concentrations expressed in mg/kg in different degradation formations found in

Punta Begona.

Samples

Zn

Pb

As

Sr

Sn

Ba

Hg

Cd

Black
deposition

440+ 10

16000 + 600

11.6+0.3

640 + 10

5.0+0.1

440+ 30

0.080 + 0.001

1.00+0.04

Stalactite like-1
(FLG-1)
(white colour)

140+ 10

3.0+0.1

2300+ 20

0.10+£0.08

920+ 20

0.038 £ 0.002

0.015 + 0.002

Stalactite like-2
(FLG-4)
(brown colour)

100 + 10

7.9+03

4.0+0.2

1800 + 30

0.40+0.1

942 + 20

0.047 £ 0.002

0.11+0.01

Stalactite like-3
(FLG-3)
(yellow colour)

103+4

2.5+0.2

45+0.2

630+ 10

0.10+£0.02

150+ 10

0.042 +0.002

0.013 £ 0.002

Black patina
covering the
floor (FLG-6)

150 + 20

232030

8.1+0.2

2190+ 10

24+0.1

690 + 10

0.008 + 0.001

1.17 £0.02

In order to find the source of these metals, specially, of Pb and Ba, the mortar under the black
deposition in the Upper Gallery was also treated in the same way as the new formations and
measured by ICP-MS. In Table 4.8, the obtained results of the black deposition are shown again
together with the ones obtained for the mortar in order to facilitate their comparison.

As it can be observed in Table 4.8, the mortar under the black patina in the wall of the stair
next to the main room, in the Upper Gallery, is not rich in Pb, Zn, Ba, Hg and Cd. All these metal
concentrations are higher in the black patina, suggesting that these metals are not being leached
from the original mortar.

The black patinas growing over the ceramic floor of the Lower Gallery were always found
under leaks, suggesting that the water dripping through the ceiling of the Lower Gallery can be
enriched in some metals such as Pb. The origin of Pb can be different to the Fe source, which
probably comes from the degradation of the reinforcement. In other works currently being
performed inside the project of Punta Begofia, high concentrations of Pb were found in the soils
in the terrace, outside and in the top of the Upper Gallery and the Lower Gallery. This Pb can be
leached from these soils assisted by rainwater. This Pb enriched water can be leaked through
the deteriorated ceiling. The water leaked can assist calcite dissolution process and the
contained Pb can be accumulated in the new calcite black patinas covering the floor of the Lower
Gallery. These results still need to be completed with a better characterisation of the patinas,
soils and water percolating through the Galleries. However, the huge concentration of Pb found
in the black deposition, 16000 mg/kg, almost the same as Ca content, cannot be justified by Pb
leaching accumulation. In addition, Pb leaching should also affect the mortar that should present
a higher amount of Pb than the one detected (see Table 4.8). A second possible source of this
Pb accumulation could be the deposition of Pb as Particulate Matter. In Chapter 5 a deeper study
of other possible lead sources is discussed.
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Table 4.8. Elemental concentrations expressed in mg/kg for the black deposition and the mortar in
the wall of the stairs in Upper Gallery.

Elements Mortar Black deposition

Li 1.4+0.2 84104
Na 66+4 310 £ 40
Mg 4400 + 200 660 + 40
Al 880 + 50 6000 £ 200
K 300 + 100 540 + 60
Ca 390000 + 10000 20000 £ 10000
Ti 6.3+0.4 81+4

\" 2.7+0.2 15.7+0.9
Cr 1.62 £0.04 244
Mn 896 4712

Fe 2600 + 100 990 + 70
Co 0.426 £ 0.003 29+0.2
Cu 0.8+0.2 19+1

Ni 3.0+£0.6 8.6+0.4
Zn 8020 440 + 10
Pb 6.7+0.3 16000 + 600
As 3.6+0.9 11.6+0.3
Sr 330+10 640 + 10
Sn 0.100 + 0.003 5.0+0.1
Ba 45+0.1 440 £ 30
Hg 0.041 £ 0.001 0.080 +0.001
cd 0.130 £ 0.005 1.00 £ 0.04

Characterisation of the black crust over the wall mortar from the Lower Gallery (MLG)

Punta Begoiia Galleries are suffering from different pathologies, but one of the most
abundant formations that can be found in lot of different places of the building is the formation
of black crusts. In this section, it is shown the first characterisation performed of one of the
collected black crust in order to confirm their nature. In chapter 5, a more in deep
characterisation of the different black crusts is presented from a different point of view.

The XRD characterisation of the black crust covering the MLG mortar (see Table 4.2) was
complemented with a SEM-EDS analysis of a micro-zone. In Figure 4.18, Ca, S, C, Na and Cl
distributions of the analysed micro-zone are displayed. In this Figure it can be appreciated the
exact coincidence between Ca and S distributions maps all over the micro-zone, which would be
due to the gypsum characteristic matrix of the black crusts. In the comparison between Ca and
C map distributions, it can appreciated a big particle of C, which does not belong to calcite
because where the C is plotted, no Ca is found. This is another main characteristic of the
composition of a black crust, the presence of carbon particles trapped in the porous gypsum
matrix, main responsible of the black colour of the black crusts. Furthermore, the comparison
between Ca and C distributions maps, also shows that were Ca is observable, no Cis present and
though the matrix is not calcite. Finally, other kind of particles trapped in its structure can be
observed. In Figure 4.18, the coincident distributions of Na and Cl can be observed, suggesting
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the presence of two different NaCl particles probably due to the depositions from marine
aerosol. Other particles of Si, probably quartz particles, from beach sand and iron particles can
be observed trapped in the gypsum matrix of the black crust.

100 pm ) 100 pm

l_'—l
100 pm

100 um

Figure 4.18.Elemental mad distributions for a micro-zone of the black crust covering the wall
rendering mortar from Lower Gallery (MLG) analysed by SEM-EDS.
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4.3. A fast in situ non-invasive approach to classify the mortars from Punta
Begoia Galleries

The ability of hand-held Energy Dispersive X-ray fluorescence (HH-ED-XRF) devices to provide
quickly and easily elemental quantification using Fundamental Parameters (FP) method has led
in some cases to use them inappropriately. These FP methods, based on the physics of X-ray and
its interaction with matter, can provide a relatively good quantification in metal and mining
industry where the matrixes are simple. In this way, for example all the absorption and
enhancement effects can be defined in FP methods and thus take them into account for the
guantification in unknown samples. However, the quantification of more complex systems, such
as mortars, can lead to a not very accurate result.

In some works, in order to evaluate possible deviations offered by the application of these
guantitative methods, the semi-quantitative results provided by HH-XRF spectrometers were
compared with the ones offered by a previously validated method such as Atomic Absorption
Spectrometry (AAS). [61] In this case, if not significant differences were found (only for the
element or elements of interest) between both methods, the concentration value was directly
taken from the HH-XRF spectrometer. [61] In other cases, the obtained HH-XRF quantitative
values were compared to the ones obtained by AAS, and a conversion equation was applied
through linear regression between AAS results and XRF ones. Then, the following HH-XRF results
were corrected with the AAS values using this equation. [62] There are also works in which the
HH-XRF measurements were compared with different techniques (ICP, WD-XRF etc.) and then a
correction factor was calculated in order to ensure reliable quantitative XRF results. [63] These
treatments are a quick manner to solve the problems of accuracy in the HH-XRF semi-
guantitative values. However, there is not an in-depth analysis of how HH-XRF devices work, and
consequently how it can be obtained the maximum information from them.

An ED-XRF spectrum provides qualitative and quantitative information of the sample. Typical
XRF instruments produce a X-Ray beam created by applying a high voltage between a high
temperature filament (the cathode) and an anode. The electrons from the cathode are
accelerated to the anode, striking the anode material. Some of these electrons have the energy
enough to eject an electron from the anode. Then the anode returns to its ground state and the
difference in energy is emitted as X-Ray. When high energy X-Rays bombard onto a sample, one
or more electrons from one of the inner orbital shell of the atom can be ejected resulting in an
excited atom with a vacancy in the inner orbital shell. This atom is unstable and in order to
recover its stability, it fills this vacancy in the inner orbital shell with an electron from a higher
energy orbital shell. The energy difference between the two orbital shells involved is emitted as
X-Ray radiation. Each element in the periodic table is defined by the number of its electrons in
a neutral state and the energy levels in every element are different and unique to that element.
As a consequence, if an electron from an inner orbital shell is ejected, and another electron from
a higher energy level fills the vacancy left, the energy difference emitted as X-Ray radiation is
also unique for each element and it is known as characteristic X-Rays. There are only a limited
number of ways in which the electrons from higher energy orbital can filled the vacancies in the
lower energy orbital. [64] Each atom is described with different shells called K (2 e”in 1s orbital),
L (8 e in 2s and 2p orbital), M (18 e in 3s, 3p and 3d orbital) etc. (from the innermost to the
outermost shell). According to this nomenclature, the main transitions received different names,
a L to K transition is traditionally called K, (K-L in IUPAC nomenclature), an M to K transition is
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called Kg (K-M), a M to L transition is called L, (L-M) and so on. Depending on the energy levels
involved inside the L, M shells, a number as subscript is added to L, M letters. This subscript
depends on the J quantum number of the electrons inside each shell. [65] Some of the
transitions are more probable and therefore produce more intense peaks in the spectra. K lines
are usually the most intense ones, so they are called the principal peaks of the element and are
the most common ones to identify an element.

Therefore, the position of the characteristic lines in the spectrum (Energy, keV) provides the
qualitative information. Theoretically, the emitted radiation should be a line and the
nomenclature employed in XRF always is referred to lines. However, in the real obtained spectra
bands are recorded. Somehow connected with this fact, as it is not experimentally possible to
obtain lines at the exact characteristic energy position for each element, some elements can
present spectral interferences, this is, they emit characteristic radiation at a very similar energy
that the detector cannot differentiate between them. If the concentration of that element in
the sample is high enough, another different peak can be observed due to a different transition,
usually less probable. In addition, during the emission of the characteristic radiation, part of this
emitted radiation can be absorbed by another element in the sample, resulting in the excitation
of a second element and releasing a second characteristic radiation. This effect is called
secondary enhancement. [64]

The area or intensity of the characteristic peaks can be directly translated to the chemical
concentration of that element in the sample, but spectral interferences and secondary
enhancements should be considered.

Apart from the characteristic radiation emission, other X-Ray interactions can occur and can
alter the appearance of the XRF spectrum. [64] One of these interactions is the X-Ray scattering
that occurs when the incident X-Ray collides with one of the electrons of the absorbing element.
This collision can occur without energy exchange, so the scattered radiation has the same
wavelength that the incident one (Rayleigh scattering) or with energy exchange, in which the
scattered photons can give part of their energy and so the scattered radiation has a greater
wavelength that the incident one (Comptom). Samples with light elements give rise to high
Compton scatter and low Rayleigh scatter because they have many loosely bound electrons. As
an element becomes heavier, the scatter reduces. For the heaviest elements, the Compton
scatter disappears completely and only the Rayleigh scattering can be observed. An increase in
the roughness of sample surface can also increase the Comptom scattering and due to the
greater wavelength of the scattered photons can increase the background continuum counts in
lower energy channels. [64]

Due to the matrix dependency of the scattering, the scattering coming from the X-ray source
can also be useful to normalize the spectral data in order to reduce problems with matrix effects
that vary among samples. [64] For that purpose, Compton (incoherent scattering) and Rayleigh
(coherent scattering) lines can be used to normalize the obtained signals.

To obtain the quantitative information from X-ray fluorescence spectra, single or multiple
elemental quantification methods can be used. In the field of material science is not common to
determine a single element. Normally, the quantification analysis involves the determination of
multiple elements in an unknown matrix. In this sense, once the qualitative analysis is done,
there are three different options to proceed for the elemental quantification: to develop an
empirical calibration, to use influence coefficients or to use FP-based methos. [66]
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FP-based methods are normally founded on the physical theory of X-ray production rather
than on empirical relations between observed X-ray count rates and concentrations of
standards. [66] FP equations can relate the intensity of one element to the concentration of all
elements present in the sample. A set of such equations can be written, one for each element
to be determined. This set of equations can only be solved in an iterative way, making the
method computationally complex. [67] This type of FP calculations allows a more quantitative
or more semi-quantitative analysis of unknown samples, depending on the measured matrix and
the FP-based method employed, to use in the explorative phases of investigations. However,
care must be taken when directly using the results given by the quantitative methods
implemented in HH-ED-XRF devices in an analytical investigation.

The aim of this second part of this chapter is to establish a methodology to work properly
with the HH-ED-XRF devices in the Cultural Heritage investigation field and specifically in the
characterisation of building materials such as cements and mortars. For that purpose, the
performance of a specific HH-ED-XRF spectrometer (X-MET5100 from Oxford Instruments) was
evaluated and illustrated with a specific case study, based on the analysis of mortars from the
early 20™ century used in the construction of Punta Begofia Galleries. In order to evaluate the
accuracy of the semi-quantitative results offered by the FP-based methods implemented in the
HH-ED-XRF instrument; a previously optimized Wavelength Dispersive X-ray fluorescence
(WDXRF) quantification method (major and minor elements mainly) was used. Moreover, a
complete spectral data treatment followed by Principal Component Analysis is also proposed to
classify the mortars used in this construction, according to the similarities/differences in their
elemental composition obtained in situ by means of the HH-ED-XRF device.

The same mortars described in the first part of this chapter (section 4.1) were the ones
measured in situ using the HH-ED-XRF, except mortar MUG, which was completely detached
when this second study was performed (see Figure 3.2 in Chapter 3, where only a small fragment
of MUG was remained in the wall of Upper Gallery in 2014). The measuring methods, conditions
and data handling used in this case are described in experimental procedure in section 3.4.3 in
the description of the HH-ED-XRF employed.

4.3.1. Validation of the Wavelength Dispersive X-ray fluorescence (WD-XRF) quantification
methodology

WD-XRF was selected as reference method in order to check the accuracy of the semi-
guantitative results provided by the HH-ED-XRF spectrometer. To validate the WD-XRF
guantitative method, the BCR-032 Certified Reference Material was used. The obtained values
are shown in Table 4.9 together with the certified ones. The elemental composition is expressed
as their corresponding oxide percentage as the mean value of three measurements performed
in the same sample pearl. The confidence intervals showed in Table 4.9 were obtained at 95%
confidence level. The certified values are also expressed at 95% confidence level. The mean was
obtained from 65 to 85 different measurements according to the certified values. The elements
marked with an asterisk are indicative values because the number of repetitive measurements
performed was lower (10-13 measurements).
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Table 4.9. BCR-032 certified concentrations and concentrations obtained by means of WD-XRF
fusion pearl analysis together with their relative 95% confidence intervals.

Oxide % WD-XRF Certified Value Validated
F 3.8+0.2 4.04 +0.01 v
Na.O 0.73 +0.02 0.86"
MgO 0.27 +0.01 0.400 + 0.002
Al;03 0.39 +0.02 0.55 +0.01
Si02 2.00 £ 0.07 2.09 £ 0.02 v
P20s 31.42 £0.53 32.98 +0.04 v
SOs 2.17+0.08 1.84 +0.02
K20 0.07 £0.02 0.09" v
Cao 50.5+0.8 51.8+0.1 v
TiO2 0.03 +0.01 0.0171 + 0.0007
MnO N.D 0.00188 + 0.00006"
Fe20s t 0.26 +0.03 0.230 + 0.002 v
SrO 0.1+0.01 N.C

N.D: Non-detected; N.C: non-certified; *Indicative values

As it can be appreciated in Table 4.9, the confidence intervals for the major compounds (Ca
and P) obtained by WD-XRF overlap with the certified ones. This same tendency is observed for
most of the elements of interest when characterising a mortar (Si, K, Cay Fe). However, for some
minor elements, no overlapping exists between them, even though the mean values are similar.
The possible reason of this non-overlapping is the small confidence interval in both cases. These
WD-XRF results are considered good enough in order to accept the WD-XRF technique as a
reference method for major and minor compounds quantification. Mg and Al are the worst
evaluated elements. However, Mg is a light element impossible to be detected with the HH-ED-
XRF device, if it is not present at high concentrations and/or if vacuum or He flow are used during
the measurement. Moreover, the worst concentration using the WD-XRF quantification method
was obtained for Al, thus inconsistencies between WD-XRF and HH-ED-XRF Al values could be
obtained.

4.3.2. Evaluation of the raw spectra given by the HH-ED-XRF spectrometer

Prior to start with the HH-ED-XRF spectral data treatment, an evaluation of raw spectra
should be conducted in order to improve the signal-to-noise ratio and the Limit of Detection
(LOD). HH-ED-XRF spectrometers are usually used in situ and most of the times, they are
controlled using the hand of the operator. Therefore, a compromise or balance between a not
very high acquisition time and a good signal-to-noise ratio should be maintained. To check the
improvement on the LOD, repetitive measurements on the previously pelletized Certificate
Reference Material BCR-032 were conducted (5 measurements) at 50, 100, 150 and 200 s using
both FP-based methods (SoilFP and SoilLEFP). A good repeatability was obtained with the
replicate analyses at each time. It is necessary to remark that most of the FP-based methods
contained in the HH-ED-XRF device used in this PhD. Thesis were developed for metals and
alloys. Among all of them, Soil FP-based methods were selected since they are designed for a
more complex matrix (soils) than metals and thus, more similar to mortar matrix and also
because these methods are the ones usually implemented in commercial devices and are the
ones directly used by the operators. As a FP-based quantification method for soils is used for
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mortar characterisation, the quantification in this case should be considered a “semi-
quantitative” approach.

As it can be observed in Figure 4.19, almost all the elements present in the CRM can be
detected using the lowest real acquisition time (50 s). Considering the low improvement of the
LOD when increasing the real acquisition time, for the case study that it is going to be presented
in this part of the chapter, all the laboratory and field XRF acquisitions using both FP-methods
were performed at 50 s of real time.
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Figure 4.19. Spectra acquired using SoilFP method for the Certificate Reference Material (BCR-032)
pellet at different real acquisition times (50, 100, 150 and 200 s).

In many cases, FP-based methods used in this work tend to identify and quantify some
elements that were not really present in the spectra (false positives). In order to verify if all the
elements given in the “semi-quantitative” approach by these FP-based methods were really
present in the spectra, it is recommended to assign the peaks manually according to their energy
in the raw spectra. In the “semi-quantitative” information given by the FP-based methods used
in this work, elements that were not truly present in the raw spectra such as Zr, Mo, Cd, Ba, Sb
and Sn were usually identified and quantified. Trying to understand these incorrect assignations,
the semi-quantitative and the spectral information provided by the equipment were compared.
For example, Cd-Lg; line appears at 3.31657 keV, while K-Kq1 line appears at 3.3138 keV. This
spectral interference could lead to an incorrect automatic identification of elements by the HH-
ED-XRF device. This could be the reason why even when no Cd-Ka line (23-26 keV) was
observable in the spectrum, the FP-based method identified and quantified this element. In
Figure 4.20, two different energy regions of the same spectra for the mortar CLG-L2 are shown.
According to the semi-quantitative results, the measured area of CLG-L2 mortar shown in this
Figure was the one with the highest Cd content. However, as shown in Figure 4.20, no lines were
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observed between 23 and 26 keV, neither around 3.3 keV (potassium was not detected by these
FP-based methods). Consequently, Cd is not present in the measured area and no interference
exists between potassium K and Cd L lines.
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Figure 4.20. ED-XRF spectrum for mortar CLG-L2 sample and two zooms of the regions in which Cd-K
lines (lower left) and L lines (upper right) should be observed according to the semi-quantitative
values provided by the FP-methods implemented in the HH-ED-XRF device.

Regarding the instrumental background of the HH-ED-XRF spectrometer evaluated by
measuring a polytetrafluorethylene (PTFE) block (see Chapter 3, section 3.4.3), Au (L« and Lg1)
and Cu (Ka1) lines can be observed in all the spectra due to the presence of these metals in
different parts of the device set-up (see Figure 4.21). Having a look to the “semi-quantitative”
information, the SoilFP FP-based method (heavy elements) offered specific concentration values
for Au, element, which is not really present in the instrumental blank (PTFE block). The
instrumental background also offered the signal of S, Cr, Sn and Mn. Additional elements such
as Al, Si, Ca and Fe can be present in this background due to possible contaminations of the HH-
ED-XRF instrument sampling head (see Figure 4.21). Although this sampling interface is
protected by a Mylar film, small particles can be detached when porous and detachable surfaces
are analysed and they can penetrate through the narrow slots of the unit where the protective
Mylar film is mounted.
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Figure 4.21. Representative ED-XRF spectrum of a PTFE block showing the elements detected in the
instrumental background using SoilFP method (A) and SoilLEFP method (B and C) respectively.

To establish the Limit of Detection (LOD) for the elements detected in the instrumental
background, the average net areas of those elements detected in the 20 repetitive
measurements on the PTFE block were obtained together with their respective standard
deviations (see Table 4.10). In this work, to assure that an element present in the instrumental
background was really present in the sample/surface under study, it was considered that its net
area should be higher than the mean net area detected with the instrumental blank * three
times the corresponding standard deviation. Therefore, the average net areas of each element
detected and showed in Table 4.10 can be considered the Lowest Limit of Detection (LLD) of
both FP based methods at 50 s of real acquisition time. For the elements not present in the
instrumental background, it was considered that they are present in the area/sample under
study when their Ky lines net areas are higher than three times the area of the highest noise
peak at its right and left.

As Punta Begofia Galleries are placed in front of the sea, it is particularly important to detect
the presence of Cl in order to evaluate the possible deposition of chloride salts on the mortars
under study. The HH-EDXRF spectrometer used in this work implements a Rh source. The Rh L,
lines (2.697 and 2.692 keV) cause an interference effect on the Cl Ky lines (2.622 and 2.621 keV).
Considering that sometimes it is not easy to find a proper software to perform an adequate
deconvolution of the signals in the spectra, the background (net area) given by the Rh L, lines
was calculated using the PTEF block. Thereby, in this work, Cl presence on the surface/sample
under study was assumed when the Cl K, lines area was higher than the background
contribution (Rh L, lines net area * 3 times the respective standard deviation, see Table 4.10).
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Table 4.10. Mean net areas (counts) together with their standard deviations (3s) for the signals
detected in the HH-ED-XRF instrumental background when measuring the PTEF block.

Element SoilFP method SoiIlLEFP method
Al X 21
Si X 312
S X 5+2
Rh X 8020
Ca X 9+3
Cr 34+0.3 X

Mn 4+3 X
Fe 12+6 24 + 15
Cu 7%3 X
Sn 50+ 60 X
Au 89+10 X

4.3.3. Evaluation of the accuracy of “semi-quantitative” data given by the soil FP-based
methods implemented in the HH-ED-XRF spectrometer

In order to check the accuracy of the “semi-quantitative” values given by the two soil FP-
based methods implemented in the HH-ED-XRF spectrometer, the Certified Reference Material
BCR-032 was measured using this instrument. In Table 4.11, the “semi-quantitative” values
obtained for this CRM are shown together with the certified values and their relative standard
deviations (s) for the detected elements. In order to evaluate the usefulness of the semi-
guantitative results obtained after measuring the mortar samples using both FP-based methods,
the samples were analysed using the previously optimized WD-XRF quantitative method.
Considering that, the measurements of the mortars using WD-XRF technique were performed
in a homogenized mortar sample, to ensure the comparability of the HH-ED-XRF and WDXRF
measurements, apart from the in situ measurements; pellets of the mortars were also prepared
and measured using the HH-ED-XRF spectrometer. In Table 4.11, the mean concentrations
together with the standard deviation (s) obtained with both FP-methods (semi-quantification)
for each element on the BCR-032 and the certified concentration together with the standard
deviation (s) are present. The obtained confidence intervals overlapping with the certified ones
are indicated with a check symbol. Finally, an example of the HH-ED-XRF semi-quantitative
results and the WD-XRF concentrations obtained for CLG-L3 mortar sample is presented in Table
4.12 (additional results for the rest of the mortars can be reviewed in Tables A4.1-A4.4 in
Appendix-A at the end of the manuscript). In this case, the relative error percentage for each
detected element was also calculated for each mortar sample with respect to the WD-XRF
guantitative results. As it can be observed in Tables 4.11 and 4.12 the semi-quantitative values
given by the FP-based methods implemented in the HH-ED-XRF spectrometer cannot be
consider in any case accurate enough. In the Certificate Reference Material (CRM), only P
concentration can be considered acceptable using the SoilLEFP quantification method. On the
contrary, with the SoilFP method, the concentrations of Ca, Cr, Ni and Cu can be considered
acceptable.
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Table 4.11. Comparison between the “semi-quantitative” results obtained with both FP-based
methods implemented in the HH-ED-XRF spectrometer and the certified concentrations of BCR-032
reference material (results expressed as percentage of weight for major and minor elements and as
mg-kg* units for trace elements).

Element SoilFP method SoilLEFP method Certified C SoilFP |E%| SOIlLEFP |E%|
Al ND 04+0.4 0.30+£0.03 X 33
Si ND 0.8+0.1 0.98 £ 0.06 X 18
P ND 13.9+0.2 14.4+£0.1 X 3v
S ND 09+0.1 0.74 £0.03 X 22
Cl ND 0.63+£0.03 NC X NC
Ca 39.0+£0.2 58.1£0.8 37.03+£0.83 5v 57
Ti 40 + 80° 100 £ 200° 171 +£10° 77 41
\) 60 + 802 ND 153+ 72 61 X
Cr 280+ 102 200 + 2002 257 £ 162 9V 22
Mn 5+102 ND 18.8+1.32 73 X
Fe 0.194 £ 0.006 0.34 £0.02 0.161 £ 0.007 21 111
Co 4+9?2 N.D 0.59 £ 0.062 578 X
Ni 36+ 52 10 £ 202 34.6£1.92 4v 71
Cu 36+ 12 40 + 20?2 33.7+1.42 7v 19
Zn 286 * 82 520 + 202 253 £ 62 13 105
Rb 36+22 70 £ 42 NC NC NC
Sr 0.1065 £ 0.0006 0.199 £ 0.005 NC NC NC
Zr 45 + 52 66 £ 42 NC NC NC
Mo 31+7° ND 3ab 933 X
Ccd 69 + 62 150 + 40° 20.8 £0.72 232 621
Sn 75+ 92 100 £ 100° NC NC NC
Sh 8 +20° ND 3ab 167
Ba 100 + 102 ND NC NC
Pb 26+ 52 ND 5.4ab 381

ND: Non-Detected (no value provided by the semi-quantitative method); NC: Non-certified. @ Concentrations
expressed in mg/kg. The rest in percentage of weight.  Indicative values (not certified). v’ Validated values

Table 4.12. Comparison between the “semi-quantitative” results obtained with both FP-based
methods implemented in the HH-ED-XRF spectrometer and quantitative results obtained by means of
WD-XRF for the CLG-L3 mortar samples (results expressed as percentage of weight for major and
minor elements and as mg-kg™* units for trace elements).

Element SoilFP method SoIlLEFP method WD-XRF* SoilFP |E% | SOIILEFP |E% |
Na ND ND 5202 X X
Mg ND ND 0.39 X X
Al ND 26+0.1 1.47 X 77
Si ND 16.2+0.1 15.18 X 7

S ND 1.38 £0.02 0.22 X 527
cl ND 0.75 £ 0.02 NQ X X
K 0.5+0.3 0.68 £0.01 0.35 43 94
Ca 30.1+£0.7 34.9+0.3 19.9 51 75
Ti 900 + 0.1002 1320 + 402 7202 25 83
Mn 780 £ 302 ND 3902 100 X
Fe 45+0.3 5.6+0.1 2.92 54 92
Ni <LLD ND NQ X
Cu <LLD ND NQ
Zn 109 £ 12 106 + 102 NQ
Rb 32+2° ND NQ X X
Sr 600 £ 3002 980 + 502 7902 24 24
Pb <LLD ND NQ X X

ND: Non-Detected-meaning that no value is provided by the FP methods; NQ: Non-quantified-meaning that the
calibration for that element by WD-XRF is not developed; NC: Non-certified; LLD: Lowest Limit of Detection; @
Concentrations expressed in mg/kg, the rest in percentage of weight. *Measurements performed and results given
by SGIKer service.
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Comparing the HH-ED-XRF semi-quantitative results given by both methods for the real
mortar samples, only Si and Ti concentrations can be considered acceptable for mortar samples
MCUG, CLG-L3 and L4 quantification (see Table 4.12, and Tables A4.1 to A4.4 in Appendix-A).
Among the light elements, a high Relative Error was obtained for S in both, the CRM and mortar
samples. In this case, the “semi-quantitative” information given by the FP based methods from
the HH-ED-XRF device is highly overestimated. The same tendency was observed for Cd, Co, Pb,
Sb and Mo in the CRM. Considering the low concentration of these elements in the CRM (few
mg-kg?), it is very probable that the concentration of these elements is set under the Limit of
Quantification (LOQ) and this could be the reason of the overestimation of their concentrations.
Specifically, Co, Sb and Mo K-lines are not observable in the repetitive measurements of the
CRM. The L-lines of these elements can experiment interferences with other elements. These
spectral interferences can also contribute negatively in the “semi-quantitative” values given by
the FP-based methods. It must also be pointed out that the K, lines of Ni and the L lines of Pb
are also observable in the spectra of some mortar samples. However, the FP-based methods are
not able to offer a semi-quantitative value for these elements. Therefore, Ni and Pb could be
present in the mortars above the LLD, but they could be under the LOQ of these methods. Special
attention should be paid to the assignation of Ni in some mortar samples; MCUG, MLG, CLG-L2
and CLG-L4 (see Tables A4.1-A4.4 in Appendix-A). Considering the high concentration of Ca in
the mortar samples and the low net area of the Ky line of Ni (7.4 keV) detected in the mortar
samples, this signal can also be related with the pile-up of Ca (3.7 keV) at 7.4 keV (two photons
of Ca detected as one of double energy), due to the majority presence of calcium in the mortar
samples. Additionally, the net area of Cu K, line is under the LOD set by the instrumental blank.

4.3.4. HH-ED-XRF spectra data treatment: Punta Begofia Galleries mortar classification

Different spectral data treatments followed by Principal Component Analysis (PCA) are
described below as a quick way for classifying the mortars from this construction according to
their elemental composition.

PCA with the semi-quantitative data given by the FP-based methods

Although it was clearly proven in the previous section that the semi-quantitative values
offered by the HH-ED-XRF spectrometer are not acceptable in order to take them as absolute
values, these semi-quantitative data were considered in a comparative way. Thus, they could be
employed to perform a classification model of the mortars from Punta Begofia Galleries
according to differences/similarities in their elemental composition.

Considering the WD-XRF quantitative data and the results in the first part of this chapter,
mortars from the wall of the Lower Gallery (MLG) should be similar in composition to the mortar
layer 2 over the concrete from the ceiling of the Lower Gallery (CLG-L2). Both mortars (MLG and
CLG-L2) are characterised by a low Si content and the highest Ca content. Additionally, mortar
layers 3 and 4 over the concrete from the ceiling of Lower Gallery are similar to the unique
mortar layer that covers the concrete from the ceiling of Upper Gallery (MCUG). These mortars
showed a higher Si content in comparison to MLG and CLG-L2 mortars and are the ones with the
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highest Al content. The most significant difference between CLG-L3, CLG-L4 and MCUG is the
iron oxide percentage, which is higher for CLG-L3 and CLG-L4 mortar in comparison with the
MCUG mortar, probably due to the fact that these layers are close to the reinforcement of the
concrete from the Lower Gallery.

In order to test if in situ analyses performed using the HH-ED-XRF spectrometer are able to
show these elemental differences on the mortars from this construction, direct measurements
were performed with the hand-held spectrometer on the mortars. Considering that for the
mortars, the relative errors given for elements heavier than K (including itself) by the HH-ED-
XRF in comparison with the WD-XRF results are lower using the SoilFP method, the semi-
quantitative values of heavier elements than K (including itself) were considered using this FP-
based method. With this concentration values and the concentrations of the light elements
(from Al to Cl) given by the SoilLEFP method, a data matrix was constructed (Test 1) in order to
perform a Principal Component Analysis (PCA). Although the absolute semi-quantitative values
are not acceptable, the results obtained with this data showed a good sample grouping (see
Figure 4.22 A).
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Figure 4.22. Biplots diagrams (scores and loadings) showing the groups obtained for the data matrix
Test 1 (A) and Test 2 (B).
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In this first data treatment, all the concentration from the elements given by the
quantification methods were considered, including those elements which were not truly present
in the spectra, but they were quantified by the FP-methods. However, when those elements not
really present in the spectra (Sn, Zr, Cd, Mo, Hg, Ag, Sb and Ba) were removed from the data
matrix (Test 2), the sample grouping got worse (see Figure 4.22B). In both cases, the mortar from
the wall of the upper Gallery (MCUG) and the mortar layers L3 and L4 over the concrete (CLG-
L3 and CLG-L4) from the ceiling of the lower Gallery appear grouped. However, in Test 2, the
mortar on the wall from the lower Gallery (MLG) and the mortar layer L2 over the concrete from
the ceiling of the lower Gallery (CLG-L2) are displayed together in the same group (see Figure
4.22B), in contrast to the result obtained with the Test 1 (see Figure 4.22A). Comparing the bi-
plots of the data matrix Test 1 and Test 2, the same results were obtained for the major elements
(Ca, S, Si, Fe, Al and K) but discrepancies appeared comparing the trends of groupings according
to some trace elements such as Zn and Ni (see Figure 4.22). With the semi-quantitative data, an
additional data matrix was constructed (Test 3). In this case, the semi-quantitative values were
taken from SoilLEFP method from Al to Fe (both inclusive) and the concentrations of the
elements with Z>Fe were taken from the SoilFP method. The PCA sample grouping and the
loadings obtained were very similar to the ones obtained for the data matrix called Test 1 (see
Figure A4.1A in Appendix). Additionally, the same data matrix (Test 3) was subjected to PCA but
without including the concentrations of the elements that were not really present in the spectra
(Test 4). In this case, the grouping got worse from the data matrix Test 3 to Test 4 (see Figure
A4.1B in Appendix) as it happened from the data matrix Test 1 to Test 2.

Considering that the SoilLEFP quantification method also provides semi-quantitative values
for heavy elements (two different spectra are automatically acquired at two different measuring
conditions) (see Chapter 3, section 3.4.3), apart from lighter elements, a final PCA analysis was
performed using all the semi-quantitative data provided by SoilLEFP method (Test 5) (see Figure
4.23A). In this case, there is not a clear separation between MCUG and CLG-L4. Additionally, if
those elements that were not truly present (Sn, Zr, Cd, Mo, Hg, Ag, Sb and Ba) in the spectra
were removed from the semi-quantitative information given by the soilLEFP method (Test 6), in
the resulting biplot diagram (see scores) from Figure 4.23B, there are no clear groupings of
mortar samples regarding their similarities in their elemental composition. Only two different
groups of mortars are observable separated in the score part of the biplot diagram (see Figure
4.23B).
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Figure 4.23. Biplot diagrams (scores and loadings) showing the groups obtained for the data matrix
Test 5 (A) and Test 6 (B).

PCA with the HH-ED-XRF spectral data

As the semi-quantitative values provided by the HH-ED-XRF were not as reliable as expected,
it was decided to obtain the data directly from the raw spectra by means of obtaining the net
areas from each of the elements to perform a Principal Component Analysis (PCA) in order to
classify the mortars according to their elemental composition. The first PCA data matrix was
built with the extracted net areas of the Ky line for each element and for each of the
measurements on each sample (5 points per sample). In the cases of elements that present
spectral interferences with their K, lines (e.g. As K, line at 10.544 keV and Pb L, at 10.551 keV),
a second line free of interferences, (e.g. Pb Lg line at 12.6 keV) was introduced in the data matrix
for the PCA treatment. For all the elements present in the instrumental background (see Table
4.10), only the lines with a net area value over the background signal (mean +3S) were
introduced in the data matrix. Finally, in the cases that the element K, line signal was very small,
its area value was only introduced in the data matrix when the signal was over the established
LOD (net area higher than three times the net area of right and left highest noise peaks).
According to this, for elements with no signal in the spectra, with net areas under the
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instrumental background or under the LOD of the instrument, a value of zero was introduced in
the data matrix. For the rest of the elements, the raw net area of their lines were introduced
without any subtraction of the instrumental background because no quantification was done
with this data treatment.

As said before, each of the measured areas in the sample was acquired using both methods
(SoilFP and SoilLEFP). Two different possibilities were tested, the first one (Test 7) taking the raw
net area values from Al to Cl (both inclusive) from the SoilLEFP light spectra and the rest from
the SoilFP spectra. The second possibility tested was taking the values from Al to Fe (both
inclusive) from SoilLEFP light spectra and the rest from the SoilFP spectra (Test 8). These limits
were chosen according to the fact that up to Cl, the signals are much intense in the SoilLEFP
spectra (some of them are not even seen in the SoilFP spectra) and from K to Fe the intensity
was a little bit higher in the present SoilLEFP spectra but the difference with SoilFP spectra was
not so significant. In addition, the manufacturers of the HH-ED-XRF XMET5100 recommend not
to take the values of elements heavier than Fe from the SoilLEFP light spectra because the signals
tend to be overestimated.
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Figure 4.24. Biplots diagrams (scores and loadings) showing the groups obtained for the data matrix
Test 7 (A) and Test 8 (B).
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The comparison between the PCA using the raw net areas obtained from the spectra, showed
that it was better to take the values from SoilLEFP method up to Cl (Test 7) in order to obtain
the best sample grouping in the scores diagram (see Figure 4.24). Thus, in the following data
matrices raw net area values were taken from SoilLEFP light spectra up to Cl line. In Figure 4.24A
and B, three main different groups can be observed. There is a principal separation into two
groups according to Ca and S contents, which are higher in P-MLG and P-CLG-L2 mortar samples
and to Si, Al, Fe and K contents, which are higher in P-MCUG, P-CLG-L3 and P-CLG-L4 samples.
These results were coincident with the ones provided by the WD-XRF quantification method (see
Table 4.12, and Tables A4.1 to A4.4 in Appendix-A) and with the mortar characterisation
performed in the first part of this chapter (see section 4.1). The PCA analysis performed with raw
net area data contained in Test 8 was not able to separate between the mortar over the
reinforced concrete from the ceiling in Lower Gallery and the mortar layers 3 and 4 over the
reinforced concrete from the ceiling in upper Gallery (see Figure 4.24B). However, the PCA
performed using the data set Test 7, MCUG mortar sample was able to be discriminated from
mortars CLG-L3 and CLG-L4 (see Figure 4.24A).

With the aim of avoiding the matrix effect, a second PCA analysis was performed using the
same conditions as in Test 7, but instead of using the raw net areas, the area values of the heavy
elements (Z>17) taken from the SoilFP spectra, acquired at higher voltage and lower current,
were normalized against the Compton line area. As said before, the spectra acquired with
SoilLEFP method are only recorded up to 13 keV, so the Compton dispersion line is not present
in these spectra. Therefore, light elements raw net areas could not be normalized against
Compton line. In Figure 4.25, the biplot representation obtained for the data matrix using raw
net areas for light elements (Z < 17) and the raw net areas normalized against the Compton line
area for the heavier elements (Z> 17) (Test 9) is shown. In this case, the difference between the
samples P-CLG-L4, P-CLG-L3 and P-MCUG is higher and three different groups can be
distinguished. This observation suggests that Compton normalization could be effective to
reduce the matrix influence in this kind of data treatment. According to WD-XRF results, P-CLG-
L4 mortar samples are the ones with the highest Sr content and comparing the scores and
loadings plots in Figure 4.25A the same conclusion can be obtained.

To finish, an additional data matrix was constructed (Test 10). In this case and in order to
normalize the raw net area values of the lighter elements (Z < 17), the raw net area of Ca was
considered. This element is always present in the mortars, thus the raw net areas of elements
with Z< 17 extracted from the spectra acquired at low voltage and higher current with the
SoilLEFP method were divided against the raw net area of Ca from each of the corresponding
spectrum. The information for the elements with Z>18 was extracted from SoilFP method and
in this case the raw net areas were normalized against the Compton raw net area and against
the Ca raw net area present on each corresponding spectrum. In Figure 4.25, the obtained biplot
for this data matrix can be observed. The results are very similar to the ones obtained for the
data matrix of Test 9 in which only the areas of elements with Z>17 were normalized against the
Compton line net area.
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4.4. Conclusions

The results presented in this chapter showed an innovative multianalytical strategy for the
characterisation of different mortars and their degradation products, which includes a new way
of working with the HH-ED-XRF inside the IBeA research group. The new developed in situ
methodology assisted by HH-ED-XRF allowed us to obtain a classification strategy for Punta
Begona mortars according to their elemental composition.

The first part of the chapter evidences the efficiency of in situ Raman analyses to obtain a
first idea of the main composition of the mortars and the degradation reactions that are
suffering. In any case, Raman results need to be compared with additional techniques in order
to contrast and complement the first evidences provided by Raman spectroscopy. Sometimes,
the Raman bands obtained are very weak; thus, the assignations performed using these
techniques can be uncertain. XRD on powdered samples and IC after water extraction of the
mortars are considered good complementary analytical techniques to confirm the mentioned
Raman assignations. The in situ Raman analysis can also be complemented with Raman imaging
analysis on the same samples before the XRD and IC destructive analysis, especially useful for
layer analysis in order to see the main components distributions through the different layers.
Likewise, these results can be compared with elemental distributions provided by u-ED-XRF and
SEM-EDS, which in turn one can complement the other at different microscopic scales.

In the second part of this chapter, a fast in situ method for the classification of mortars
according to their elemental composition is described revelling the strengths of the HH-ED-XRF
devices and their limitations. The in-depth data treatment presented in this part of the chapter
evidences that special care should be paid to the information given by the Fundamental
Parameters based quantification methods implemented in HH-XRF spectrometers. These kinds
of methods could give “semi-quantitative” values of elements, which are not really present in
the spectra. Thus, it is recommended to check individually each of the spectra and assign
manually each of the peaks present on them to critically evaluate the “semi-quantitative”
information given by the instrument itself. An additional important consideration if these
devices are going to be used in the research field, is to determine the instrumental background
using XRF blank materials (e.g. PTFE, methylcellulose). Specific parts of the instrument set-up
(e.g. detector) or sampling interface contaminations can contribute with additional XRF signals
or also give false positives in the sample/area of measurement.

With regard to the quantification provided by the FP-methods, the different comparisons
performed in this work with measurements of a Certified Reference Material and by measuring
the same samples with a validated WD-XRF method showed that these values cannot be
consider accurate enough. Thus, the used of FP-based methods developed for solid matrix
cannot even be extrapolated to other similar matrix such as rocks. Therefore, any quantification
performed over a slightly different matrix should be considered a “semi-quantitative”
approximation.

However, the Principal Component Analysis (PCA) performed with the values given by the
FP-methods showed they can provide a good classification of samples, thus they can be used as
a quick alternative for the classification of materials following an in situ strategy. In any case,
these classifications should always be corroborated because in lot of cases when elements not
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really present in the spectra are eliminated from the data matrix built for the PCA with the “semi-
guantitative” values based on the FP-methods, the classification changes and in this specific
case, it gets worse.

According to our results, we recommend to extract the net counts of the element bands as
described above in order to get a more reliable classification and elemental composition
comparison. The best results are obtained when the areas are at least normalized against the
Compton line for elements with Z>17. This conclusion confirms that Compton incoherent
scattering could be a good alternative to reduce the matrix influence in the XRF in situ analyses.
Similar results in this case were obtained when the elements with Z< 17 were normalized against
the Ca K, line (calcium carbonate based matrix were being evaluated) in the spectra recorded
under the light element measurement conditions and the elements with Z>17 were normalized
against the Compton line and the Ca K, line recorded under heavy elements measurement
conditions. In this case of study, very similar information can be obtained from both
classifications, however for additional case of studies, we recommend to contrast the results
obtained with both data treatments.

This chapter shows the potential of portable non-destructive techniques such as Raman and
HH-ED-XRF in the field of Cultural Heritage, which they can provide an in situ characterisation of
the materials. Anyway, it is also convenient to corroborate the obtained data. The use of SEM-
EDS and u-ED-XRF spectrometry are good non-destructive alternatives to complement these
results but they would be invasive techniques, as they require sample collection. Finally, though
IC needs a water extraction procedure, it is very useful for the identification of salt
crystallizations that sometimes are not able to be detected by Raman spectroscopy. In our case,
the huge amount of very deteriorated mortars in the Galleries allowed us to perform a complete
multianalytical strategy. However, in other places where not even a single piece of mortar can
be collected to be taken to the laboratory because that would suppose to deteriorate a high
historical value place or object, the information that can provide portable Raman Spectroscopy
and HH-ED-XRF spectrometry could be reliable and enough for obtaining a broad idea, though it
will be limited.

The analyses performed not only showed the potential of in situ techniques and gave us the
chance to develop a new HH-XRF working methodology but also provided important information
about the materials used in Punta Begofia Galleries and about the degradations that these
materials have suffered and are still suffering. The results obtained in the first part of the chapter
conclude that the composition of the binders and aggregates vary significantly among the
analysed mortars, giving us the information required to understand the manufacture of the walls
and ceilings in the Galleries of Punta Begoia. The presence of alite and belite, components of
the Portland cement initial clinker, in the mortar from the wall of the upper gallery (MUG)
suggests the use of cement as the binder of this specific mortar. As it was pointed out in section
4.1 in the description of the Galleries, this civil building probably, used for the first time,
reinforced concrete for the construction of its structural parts and it was suggested the
possibility of one of the first uses of Portland Cement as binder. The obtained results confirm
this first hypothesis with the use of Portland Cement in the mortars covering the walls of the
Upper Gallery.
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Regarding the composition of the aggregates used in the mortars from the Galleries, there
are two main types of aggregates according to their calcareous or siliceous nature. The rendering
mortars from the walls of the Lower Gallery (MLG) and the most external mortar layer covering
the concrete from the ceiling of the Lower Gallery (CLG-L2) present the first type of aggregate,
while the rest of the mortar layers covering the concrete from the Upper Gallery (CLG-L3 and
CLG-L4) and the mortar in contact with the concrete of the Lower Gallery (MCUG) belong to the
second type. Apart from quartz, aragonite was also detected, suggesting that beach sand was
used as aggregate in these mortars.

The characterisation of the different mortar layers composing the ceiling of the Galleries
suggest a building methodology which is summarized in Figure 4.26. This method consisted on
adding through a hole first the mortar that was going to be the outermost layer, this is what we
have called L2. This mortar presents very similar composition to the mortars covering the walls
and it is the one presenting the highest gypsum content in the binder together with calcite and
the layer presenting the finest aggregates of calcareous nature (calcite and dolomite). Then, the
L3 was added over the L2, this layer presents intermediate characteristics between L2 and L4,
thus, it facilitates the compatibility between the different mortar layers. In this way, L3 still
presents a little bit of gypsum in the binder (around 3% according to XRD results) together with
calcite to preserve the compatibility with layer 2. The aggregates in this layer are also calcareous
(dolomite), the grain size of dolomite fragments seems slightly smaller than the ones found in
layer 2. L4 was added the last one, over L3, with still calcite as binder main component but in
this case with no gypsum and with silicate nature aggregates, probably beach sand. This
composition is probably the most compatible with the big gravel fragments found over it in the
reinforced concrete part.

Binder v Aggregate

Calcite Silicates
Calcite and beach %and
gypsum (<5%) Dc:l_umlte
. Calcite and
Calcite and _
dolomite

gypsum (10%)
L1 degradation layer

Figure 4.26. Ceiling mortar layers building scheme.

Concerning the study of the conservation state of the mortars, different pathologies were
identified. One of the most important identified ones is the dehydration/hydration process of
the original gypsum (CaS04:2H,0) in the mortars (anhydrite, CaSO., and basanite,
CaS04-0.5H,0, identification) that is taking place. These cycles can cause stress in the material
because of volume change, causing the formation of cracks, fissures and so on. Some of these
physical problems are visually observable in Punta Begofia Galleries. On the other hand, the
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formation of efflorescences over and behind the mortars from the walls are presumably causing
the observed mortar detachment. According to Raman results, calcite (CaCOs), gypsum
(CaS04:2H,0), thenardite (Na>SO4) and sometimes natron (Na,;COs3-10H,0) are the main
constituents of these efflorescences, thus suggesting a partial dissolution of the original
components of the mortars.

Apart from these salts, in the mortars from the Lower and Upper Galleries and using Raman
spectroscopy, nitrate salts were also identified crystallized in the pores of the mortars. This
observation was corroborated afterwards using the soluble salt test. The nitrate salts (in low
concentration) in the mortars can be formed because of the reaction between nitrate anions
transported in the infiltration waters, coming from the gardens over the ceilings of the Galleries
that are completely covered by green grass, and the corresponding solubilised cations from the
mortar itself. The atmospheric NOx can be also an additional nitrate source (wet deposition of
the NOy) to explain the formation of nitrates in the mortars from Punta Begofia Galleries.

The presence of calcite stalactite-like formations growing on the ceiling of the Lower Gallery
also indicates another way of dissolution and re-precipitation of the original components of the
mortars. In addition, the presence of hematite (Fe,03) covering the stalactite-like formations
may be indicating Fe leaching from the reinforcement of the concrete armour, which is also
degraded according to other iron oxides detected on it.

The high amounts of some heavy metals, especially Pb and Zn in a lesser extent, in some new
formations coming from the degradation of the materials, suggest a second leaching problem
different to the Fe leaching, and probably related to the leaching of the soils above the Galleries.
This last observation still needs to be completed with more analyses of the soils and the water
percolating the Galleries.

Finally, the abundant presence of black crusts is not only an aesthetical problem due to the
blackening of the facade, but also due to the sulphation process of the original material, which
implies loss of original material and thus a change in its properties. This pathology was studied
more deeply inside this PhD. Thesis and it is extensively explained in the next chapter.
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CHAPTER 5.

ATMOSPHERIC PARTICULATE
MATTER CHARACTERISATION METHODS:
USE AND DEVELOPMENT OF NATURAL
AND ARTIFICIAL PASSIVE SAMPLERS

Some research works defend the beginning of the Anthropocene Age because human species
is already considered as a geological factor modifying the Earth system. [1-3] The beginning of
the Holocene, still the officially recognised current geological Age, was established at the end of
the last ice age, around the 10000 B.C, using the frontier identified between two ice blocks found
in Greenland. [4,5] Nowadays, the researchers are discussing about the geological changes that
will defend the hypothesis of the beginning of the Anthropocene Age. The presence of synthetic
radioisotopes and/or “techno-fossils” of plastics, particulate matter in suspension, as an
evidence of the fossil fuels age, or even the naturally formed deposits on the so called beach
rock, containing million tons of slags from the iron casting of the old “Altos Hornos de Bizkaia”
in Getxo, are been evaluated as possible evidences of the Anthropocene Age. [6—8] This human
impact is giving rise to endless interconnected changes on Earth, climate change, marine and
terrestrial ecosystems change, atmosphere composition change etc, which at the same time
present an impact on human society. [9-13]

In the context of this PhD. Thesis, today anthropogenic air pollution represents a serious risk
for the preservation of Cultural Heritage, particularly for the buildings, other monuments or
archaeological sites located outdoors. [14,15] Especially, historical buildings, such as the
Galleries of Punta Begofia, are the most susceptible to this deterioration, because usually these
buildings are located in city centres and thus directly exposed to high concentrations of
atmospheric pollutants. This impact has increased dramatically in the last century, in Figure 5.1,
it is shown an example of Cultural Heritage loss due to the atmospheric contamination of cities.
The conservation of great part of Cultural Heritage is then, correlated to the atmospheric
pollution; furthermore, its future depends on the reduction of air pollution. In this sense, the
monitoring of pollutants and their surface deposition are crucial for Cultural Heritage
preservation. In the past, the attention of researchers was focused mainly on the role of gaseous
pollutants on stone or mortar deteriorations, especially on sulphur dioxide. [14] However, as
stated in the introduction of this PhD. Thesis, in many areas of Europe, the levels of SO, have
been reduced while the huge increase in automobile traffic has promoted a considerable rise in
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the levels of ozone, nitrogen oxides and Total Suspended Particulate Matter (TSPM). [14,16]
Aerosol derived from combustion processes is also recognised to be the main cause of
atmospheric pollution in urban environments after gaseous contamination. [17] Iron and steel
industries are considered another important source of particulate matter emission. [18] Among
the constituents of TSPM, it has been observed an increase in carbonaceous and nitrogenous
fractions. All this has generated a completely new air pollution scenario. [14]

Figure 5.1. A bas-relief in marble from 1377 in Bologna. On the left, a picture taken at the
beginning of 1900 (“collezione Poppi”) and current state of it.

Carbonaceous particles are not only the cause of the blackening of building facades, which
damage the appearance of them, [19] but they play an active role in calcite sulphation processes,
black crusts formations (see Chapter 1), due to their ability to accelerate the rate of fixation of
atmospheric SO, to form gypsum. [20,21] The presence of metallic particles in the atmospheric
Particulate Matter (PM) can also trigger this process. [20] Moreover, their high specific surface
(10- 100 m?/g) converts them into a catalytic support for deterioration reactions. [22] The
presence of abundant C and Fe-rich particles coming from diesel vehicles has been
demonstrated to play a critical role in the oxidation of SO, and the formation of H,SO4, which
is the main responsible of the sulphation processes. [23] Conversely, organic carbon and Pb-rich
particles, which are the main components of gasoline vehicles, do not play a significant role in
sulphation. [23]

Although the implication of air pollution on buildings deterioration is well-known, studies of
atmospheric pollutant monitoring close to monuments remain rare and the few cases reported
in literature are mostly devoted to the study and control of the indoor environments. [14]
Furthermore, in most of the cases, the indoor monitoring consists only on Temperature, Relative
Humidity (RH) and CO; for the study of biological proliferation or the favouring of efflorescences
and sub-efflorescences. [24—26] There are some works also dealing with the study of particulate
matter affecting the art objects in the indoor environment of museums. [27-29] However, very
little work has been performed to asses and monitor the impact of air pollution on historic
buildings with the aim of protecting them from damage. Most of the pollutant monitoring in
urban areas has been performed with the aim to study their effect on human health. [14] In this
sense, the performed monitoring is generally asses according to the air quality directives for the
protection of human health. [30] The resulting data often regards samples collected far away
from the monument or building of interest and thus, do not allow the evaluation of the spatial
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and temporal variations of multi-pollutants in proximity to the monuments or buildings to be
protected. [14]

Dry deposition of the suspended compounds in atmosphere over buildings materials is one
of the most dangerous events that nowadays can promote different degradation processes on
them (see Chapter 1, section 1.3.4). [31] The knowledge of particle composition near
monuments or buildings over time is an important issue in conservation strategies. For this
reason, some works have started to be performed to protect and conserve historic buildings as
for example the one conducted by Ozga et al in the study of the atmosphere in proximity to the
Florence Baptistery, located in the city centre, which was continuously monitored during 2003
and 2004 by means of aerosol sampling. [14]. Usually deposition of PM is related with traffic,
industrial/urban fog and or marine aerosol in the coastal areas. [31] All these impact sources are
present in Getxo, where the analysed Galleries are located. Due to the proximity of Punta
Begofia Galleries to the sea (just some metres from a beach), the impact of marine aerosol is
expected to be very important. Marine aerosol is mainly composed of inorganic salts and organic
matter dissolved in water and encompasses primary (PMA) and secondary (SMA) aerosol
particles. [31] PMA results mostly from the interaction of wind with sea surface giving rise to
sea-spray particles ranging from the sub-micrometre scale up to a few micrometres with main
composition of seawater. [31] As it has been several times described, the main ions dissolved in
seawater from higher to lower concentrations are: chloride (Cl), sodium (Na*), sulphate (SO4%),
magnesium (Mg?*), calcium (Ca%), potassium (K*), bicarbonate (HCOs’), bromide (Br),
dihydrogenborate (H,BO3’) and strontium (Sr**). [32] SMA involves the transformation and
growth of PMA particles, which can take place in two different ways: a) by nucleation,
condensation process leading to bigger size particles and b) by heterogeneous oxidation
reactions in aqueous phase of dissolved gases in the existing aerosol particles. [33] Apart from
dissolved salts, marine aerosol can also transport trace metals and nutrients from oceans to the
atmosphere, through wet and dry depositions. [34]

The sampling and collection of PM can be performed with different methods. Inertial
collectors are the most used ones to give a size-representative sample of particles suspended in
the atmosphere. These devices are based on the fact that the particles contained in a gas stream
are more dense than the air where they are suspended. A particle moving in a gas stream, almost
at the same speed as the air, presents a higher momentum (mass x velocity) than the volume of
air that it displaces because of its larger mass. [35] This momentum or inertia will cause the
particle to be deflected less than air when the air undergoes a sudden change of direction due
to an obstacle in its trajectory. If the deflection of the particle from the air trajectory is big
enough (large angle of deflection), the particle will strike the obstacle. In addition, high velocities
will increase the momentum of particles in the gas stream, thus enhancing their caption from
air. High velocities can be achieved by forcing the air stream to pass through an orifice prior to
the striking and retaining surface. Inertial collection is divided into impaction and impingement
depending on the way that the sample is retained in the sampling device. [35] Impaction devices
collect and retain particles from an aerosol stream on a collecting surface where particles are
trapped by electrostatic attraction and by Van der Waals forces. The most used impaction
devices are the so-called Cascade Impactors, which consist on different stages comprising
different nozzles or jets that lead the air stream into the surface of the collecting plate for that
particular stage. Depending on the diameter of the particles, the ones presenting the higher
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momentum will impact in the first stages whereas the smallest ones will continue their way
through the following stages in the device. [36]

In this way, these devices allow to separate PM according to their size (e.g. PM1o and PM3s).
[31] These kind of PM collectors require a pump in order to impulse the air to the sampler. In
general terms, these sampling methods are expensive and require regular maintenance. [31] In
addition, for the study of the effect of PM deposition on monuments and buildings it is not
indispensable a separation of particulate matter by size. This separation is usually essential to
asses PM characterisation related to human health guidelines that are written according to laws
based on the different health risks that imply PM 1o or PM; s, but for the characterisation of PM
in order to define possible material degradations, simpler sampler devices would be enough.

In fact, there are other possibilities to characterise PM, which do not imply PM collector
instrumentation and can give information about the kind of PM pollution of the surrounding
environment of the building/monument and thus, their influence on the degradation. It is very
well-known that black crusts, gypsum matrices (CaSO4:2H,0) formed due to the interaction
between the original material components (mainly calcium carbonate) and the SO, (see Chapter
1, section 1.3.3), can trap different kind of airborne particulate matter on their structure. [37]
Among this, natural particles emitted to the atmosphere especially coming from erosion of the
surrounding calcareous and siliceous stones can be deposited on them. Together with naturally
emitted particles, anthropogenic particles can also be trapped on them, mainly metallic particles
from different sources such as road traffic, industry, maritime traffic etc. [37-40] In the specific
case of buildings in marine environments, salts contained into marine aerosol can also be
deposited on them. [37] The characteristic grey/black colour of black crusts is due to carbon
particles (shoot) trapped in their gypsum matrix. [41] Additionally, organic carbon can also be
present on them due to the presence of organic compounds that can be excreted by biological
organisms or to other organic compounds from different anthropogenic sources emitted to the
atmosphere, such as Polycyclic Aromatic Hydrocarbons (PAH). [42] Due to their high ability to
trap in their matrix different contaminants, black cruts have been suggested many times as
passive samplers for the characterisation of the contamination of the surrounding atmosphere
of the building where they grow. [37,38,42,43]

On the other hand, it is well referenced that mosses and lichens can act as bioindicators of
air pollutants. In this sense, different works asses the usefulness of these organisms to monitor
the atmospheric metal pollution by collecting and exposing them to the environment of the city
in bags as natural passive samplers. [44,45] However, the in situ ability of some biofilms growing
naturally over building materials as bioindicators of the metal pollution of the surrounding
environment of the construction has not been studied yet. The biofilms can be defined as a
consortium of microorganisms encased in a complex 3D gelatinous matrix of extracellular
material secreted by the inhabiting organisms. These biofilms are responsible of the
aesthetically unaccepted coloured patinas appearance due to the excretion of organic pigments
(e.g. chlorophylls, carotenoids and melanins) as an adaptation to increase the resistance against
environmental stress. In addition, the presence of these extracellular polymeric substances can
cause stress to the mineral structure due to shrinking and swelling cycles of the colloidal biogenic
slimes inside the pore systems. This can alter the pore size distribution in the material resulting
in changes of moisture circulation patterns and temperature response.[46] These polymeric
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substances that can cause the damage of the material are also responsible of the metal
biosorptive properties of some bacteria, fungi and algae. [47] The biosorption is the process by
which metals are sorbed and/or complexed to either living or dead biomass [48] and thus the
capability of some microorganisms to be used as bioremediation for eliminating metals from
water. [47-49] It has also been demonstrated that the early presence of biofilms on exposed
stone surfaces accelerates the accumulation of atmospheric pollutants. [50]

In this chapter, new easy and cost-efficient ways of monitoring the PM affecting Cultural
Heritage by means of the use of natural and artificial passive samplers are discussed. Firstly, it is
described a new case of study of black crusts growing on Punta Begoia Galleries as natural
passive samplers over years of exposure. In this especial case, it is shown the ability of these
black crusts to give information not only about current atmospheric contamination but also as
information source about PM emission events that took place years, decades or even one
century ago. The characterisation of the black crusts matrix was performed by X-ray Diffraction
(XRD) and carbon isotopic analysis of the powdered black crusts and petrographic analysis of
their thin sections. Then, the characterisation focused on the study of the PM of the surrounding
environment accumulated on the black crusts was also performed over these thin sections in
order to have information about the depth profile. The thin sections were studied under
Scanning Electron Microscopy coupled to an Energy Dispersive X-ray fluorescence Spectrometer
(SEM-EDS), u- Energy Dispersive X-ray fluorescence (u-ED-XRF) imaging and Raman imaging.

On the other hand, it is demonstrated the ability of some biofilms naturally growing over
building materials as bioindicators of the metal pollution of the surrounding environment of the
construction and thus, their ability to act as natural passive samplers of atmospheric PM
emissions. In the work developed by Morillas 2015, [51] high levels of heavy metals (especially
Zn and Fe) were detected in a red biofilm growing on sandstone blocks from La Galea Fortress
(Getxo, North of Spain), which included Trentepohlia algae as the main colonizer. In this work, a
second building (building No 208) located in the Bizkaia Science and Technology Park (Zamudio,
North of Spain), affected by an apparently similar red biocolonization, is presented to verify the
capacity of biofilms to act as bioindicators of atmospheric metal pollution. This last case is
compared with the previous one studied in La Galea Fortress. [51] To asses if this biofilm can
act as bioindicator of the surrounding metal pollution, a fast non-invasive in situ methodology
based on Hand-held Energy Dispersive X-ray fluorescence (HH-ED-XRF) analysis was used. During
this in situ study and to confirm if the red colour of the biofilm could be related with biogenic
pigments excreted by specific microorganisms, a portable Raman spectrometer was used. The
same instrument was applied to perform a quick characterisation of the building material acting
as the support of the biofilm. In order to corroborate the in situ conclusions, some fragments
from the affected material were analysed by p-ED-XRF imaging to determine the nature and
distribution of metals trapped in the whole biofilm sample. Finally, with the aim to confirm the
presence of isolated metal particles (nm or um size particles) deposited on the structure of the
colonizer, SEM-EDS was used.

However, the information that can be obtained from these natural passive samplers can be
somehow limited. Sometimes the biological films or black crusts do not grow spontaneously in
the building under study or next to it. Moreover, its is quite difficult to predict when those films
started growing on the surface of the building, being impossible to control their exposure time
to the atmosphere. Therefore, it is impossible to obtain temporal trends of deposition.
Quantification can also be complicated because the original matrix is unknown and complex. In
order to control these parameters, artificial passive samplers are needed. In this PhD. Thesis, a
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simple and cost-efficient artificial passive sampler is proposed in order to quantify per area of
exposed surface and time of exposure, the PM being deposited over building material surfaces.
These kind of surfaces could simulate the impact of PM being deposited on the surface of porous
building materials from a building, construction or monument.

In a previous work performed by Morillas et al [31], a self-made passive sampler (SMPS) was
developed for trapping directly PM coming from a marine and a direct urban and diffuse
industrial environment. This passive sampler consists in a polystyrene cylinder where several
pins stubs covered with carbon tapes, commonly used for SEM observations, are inserted inside
it. In this work, the trapped particles were then characterised using SEM-EDS and Raman micro-
spectroscopy. Along with that, inorganic salts formed from the direct evaporation of sea water
were also characterised in order to determine which is the composition of PMA particles leading
to the formation of the SMA particles trapped in the SMPS. Finally, a correlation between the
composition of the trapped particles and those deposited on the surface of the sandstone from
La Galea Fortress (Getxo, Basque Country, North of Spain) was established, in order to evaluate
the negative consequences that this kind of depositions can cause to the conservation state of
building materials (sandstone). The same kind of SMPS was tested by Morillas et al. [52] as a
tool to collect salt clusters (SMA) in the historic building of Punta Begofia Galleries. In order to
determine the nature of the salt cluster particles non-invasive techniques such as SEM-EDS and
Raman micro-spectroscopy were employed. In order to improve some of the disadvantages that
this SMPS presents for some kind of measurements, especially in ED-XRF characterisations, in
this PhD. Thesis, a second passive sampler is presented. This new development, consisting on
filters specially made for XRF analysis, was used as an alternative to the firstly developed SMPS
by Morillas et al. [52] as a simple way for characterising the surrounding contamination without
the need of other commonly employed PM active samplers with pumps and expensive designs.
The particles trapped in this way were analysed by means of SEM-EDS, u-ED-XRF and ICP-MS.
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5.1. Natural passive samplers: black crusts as source of information about
current and past atmospheric Particulate Matter emissions
Punta Begofia Galleries are affected in many zones by the sulphation of the original material

(mortars and concrete) being visible different black crusts all along the Galleries. In Figure 5.2
the different analysed black crust are shown together with their location in the Galleries.

Co___lumn p )
BCUG-;

Figure 5.2. Different analysed black crusts and their corresponding location in the Galleries.

In order to use the black crusts as natural passive samplers, the first thing is to characterise
their matrix and afterwards, characterise the possible Particulate Matter (PM) deposited over
them. The characterisation of the main mineral phases of the black crust is usually performed
by X-ray Diffraction (XRD) analysis. The petrography is analysed using Polarised Light
Microscopy, which can be combined with Scanning Electron Microscopy- Energy Dispersive
Spectroscopy (SEM-EDS) to corroborate the nature of the crystals identified under Crossed
Polarised Light (CPL).
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The characterisation of the PM trapped on them requires the main use of SEM-EDS to
distinguish the particles at microscopic scale. However, in this work it is also demonstrate the
usefulness of p-Energy Dispersive X-ray fluorescence (u-ED-XRF) imaging application on thin
sections obtained from the black crusts in order to corroborate SEM-EDS results when the
surface under study is big enough for this kind of analysis.

5.1.1. XRD characterisation of the black crusts

First of all, the black crusts were characterised by means of XRD. In Table 5.1, the
mineralogical composition of the black crusts is displayed together with a description of each of
the collected black crusts (see details of the morphology of the black crusts in Figure 5.3) and
their location description (see also Figure 5.2 to understand better their location in the Galleries).

As it can be appreciated, the main component, as expected for black crusts, is gypsum.
However, there are also significant differences between them. The BCER is the most common
black crust, which is almost composed of gypsum together with some quartz particles that are
coming from particle depositions over the crust after its mineral structure formation. [53] This
black crust is totally exposed to the atmosphere without any protection, except the one
provided by the railing itself. BCLG-3 presents lower gypsum content and apart from quartz,
calcite and some aluminosilicates of potassium were also detected, which is also a quite
regularly found composition. [54] The most different aspect to be mentioned is the presence of
jarosite (KFe3(OH)s(SO4)2) in BCLG-1 and BCLG-2, a hydrated iron sulphate, which according to
the semi-quantitative results offered by XRD is one of the majors compounds of these black
crusts. Therefore, the orange colour that characterised them is likely due to the presence of this
iron compound. In Figure 5.3, some fragments of the collected black crusts are shown, where
aesthetical and morphological differences are visible to the naked eye. These fragments of black
crust were collected on the wall of the Lower Gallery (see Figure 5.2). As it can be appreciated
in this last figure, there is a red coloration of the wall, which seems iron leaching, probably
coming from the reinforcement of the concrete of the ceiling of this Gallery. The solubilised
sulphate ions coming from the black crust matrix can react with the leached iron to form jarosite
in these specific black crusts.
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Table 5.1. XRD semi-quantitative composition estimation for the different black crusts collected in
Punta Begoifia Galleries.

Samples Sample description XRD composition
Black Crust from a wall at the beginning 75.1% Gypsum (CaSO4-2H20), 15.6% Calcite
BCLG-1 of Lower Gallery. Shiny brown-orange (CaCO3), 4.4% Jarosite (K(Fe3(SO4)2(0H)e), 2.5%
crystals (see Figures 5.2 and 5.3). Illite (K,H30)AI2SizAlO010(OH)2, 2.4% Quartz (SiO2)
Black Crust Lower Gallery 2. Extracted
from the same place as BCLG-1 but 89% Gypsum (CaS04:2H:20), 5.2 % Jarosite
BCLG-2 | from a higher part of the wall. Greener K(Fes3(SOa4)2(0H)e), 3% lllite
tonality than BCLG-1 (see Figures 5.2 (K,H30)AI.Si3Al010(OH)2, 2.9% Quartz (SiO2)
and 5.3).
B;""CCLEC{‘;S; dL%chf(r;c;allerc\;fe cju:\fekﬁlr?:v 67.4% Gypsum (CaSOa-2H10), 29.2% Calcite
BCLG-3 . (CaC03), 2.2% Quartz (Si02), 1.1% lllite
ceramic part that covers half of the (K.H30)Al>51A1010(OH)-
column (see Figures 5.2 and 5.3). ’
Black Crust Lower Gallery 4. Collected
from the wall at the entrance of the
Bl LoBvé’LeéGla ||I3ec?l GT;E:Z ";a"éa! V"\‘:L‘:e 80% Gypsum (CasOs-2H20), 17% Cakcite (CaCOs),
collected, but more inside the Gallery. 3% Quartz (Si02)
More similar in appearance to BCLG-3
(see Figure 5.3).
Black Crust External Railing. Very dark
Black Crust. It is the one growing over
BCER the mortar/concrete MER1, on the top 91.4% Gypsum (CaS04:2H,0), 8.6% Quartz (Si02)

of the Lower Gallery and outside of
both Galleries (see Figures 5.2 and 5.3).

Black crust from an external railing in
the corridor that comes out from the
main room (see Figure 5.2), located in
front of the beach. Similar in
appearance to BCER.

BCRUG

87% Gypsum (CaS04-2H20), 7% Quartz (SiO2), 6%
Calcite (CaCO3)

Grey colour Black Crust over the mortar
of the wall covering the upper part of
the column 22 in the Upper Gallery. In
front of the beach, but turning a little
bit to the port side. The black crust are

growing in the internal side of the
column, which is the side of the column
oriented to the inside of the Gallery
(see Figure 5.2).

BCUG-1

95% Gypsum (CaS0a4-2H20), 5% Quartz (SiO2)

Grey colour Black Crust collected in the
same place as BCUG-1 but it was over
the column number 24, which is even a
little bit more oriented to the port (see

BCUG-2

Figure 5.2).

97% Gypsum (CaS0a4-2H20), 3% Quartz (SiO2)
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Figure 5.3. Morphology of some of the collected fragments of black crusts.

5.1.2. Polarised Light Microscopy characterisation of the black crusts

In order to complete the mineralogical characterisation of the black crusts, thin sections were
prepared (see Chapter 3, section 3.2.1) and observed under Polarised Light Microscopy (PLM).

Black Crust Lower Gallery-1 (BCLG-1)

Under the Optical Microscope, the thin section of this black crust presents two different
layers. In general, the sample is too degraded and decohesionated.

The layer in contact with the substrate (the mortar) is the most decohesionated one. The
colour of this layer varies from orange/brownish to grey under both, Plane Polarised Light (PPL)
(see Figure 5.4A) and Crossed Polarised Light (CPL) (see Figure 5.4B). The texture is non-
homogeneous with the presence of porosity due mainly to fractures. The matrix is
cryptocrystalline (matrix texture made up of such minute crystals that its crystalline nature is
only vaguely revealed microscopically in thin section by transmitted polarised light) with
embedded microcrystals of opaque minerals (see Figure 5.4A). Under crossed polarised light,
crystallisation of light grey unshaped crystals inside the pores can be observed.
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A Air-contact side
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Calcite crystals

Mortar-contact side .

Figure 5.4. A) A zone of BCLG-1 thin section image under PPL and B) the same zone of BCLG-1 under
CPL.

The thickness of the upper layer, which is the one with its surface in contact with air, is bigger
than the inner one but also very variable from one to another area of the crust (100 to 2500 um
varying thickness). The colour of this layer is grey under PPL and it presents also a non-
homogeneous texture with very irregular surface. In general, the matrix is cryptocrystalline also
embedding some opaque minerals (probably oxides) and some quite big calcite crystals (see
Figure 5.4). These calcite crystals could only be observed in the inner part of this second layer of
the crust. However, in the most external part of this layer, there are well-defined prismatic shape
crystals. These crystals may be attributed to jarosite or gypsum according to the XRD data. There
were also gypsum needle-like crystals. In order to verify the composition of these both kind of
crystals, SEM-EDS analysis was performed.
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Black Crust Lower Gallery-2 (BCLG-2)

In this case, under PPLin general, two different layers can be distinguished, different in colour
and texture (see Figure 5.5A).

A 5 well-shaped crystals BlreormactsER

; needle-like crystals
B 200 micron Mortar-contact side

F»'<

pores with embedded crystals :

Mortar-contact side

Figure 5.5. Different microscopic images of BCLG-2 A) under PPL and B) under CPL. A) Big well shaped
crystals of jarosite and needle-shape smaller crystals in the middle of the layer in contact with air. B)
Big pores due to lack of material.

The inner layer, in contact with the substrate (the mortar), varies in colour from red to
brownish under PPL. The matrix of this layer is also cryptocrystalline, whose main porosity is due
to the presence of irregular in shape pores with a maximum diameter between 100 to 900 um
due to lack of material (see Figure 5.5B). In this layer, there are embedded opaque and other
non-recognisable crystals (see Figure 5.5B). The thickness of this layer varies from 100 to 500
pum.
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In this Black crust, as in BCLG-1, well-shaped crystals probably of gypsum or jarosite with a
maximum diameter of 900 um can be observed close to the surface in contact with air, the outer
layer (see Figure 5.5A). In this case, in comparison to BCLG-1, this layer presents in some parts a
microcrystalline matrix with better shaped needle-like crystals (see Figure 5.5A). Thus, it can be
said that the texture of the matrix in this layer is characterised by agglomerated needle-shape
crystals, which probably are gypsum. The porosity of this layer is higher than the porosity of the
layer in contact with the substrate. The pores are also very irregular in shape and in size varying
from 100 to 900 um of diameter. Some other parts of this layer are characterised by a
cryptocrystalline texture of the matrix embedding completely altered minerals, some of them
opaque. SEM-EDS analysis was also carried out to confirm the presence of jarosite crystals
detected in the XRD analysis and to differentiate from the gypsum crystals.

Black Crust Lower Gallery-3 (BCLG-3)

The analysed thin section seems to be composed of the crust with a zone including what it
may be a fragment of the mortar substrate. The original materials of this piece of mortar are
strongly decohesionated. Under PPL (see Figure 5.6A), the mortar fragment observed is
characterised by a brownish cryptocrystalline matrix highly fractured with secondary calcite
crystallisations inside the fractures, which are responsible of the main porosity. The observation
of calcite agrees with the highest content of calcite found in this Black Crust by XRD. Some of
these fractures could be due to the dissolution of the matrix. In other cases, inside the fractures
gypsum crystallisations can also be observed. The aggregate of the mortar is mainly composed
of well-shaped prismatic crystallised calcite that were recognised under CPL (see Figure 5.6B).

The rest of the thin section is composed of the crust, which under PPL presents a grey-
brownish colour. The matrix in this case varies from crypto to microcrystalline. The main porosity
is due to the lack of material in this matrix conforming pores of very irregular shapes. In the parts
where the matrix is microcrystalline needle-shape crystals of gypsum with different orientations
can be recognised. These same needle-like crystals are present in the ring of some of the pores.
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Air-contact side

\ "~ Mortar-contact side

Figure 5.6. A) Mortar fragment trapped into the gypsum matrix of BCLG-3 observed under PPL and B)
same mortar fragment observed under CPL.

Black Crust Lower Gallery (BCLG-4)

The fragment is very decohesionated. The colour under PPL (see Figure 5.7A) is dark grey and
the matrix is microcrystalline. In this case, the likely gypsum crystals are much smaller than in
BCUG-2. The matrix embeds opaque minerals with different shapes. Some of them present a
prismatic shape while others vary from well-rounded to sub-rounded shape. There are also some
black particles with a maximum diameter of 50 um.
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Big calcite crystals of about 400 um of medium dimension along the longest axis can also be
observed under CPL (see Figure 5.7B), which probably belong to the aggregate of the original

mortar. Some of these calcite crystals present partial solubilisation of their borders due to the
transformation into gypsum.

There are some other areas with a cryptocrystalline texture and brownish in colour which are
probably rests of the original mortar substrate. It is also in these areas where most of the calcite
crystals can be found, probably belonging to the aggregate of the mortar.

Air-contact side

o)

Mortar-contact side
e 900.mic_roﬁ  |->‘ y
Air-contact side

=
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Mortar-contact side

Figure 5.7. A) BCLG-4 thin section detail observed under PPL and B) same detail of BCLG-4 thin section
observed under CPL.
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Black Crust External Railing (BCER)

In this black crust, two different layers can be appreciated, the one in contact with air (outer
layer) corresponding to the crust and the second one, the inner layer, presenting what it seems
fragments of the mortar belonging to the substrate. In Figure 5.8, a microscopic image of this
black crust under PPL is shown.

The colour of the residual mortar matrix under PPL is red-brownish. The residual mortar
matrix is cryptocrystalline with well-sorted quartz particles as an aggregate of low sphericity and
subrounded and with a maximum length diameter of 200 um. The quartz observation and the
absence of calcite matches with the XRD composition determination.

The colour of the crust under PPL is green-like with a medium homogeneous texture. The
external surface is characterised by peaks of needle shape crystals, which are not gypsum
because in the SEM-EDS analysis shown in the next section, it was not detected. The matrix of
the crust embeds opaque crystals/particles and dark reddish particles under CPL with
dimensions varying from 10 to 40 um. In some areas, there is a mixture between the rest of the
mortar and the crust and some minor spherical black particles.

Mortar-contact side

. 900 micron |,

Figure 5.8. BCER black crust thin section observed under PPL.
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Black Crust Railing Upper Gallery (BCRUG)

Under the optical microscope, it can be distinguished two layers, different in colour and
texture under both, PPL and CPL. The layer in contact with the substrate (inner layer or second
layer) is probably the residual mortar, which is degraded.

The residual mortar layer is dark brownish under PPL and it presents cryptocrystalline
texture. The borderline with the second layer is irregular and sometimes not easily recognisable.
In this layer, it can be appreciated some fragments of the original aggregate composed mainly
by sub-angular and angular calcite crystals. Most of these grains present also a reaction ring and
they are partially solubilised. Some quite big opaque minerals can also be seen in this layer.

The layer, which belongs to the crust (upper layer or external layer), presents light grey colour
under plane polarised light. This layer presents high porosity and it is highly fractured. This
porosity is not due to fractures or dissolution of the material but to the growing way of the
crystals, which grow leaving those cavities. The matrix varies from cryptocrystalline to
microcrystalline. The crystals in this part are not very well defined, but their shape is needle-like
and they grow in radial way (see Figure 5.9). Embedded inside the crust matrix, some black
particles often presenting a well-rounded shape with a maximum diameter of 90 um, can be
observed (see Figure 5.9). In addition, under both lights, PPL and CPL, red particles can be
appreciated, probably due to the presence of minor oxides.

Figure 5.9. BCRUG thin section detail of the crust matrix observed under PPL.

Black Crust Upper Gallery (BCUG-1)

In general under PPL, the colour of the matrix is light grey and varies from crypto to
microcrystalline. In the microcrystalline parts, the crystals present needle-like shape. The
external borders all around the fragment present different matrix colour, in this case, dark
brownish and its texture is more compact and it cannot be recognised the shape of the crystals.
It is always cryptocrystalline matrix. Under crossed polarised light, the difference in texture
between the central part and the borders is more evident. The fragment presents many pores
also as in the case of BCRUG due to the way of the crystals growth.
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All over the sample, there are opaque minerals and black particles (see Figure 5.10), some of
them rounded shape with a maximum diameter of 60 um. Rarely, some calcite crystals can be
observed whose borders are partially solubilised (see Figure 5.10).

Figure 5.10. A detail of BCUG-1 under CPL showing the abundant presence of black particles and a
little calcite fragment with its border partially solubilised.

Black Crust Upper Gallery (BCUG-2)

Under PPL, the colour is in general light grey and its texture is microcrystalline with needle
shape crystals probably of gypsum and growing in radial way (see Figure 5.11). In some parts,
the gypsum crystals are big with a medium dimension of the diameter along the longest axis of
the crystal of about 400 um. This observation is consistent with the fact that is the black crust
with the highest gypsum content. The porosity of the matrix is as in the case of BCRUG and
BCUG-1 due to the crystals way of growing. Opaque minerals and subrounded black particles
are present along the matrix. Some areas of the matrix are cryptocrystalline and brownish in
colour. The porosity in this case is due to the partial dissolution of the original matrix. Probably,
this area is the original substrate but very degraded where it can only be recognised black
particles and pores.

Figure 5.11. A detail of the BCUG-2 under PPL needle-shape big crystals that formed the main of the
crust matrix.
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5.1.3. SEM-EDS characterisation of the black crust

All the thin sections of the above-mentioned black crusts were analysed under an
environmental SEM-EDS in order to confirm the composition of some of the crystals observed
under PLM.

In the characterisation of the crystals forming the black crusts, in BCLG-1 and BCLG-2, the
SEM-EDS results suggested the main presence of gypsum (CaSO4:-2H,0) and jarosite
(K(Fe3(S04)2(0OH)s) crystals. In Figure 5.12, a SEM microphotograph of the crystals in contact
with air of the black crusts, BCLG-2, is displayed together with four different elemental analyses
performed in different parts of it. As it can be observed in this figure, the crystals are mainly
composed of Ca and S, which suggests the presence of gypsum (especially in S-1 and S-3 in Figure
5.12). The presence of jarosite in these crystals is also confirmed (especially S2 and S4 in Figure
5.12) because of the combined presence of Fe, S and K. This jarosite, as stated before, it was
probably formed due to the iron leaching observed in the wall of the Lower Gallery coming from
the reinforcement of the concrete of the ceiling. The combined detection of Si, Al and K could
also be indicative of the illite (K,H30)AIl,Si3AlO10(OH), identified in XRD analysis. In the analysis
of BCLG-3, the crystals are composed mainly of Ca and S, thus indicating the major presence of
gypsum. In some parts, crystals composed principally of Ca were also observed, suggesting the
presence of calcite (CaCO3) accordingly to the previously performed XRD analysis.
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Figure 5.12. SEM microphotograph of the analysed crystal of BCLG-2 and elemental analyses of the
marked points in the crystal.
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The SEM-EDS analyses of the matrices of rest the of the black crusts, BCLG-3, BCLG-4, BCER,
BCRUG, BCUG-1 and BCUG-2, are mainly composed of Ca and S, thus is gypsum crystals as their
XRD analyses suggested, together with calcite and quartz fragments, and no additional
information was obtained.

5.1.4. Carbon isotopic analysis of the black crusts

The total carbon and nitrogen content and the corresponding isotopic analysis of the carbon
(the concentration of nitrogen was too low to determine the isotopic ratio) in the black crusts
lead to data collected in Table 5.2.

Table 5.2. Total carbon and nitrogen content and carbon isotopic analysis.

Sample N (wt %) C (wt %) C/N 6% C (%o)
BCLG-1 0.075 £0.001 0.91 +0.08 12 -25.0
BCLG-2 0.05+0.01 0.69 £ 0.04 13 -24.9
BCLG-3 0.11+£0.01 3.18 £ 0.05 29 -11.2
BCLG-4 0.117 £ 0.004 2.2+0.1 18 -16.4
BCER 0.066 + 0.005 1.43 £0.05 22 -19.1
BCRUG 0.08 £0.01 1.27 £0.01 15 -19.9
BCUG-1 0.06 £0.02 0.94 +£0.02 16 -21.3
BCUG-2 0.07 £0.04 1.32£0.06 18 -19.6

Total contents expressed as: (wt% + standard deviation)

In Figure 5.13, the carbon isotopic ratio determined for the different black crusts is
represented against the total carbon content. The higher the total carbon content and the less
negative the value of 8'3C indicates higher amount of calcium carbonate. The most negative the
813C value indicates the higher organic content. In this representation, the theoretical position
of carbon content for pure calcite is marked in red. Thus, the black crust closer to this value are
the ones with the higher inorganic carbon content, which at the same time, in agreement with
the XRD results, it may also be due to the higher calcite content.
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Figure 5.13. Carbon isotopic ratio (63C °/00) vs total carbon content (wt%) for the black crusts of Punta
Begoiia Galleries.
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The less negative 83C value is usually the one with the higher C/N ratio, which also means
the samples with more carbonate. In this way, the samples with the higher carbonate content
are the ones at the right upper part in the charts shown in Figure 5.13 and 5.14. Thus, BCLG-3 is
the black crusts with the highest carbonate content. This black crust was laying over the ceramic
standing edge that divides the wall into two areas. This seems coherent as due to its location, it
can trap easily calcium carbonate detached from the upper wall rendering mortar. This is also
coherent with the highest calcium carbonate content estimated by XRD.

On the other hand, the amount of organic carbon content can be indicative of higher
presence of microorganisms growing on them or to higher content of other organic compounds
such as Carboxylic Acids, Hydrocarbons and even Polycyclic Aromatic Hydrocarbons trapped on
their matrix due to atmospheric pollution etc. [42]
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Figure 5.14. Carbon isotopic ratio (6*3C °/00) vs C/N ratio for the black crusts of Punta Begoiia.

5.1.5. Multianalytical methodology to evaluate the usefulness of black crusts as natural
passive samplers of actual and past atmospheric contamination events

As it has been mentioned in the introduction of this chapter, some authors had previously
proposed the use of this kind of crusts as passive samplers of atmospheric PM. In this section, it
is demonstrated that using the proper analytical methodology, past atmospheric PM emission
events can be chemically distinguished from more recent emissions in this kind of crusts.

137



CHAPTER 5

SEM-EDS observations of black crust prepared as thin sections

Once the matrices of the black crusts are characterised, it is possible to proceed with the
characterisation of the PM particles deposited over them, thus these black crusts can be used
as source of information about the suspended PM in the surroundings of the Galleries.

SEM-EDS is a very useful technique in order to characterise particle deposition, as the SEM
microphotographs allow us to observe microscopically the shape and size of the deposited
particles or clusters over the black crust matrix and the EDS detector offers the elemental
analysis of them to characterise their nature. In contrast to XRF spectrometers, EDS has not the
ability to penetrate some millimetres or even centimetres into the sample. However, in this case,
the thickness of the thin sections is few millimetres, thus we cannot discard that EDS can
penetrate to the matrix beneath the deposited particles.

In this way, the particles observed under SEM-EDS were analysed in the different black crusts
thin sections. In all the black crusts, most of the analysed particles were composed principally of
Fe. They were also observed, aluminosilicate and quartz particles probably coming from beach
sand deposition.

Depending on the analysed black crust, the abundance of these particles was different. The
black crusts, BCLG-1 and BCLG-2 (see Figure 5.2), the ones partially formed of jarosite crystals
were the ones presenting a lower PM accumulation on their matrices. This could be due to the
orientation of the black crusts. However, in BCLG-4, with exactly the same orientation (it was
collected from the same wall of Lower Gallery as BCLG-1 and BCLG-2, but in a part with no iron
leaching) presented high abundance of Fe particles. In Figure 5.15, two different zones of the
BCLG-4 thin section presenting Fe particles at different magnifications are shown. This may
suggest that the jarosite composed black crusts (BCLG-1 and BCLG-2), due to their different
composition, are not as effective as common gypsum black crusts when capturing particles. The
big jarosite crystals may be not as porous as more traditional gypsum matrices, thus making

them worse as passive PM samplers.

Figure 5.15. A) A SEM Microphotograph from an area of BCLG-4 showing two different particles
over gypsum matrix, Si based the dark one and Fe made the bright one. B) A SEM microphotograph of
a second area in BCLG-4 showing five different bright Fe particles of different sizes (marked in red).
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However, the highest PM depositions were observed in the black crust layers (external layers
in contact with air) in BCRUG (collected in the railing of the main room in Upper Gallery, directly
oriented to Ereaga beach (see Figure 5.2 and Figure 3.1 in Chapter 3), BCER in the external railing
oriented to the ports (see Figure 5.2 and Figure 3.4 in Chapter 3) and BCUG-1 and BCUG-2
collected on the walls of the columns of Upper Gallery (see Figure 5.2). The analyses of some of
the particles contained in these black crusts showed the presence of Ti, Cr, Mn, Cu and Zn
together with Fe. In Figure 5.16, different particles trapped in the BCRUG are shown, together
with the elemental composition obtained for some of them as an example.
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Figure 5.16. A) Several Fe particles of different sizes trapped in BCRUG matrix. B) A zoom of one of the
big particles. C) Elemental composition of particle in B. D) A zoom of a smaller particle and E)
Elemental composition of particle in D.

During the analyses of the black crust thin sections for the characterisation of the particles
trapped on their matrix, a very bright zone was observed in BCUG-2. In Figure 5.17, the SEM

microphotograph of this bright area (see Figure 5.17A) and a zoom of that bright area (see Figure
5.17B) is shown.

Figure 5.17. A) An area of the BCUG-2 black crust showing the gypsum needles composing the
matrix of the black crust and the bright area in the part in contact with the mortar. B) Zoom of the
same bright area presented in A.

In Figure 5.18, a zoom of the area shown in Figure 5.17 is displayed together with some EDS
spectra obtained from certain microscopic points. This area presents the major characteristics
observed in BCUG-2, the gypsum needles composing the matrix of the black crust (Figure 5.18
S-2), iron particles trapped in this matrix (Figure 5.18 S-3) and the bright area in the black crust
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layer in contact with the mortar. As it can be appreciated in Figure 5.18 S-1, this bright area is
mainly composed of Pb, which is quite interesting due to the high area where this compound is
the principal one. In addition, Pb was not observed as Fe, in form of deposited particles, but like
a lead matrix embedding which some aggregates, probably from the original mortar trapped in
this part of the black crust (in contact with the original material).
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Figure 5.18. Representative area of BCUG-2 black crust showing the lead matrix (S-1), the gypsum
needles of a common black crust (S-2) and the abundant Fe particles trapped on it (5-3).

This lead matrix was observed in all the black crusts collected in the Upper Gallery (BCRUG,
BCER, BCUG-1 and BCUG-2), which are more exposed to the outside atmosphere than the ones
collected in the wall inside the Lower Gallery (BCLG-1, BCLG-2, BCLG-3 and BCLG-4). This wall is
not oriented to the outside but in perpendicular to the opened part of the Gallery and though
more protected than the rest of the black crusts.

The highest lead accumulation was observed in BCER. One of the Pb areas present in this
black crust is so big that is visible at naked eye (see Figure 5.20A). In Figure 5.19, two SEM
microphotographs are displayed of this Pb matrix at two different magnifications. As it can be
observed, the Pb accumulation (bright area in Figure 5.19) is around 200- 300 um and more than
1 mm width.

Figure 5.19. Lead matrix zone in BCER thin section at two different magnifications A) 61x and B) 117x.
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Due to the wide Pb area observed, a mapping of the affected area was performed by means
of SEM-EDS. In Figure 5.20 the mapped area is shown together with the spectrum obtained for
the whole area and the elemental distribution map for the main elements detected in this area.
As it can be appreciated in this figure, the Pb accumulation area seems to be related with Cl, S
and Zn, but not with Ca and Fe, which are more distributed in form of fragments.
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Figure 5.20. A) Analysed area of the BCER black crust thin section. B) Sum spectrum of the whole
analysed area. C) Pb distribution according to its La line. D) Cl distribution according to its K« line. E) S
distribution according to its K« line. F) Zn distribution according to its K« line. G) Ca distribution
according to its K« line and H) Fe distribution according to its K« line.

In order to verify if a correlation between Pb and S exists, a deconvolution of the signals S-Kq
and the Pb-M,, (see Figure 5.20B) must be performed due to the high interference between the
S-Kq and Pb-M, lines. However, with the available software for the EDS spectra treatment, it
was not possible to perform the deconvolution of these lines, thus the elemental map
distributions shown in Figure 5.20 are all based on the whole signal obtained in the sum
spectrum shown in Figure 5.20B.

As it has been mentioned, Cl seems also to be correlated with Pb. Although in this case an
interference between Cl-K, and Pb-M; exits, the additional contribution of Pb-M; can be
considered negligible against the intensity of CI-K, line. Therefore the distortion that Cl-K,
distribution map can suffer due to Pb-M; contribution can be considered insignificant or
negligible. Furthermore, the Cl presence is so high that even Cl-Kg can be observed in the sum
spectrum (see Figure 5.20B).

U-ED-XRF analysis of black crust thin sections

In order to verify this hypothesis and thanks to the big area covered by Pb (around 1mm) in
this black crust thin section (BCER), it was decided to perform a pu-ED-XRF imaging analysis of
this same area with a lateral resolution down to 25 um. This analysis permitted us to obtain the
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same elemental distribution information but without the interferences due to the possibility of
the software of the instrument to perform deconvolutions. Furthermore, the p-ED-XRF imaging
allowed us performing an elemental characterisation and distribution of the elements detected
on the BCER thin section. Moreover, u-ED-XRF imaging allowed us to improve the detection of
the heaviest elements in comparison to the EDS.

In Figure 5.21, the distribution maps of the elements detected in the BCER thin section are
shown. The S-Pb distribution map displayed in Figure 5.21B was obtained for the distribution of
Pb-L, and S-K, lines, after the corresponding deconvolution of the signal to avoid the
interference between S-K, and Pb-M, lines. According to this combined elemental distribution
map (see Figure 5.21B), in the area with high lead accumulation there is no presence of S.
Therefore, after the deconvolution of the S-K, signal, it is demonstrated that the S distribution
obtained in the SEM-EDS analysis (see Figure 5.20E) was due to the Pb-M, line and not to the S-
Ka.

Figure 5.21. A) BCER analysed thin section under the microscope of the ED-XRF system. Elemental map
distributions obtained for B) S-K« and Pb-Lq lines; C) Cl-K« and Pb-Lq lines; D) Fe-Ka, Cu-Ka, Zn-K« and
Pb-Lq lines; E) Mn- Ko, Cu-Ka, Zn-K« and Pb-L. lines; F) Ti-K« and Ba-La lines; G) S-Ka and Ca-K« lines
and H) Al-Ka, Si-K« and K-K« lines.

The joint distribution of Pb and Cl, firstly observed in the SEM-EDS analysis (see Figure 5.20C
and D), was confirmed with the u-ED-XRF imaging (see Figure 5.21C). It must be remarked in this
distribution map that Cl is present together with Pb in the pink zone as consequence of the
overlap between the distribution of Cl in blue and the distribution of lead in red. The rest of blue
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zones that show Cl presence are due to the Cl of the resin employed for obtaining the thin
section. Noticed how the Clis exactly in the grey zones in Figure 5.21A and exactly corresponding
to the holes where no black crust in present and leaving the silhouette of the black crust in black.
This analysis also allows us to see the distribution of Fe and other metals such as Cu, Zn, Mn, Ti
and Ba (see Figure 5.21D, E and F). It can also be highlighted that the distribution of Zn and Cu
are coincident as it can be appreciated in Figure 5.21D and E (see pink areas). As it can be seen,
in this case, it was possible to detect the presence of Cu, which was impossible to be detected
by EDS.

Finally, in this analysis too, the S distribution is coincident with Ca (see Figure 5.21G pink
colour due to the overlapping between the red and blue of S and Ca distributions respectively),
probably corresponding to the gypsum (CaS04-2H,0) matrix composing the black crust. It can
also be appreciated some blue zones belonging probably to calcite fragments.

Characterisation of Pb accumulation area by means or Raman microscopy

Once it was confirmed the presence of Pb together with Cl, the next step was to identify the
molecular form. In this case Raman microscopy was selected. As it can be appreciated in Figure
5.21A, the presence of Pb was visible at naked eye and thus, it was possible to easily find this Pb
area to perform the microscopic Raman analyses. In Figure 5.22, five Raman spectra obtained
with the 785 nm laser for different single point analyses of the zone rich in Pb in the BCER thin
section are shown.
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Figure 5.22. Different Raman spectra obtained at 785 nm for different single point analyses of the Pb
zone in BCER thin section black crust showing the presence of A) Hydrocerussite (Pb3(COs)2(OH):z); B)
Laurionite (PbCIOH); C) Laurionite and Hydrocerussite; D) Laurionite, Hydrocerussite and Gypsum
(CaS04-2H:0) and E) Laurionite, Hydrocerussite and a band at 971 cm™ (possible PO4+*).

Two different Pb compounds, laurionite (PbCIOH), with Raman bands at 124, 269 and 327
cm?, and hydrocerussite (Pbs(COs)2(OH),), showing its Raman main band at 1051 cm™, were
found in the Pb zone inside the BCER black crust thin section (see Figure 5.22). [55,56] With
these single point Raman analyses, it was confirmed that the Cl and Pb joint distributions

143



CHAPTER 5

obtained by means of SEM-EDS (see Figure 5.20C and D) and ED-XRF (see Figure 5.21C) were due
to the presence of laurionite. In addition, the band at 971 cm™ could be attributed to the v; of
PO.*. [57] Tsumebite, Pb,Cu(P0O4)(S04)(OH), presents its principal band at 971 cm™. [58] Taking
into account the elemental distributions of the composing elements obtained by ED-XRF (see
Figure 5.21), its presence could be possible if it is not in high proportion among the lead species.

In order to obtain a molecular distribution of the main components in the Pb accumulation
area in BCER thin section, a Raman imaging analysis was also carried out. A Raman imaging
analysis was performed in a small area of the lead matrix in BCER thin section. The molecular
distribution maps were represented according to the ranges between 123 and 156 cm?,
containing the principal band of laurionite at 124 cm™, between 1042-1059 cm, containing the
principal band of hydrocerussite at 1051 cm™ and between 1080-1090 cm™, containing the
principal band of calcite at 1085 cm™.

In Figure 5.23, the distribution of both molecular forms of lead (laurionite and hidrocerussite)
are shown together with the calcite distribution over the image of the analysed area in the thin
section of BCER sample. In this image, it can be appreciated how laurionite (PbCIOH) is
distributed all over the zone where Pb and Cl are shown in the previous elemental distributions
(see Figure 5.20C and D and 5.21C). However, hydrocerussite (Pb3(CO3)2(OH);) is present more
sporadically distributed (as hot spots) and close to the calcite presence. Probably, this lead
carbonate was formed thanks to the solubilisation of the calcium carbonate close to laurionite.
Itis also important to remark that in the SEM-EDS analyses, abundant Ca fragments were found,
which did not contain sulphur (see Figure 5.20E and G), and therefore probably corresponding
to calcite fragments.

Figure 5.23. Raman imaging showing the molecular distributions at wavenumber ranges
comprehended between A) 123 and 156 cm™, containing one of the principal bands of laurionite at
124 cm™, B) between 1042-1059 cm™, containing the principal band of hydrocerussite at 1051 cm™ and
¢) between 1080-1090 cm, containing the principal band of calcite at 1085 cm™.

Thermodynamic modelling of lead compounds accumulated in the black crusts

The extensively analysed lead accumulation was found in the part of the black crusts (BCRUG,
BCER, BCUG-1 and BCUG-2) in contact with their corresponding mortars, which is the oldest part
of the black crusts. This lead may be retained inside the black crusts at the beginning of their
formation and after new gypsum crystals grew over it through the years, which suggests that
this lead was deposited in the past and it is not deposited nowadays anymore. This observation
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was possible thanks to the analyses performed over thin sections showing the cross section of
the black crusts.

Laurionite and Hydrocerrusite can be formed from PbO, which can be formed in the
atmosphere by oxidation of the emitted Pb as PM, through the following reactions: [56]

2 PbO + H,0 + 2 CI' = 2 PbCIOH (eq. 5.1)
3 PbO + H,0 + 2 CO; = Pb3(C0O3)2(0OH); (eq. 5.2)

In order to confirm thermodynamically the possible existence of these compounds
thermodynamic simulations were run with MEDUSA software. [59] In the first attempts
performed with the equilibrium formation constants recorded in the database of MEDUSA, the
hydrocerussite was not appearing in the mole fraction diagrams under the expected conditions
although Raman analysis showed its presence in the samples. This was due to an outdated value
of its precipitation constant in the MEDUSA software. This issue was solved introducing into the
MEDUSA, the new updated value of the hydrocerussite constant taken from the database Visual
MINTEQ. [60] In Figure 5.24, some mole fraction diagrams showing the predominant stable
components in mass fraction depending on the pH are shown. Different concentrations of Pb in
the presence of 1.00 mM of COs?% (average value in the 20" Century atmospheric concentration)
were tested in order to corroborate the stability of hydrocerussite.

145



CHAPTER 5

A [CI'};o= 0.00
[CO%-]TDT= 1mM

241 _
[sz Jior0-30 MM
[$07 Tror=0-00

1.0 Pb%* ~ PbCOjz(c) Pby{CO3),{OH); c) Pb(OH)yc)
c 0.8} VA
(=] F V] j
5 0.6f [
o 0 4: I ﬁ |
= I oo
0.2} N
00———F——¢ % 10 12
pH
C [CI'};0p= 0.00 [PE**], o= 0.90 MM
[€CO% ];p;=1 MM [SO2 ] ;57 =0-00
1 OL o ‘PbCO‘;(C]FbiFO-?‘w)Z‘C)
c 0.8 VAN
0 I | . i
‘d 0.6' i ‘:ﬂ-‘ ‘.‘
i [ P !
& 0.4t Ao
0'2 : :‘I .‘ ,s'; “‘ | ‘.
0.0———F—% on & 10 12
- _ 2+ -
E [cl ]ZTOT- 0.00 [sz lor 1-20 MM
[CO3-]TOT= 1mM I:504-]T0T=0'00
1.0 Pb2*  Pby(CO3,(0H), () Pb(OH}, ()
5 0.8 P‘i‘:c.o;;ic) X
s 0.6 |
© i
L 0.4 i
0.2 " i
00— % s 10 12

B [Cllo=0.00
[c0§' ]TOT= 1mM

1.0 pu**

0.8}
0.6}
0.4}
0.2}
0.0

Fraction

[PL*"],,=0-70 MM

[SOF 110 =0-00

PbCO3(c) Phy{CO3)(OH), (c) PB{OH)z(c)

2
[CI],o,= 0.00

4

D

10 12

lior-1.0 MM

6 on 8
[Pb2+

[C0%],0=1 MM [SO2 ];o7=0-00
1.0.Pt" _ PbCOOHR)  Ph(OH); ()
0.8 - IPbCOJ)

Sos ST
3 0.4¢ A !
* 0.2t NN
0O ——— %% 10 12
F PH 2+
[CI],,,= 0.00 [sz I op 2:00 MM
[CO%)0r=1 MM [SOZ 1oy =0-00
1.0 Pb* Pb(OH), (0
c 0.8} Ph{COJOH), e
e LT
"3 0.67 _‘\I
I_'I_.E 0 4: PbCO3(e) |
0.2 H ‘
00 ——— % pns 10 12

Figure 5.24. Mole fraction diagrams obtained for hydrocerussite depending on lead concentration.

As it can be appreciated in Figure 5.24, the predominance of hydrocerussite at more acidic
pH, closer to the pH of the rainwater (5- 5.5) is higher when lead concentration is increased in
comparison to the carbonate (see Figure 5.24A to E). However, if lead concentration is increased
too much in comparison to the carbonate concentration, Pb(OH); starts to become important
at the pH of the rainwater (see Figure 5.24F).

Due to the presence of high Cl concentrations in the atmosphere surrounding the Galleries,
Cl was added to the system in order to demonstrate the stability and formation of laurionite
(PbCIOH) in the presence of chloride and carbonate. In Figure 5.25, the corresponding mole

fraction diagrams are shown.

146



PARTICULATE MATTER CHARACTERISATION METHODS

A [C];5r=10.00 mM [Pb22+]T0T= 5.00mM B [CI-:LTOT:ZO'OO mM I:F.bZ:ITOT: 10.00 mm
(€03 ) =1 MM [$07 Jror=0-00 [CO3]ir=1mM (504 l1or=0-00
L0 Pb(OH)2(c) 1.0 . Pb(OH) ()
2+ ’ i
g 08 » c 08 . pocion(q),’
= 0.6 goer
© [ ’ L \‘
i 0.4 | Pby{CO{OH), ¢ Z 04 -

] /EbCIOH (e) .

0.2F  pai,Poco,0 0.2} PbClPbCOLc) |

Phy{CO){OH) 0
0.0 PbCO3fc)-,

2 4 6pn8 10 12 00— ¢ qs 10 12
D P
C o, -80.00mm [PB?*],,,~40.00 mM [C],,,=160.00 mM [""2;17 o 30 MM
[CO%_]TOT= 1mM [SOE-]TOT=O'00 [CO%-]T0T= 1mm [504-]T0T=0'00
1.0 PHCIOH(c) _ PR 1.0 POCIOH(c) Ph{OH}etc
_ 0.8 / i)
§ 0.8 5 PbChe) \
g 06 | | £ 06 |
& 04F Lo ] | & 0.4 | ‘]
0.2} PbCL o oncoy | 0.2 - |
0.0 PRRUFDCOI | PbyCO)(OH), 0.0LP5s '

2 4 6 pH 8 10 12 2 4 6 pH 8 10 12

Figure 5.25. Mole fraction diagrams obtained for laurionite and hydrocerussite depending on
chlorine and lead concentrations.

As it can be seen in the diagrams shown in Figure 5.25, in order to have a predominance of
laurionite as detected by Raman spectroscopy, chloride and lead concentrations need to be high,
and chloride concentration has to be higher than the one of lead, at a total CO3% of the past
atmosphere (1 mM). At the pH of rainwater, laurionite starts to be highly predominant at 80
mM of CI" and at 40 mM of Pb (see Figure 5.25C). At these concentrations, the presence of
hydrocerussite (Pbs(COs)2(OH); is very low and if CI and and Pb concentrations are risen, it
disappears completely (see Figure 5.25C and D). These high Pb and Cl concentrations are
reached when wet aerosol is evaporated. This would be the reason of the high predominance of
laurionite found by Raman imaging and the slightly detected presence of hydrocerussite,
because the system is dominated by high concentrations of lead and chlorine.

Lead Isotopic analysis to state the origin of the high Pb concentrations found in Punta Begona
Galleries.

In order to confirm the origin of these lead accumulations, Pb isotope ratio analyses were
performed on different mortars and on some of the formations where the highest lead
accumulations were found (see Chapter 4, section 4.2.6). In Table 5.3, the Pb isotope ratios
obtained by means of Inductively Coupled Plasma Mass Spectrometry (ICP-MS) are displayed.

The obtained 2°°Pb/2°’Pb ratios between 1.17 and 1.19 are inside the established range for
lead contained in coal in Europe ranged between 1.16 and 1.21. [61] The lead isotope ratios in
Spanish coals determined in a work by M. Diaz-Somoano et al. [62] from different Spanish
locations are coincident with the ones obtained in Punta Begofia. In particular, the 2°°Pb/?7Ph
ratios ranged between 1.16 and 1.20, and 2°Pb/2°°Pb ranged between 2.0 and 2.10 for the coal
coming from the Central Asturian Coal Basin [62] are very close to the values found in Punta
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Begofia. The 2°°Pb/%°’Pb ratio found for the lead contained in old gasolines is lower, around 1.12
or smaller. [63] Thus, according to the values obtained, the presence of lead coming from old
gasolines is discarded in Punta Begofia.

However, coal burning in Europe is often difficult to discern from the background source
III

Pb mixture,
which can be detected in recent atmospheric aerosols and yields 2°Pb/2°’Pb values ~ 1.15. [61]

(%°6Pb/2°7Ph ~ 1.19), but contributes to the isotopic composition of an “industria

According to this, it is highly possible that the lower concentrations of Pb found in the mortar
samples with a 2°®Pb/?’Pb ratio of 1.19 belong to natural Pb. However, the much higher
concentrations of Pb found in the black deposition, in the black crust, BCER, and in the black
patina, FLG-6, whose isotopic values are also a little bit lower, might have a contribution of
industrial lead. It might be possible that the lead present in the black formations belongs to lead
contained in coal, especially the lead contained in the black crust, BCER and in the black patina
covering the floor, FLG-6. Notice especially, the decrease in the 2°°Pb/2%Pb ratio from 1.190 in
the mortar/concrete MER to 1.177 in the black crust (BCER) formed over this same
mortar/concrete. This is a quite plausible theory due to the location of Punta Begofa Galleries
close to the old power station plant of Santurtzi, which worked with carbon since the 60’s close
to the Bilbao harbour, with continuous coal loadings and unloadings. The presence of higher Pb
accumulation in old times in the case of the Pb found trapped in the black crust, BCER, it has
also sense, as coal combustion was much higher years ago.

The concentrations detected in the mortars are much lower than the ones found in the
formations. Thus suggesting that there was an external Pb input not coming from the original
materials employed in Punta Begofia, but which has been accumulated during years in the
different formations found in Punta Begoiia probably coming from different leaching processes.

Table 5.3. Pb isotope ratios obtained for different mortars and crusts formations by means of

ICP-MS.
Concentration
Samples Pb 208/206 Pb 206/207
of Pb (mg/Kg)
Mortar under the black
2.069 + 0.005 1.193 £+ 0.001 13+5

deposition from Upper Gallery

Black deposition wall main
2.063+0.004 | 1.190 % 0.004 16000 + 600
room from Upper Gallery

Mortar/concrete external

. 2.073+0.005 | 1.190+0.002 50+2
railing (MER)
Black crust external railing
2.082+0.005 | 1.177 £0.003 3350+ 70
(BCER)

Black patina covering the floor

2.082 £0.004 | 1.174 £0.003 2320+ 30
from Lower Gallery (FLG-6)
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5.2. Natural passive samplers: biofilms

In the work developed by Morillas in 2015, [51] a preliminary elemental study of a red biofilm
growing on the sandstone blocks from La Galea Fortress (Getxo, Basque Country, North of Spain)
was performed by means of a hand-held Energy Dispersive X-ray fluorescence (HH-ED-XRF)
spectrometer. In this study, high levels of heavy metals (especially Zn and Fe) were detected in
the biocolonization, which included Trentepohlia algae as the main colonizer.

In this PhD. Thesis, a second building (building n? 208) located in the Bizkaia Science and
Technology Park (Zamudio, Basque Country, North of Spain) affected by an apparently similar
red biocolonization is presented to verify the capacity of biofilms to act as bioindicators of
atmospheric metal pollution. This case of study is compared with the previous one developed in
La Galea Fortress (see Figures 1.3 and 1.4 in Chapter 1). To asses if this biofilm can act as
bioindicator of the surrounding metal pollution, a fast non-invasive in situ methodology based
on HH-ED-XRF analysis was used. During this in situ study and to confirm if the red colour of the
biofilm could be related with biogenic pigments excreted by specific microorganisms, a portable
Raman spectrometer was used. The same instrument was applied to perform a quick
characterisation of the building material acting as the support of the biofilm. In order to
corroborate the in situ conclusions, some fragments from the affected material were analysed
by micro Energy Dispersive X-ray fluorescence (u-ED-XRF) imaging to determine the nature and
distribution of metals trapped in the whole biofilm sample. Finally, with the aim to confirm the
presence of isolated metal particles (nm or um size particles) deposited on the structure of the
colonizer, Scanning Electron Microscopy coupled to an Energy Dispersive X-ray fluorescence
Spectrometer (SEM-EDS) was used.

The building from the Bizkaia Science and Technology Park (Zamudio, North of Spain,
43.295788, -2.862348) is a modern construction, which dates back to the 90°s. The red biofilm
is only present inits Northeast oriented fagade. A fragment of this material affected by the red
biofilm is shown in Figure 5.26A. Zamudio town is located at 17 Km inwards from Getxo coast
and at 2 Km from the airport of Bilbao. Thus, the building is under the influence of airplanes and
road traffic. The building material employed was a calcareous artificial material with thermal
insulating properties (see Figure 5.26B). The conservation state of the building material is good,
except for the aesthetic change promoted by the reddish biofilm.

A similar red biofilm present in La Galea Fortress (Getxo, North of Spain, 43.373381, -
3.036291) and previously characterised by Morillas et al. [64] was also studied with the aim to
corroborate the same tendency of metal accumulation. La Galea Fortress is located in a cliff, 80
m above sea level, in the Bay of Abra, in Getxo. The Fortress is a 18™ century military building,
which from the end of the 19" century to middle of the 20" century was used as a lighthouse.
The Bay of Abra is under the influence of big marine traffic due to the presence of Bilbao harbour
and it is also a big industrialised area. The building material used in this construction was a
sandstone whose conservation state nowadays is very poor, especially in the Southside of the
tower (see Figure 5.26D). However, the sandstone blocks of the North oriented fagade of the
tower, the only side that presents the biocolonization, are in a good conservation state (see
Figure 5.26C).
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A mild climate all over the year in both cases, with abundant precipitations up to 45% of the
days, can also contribute to the biological proliferation in the building materials. In addition, the
Northeast orientation, is less affected by direct wind and precipitations, is the orientation that
presents the biocolonization in the buildings under study.

Figure 5.26. Building material fragments affected by the red biocolonization (A) and unaffected (B)
from the Science and Technology Park. Building materials from La Galea Fortress, Northeast side
oriented affected by the red biocolonization (C) and Southwest side oriented non-colonized but in poor
conservation state (D).

The methodology used in this part of the PhD. Thesis was divided into two sections. The first
step of the methodology was the application of a non-invasive in situ strategy using portable
techniques. Raman spectroscopy was used to verify which are the biogenic pigments responsible
of the red coloured biofilms. This technique was also applied to determine the molecular
composition of the building material acting as the support of the biofilm. To extract
representative results, repetitive Raman measurements were conducted in different areas of
the biofilm and the building material.

To verify the ability of the biological colonization to trap metals, a quick preliminary
procedure based on the use of HH-ED-XRF was applied. This procedure was used in both case
studies, La Galea Fortress and the building from the Bizkaia Science and Technology Park to
compare if both kind of biofilms are able to accumulate metals and which are the main metals
accumulated on them. Considering that XRF is a penetrating technique (from millimetres to
centimetres) and to determine the possible metals accumulated in the biological colonization,
different measurements were conducted in the building fagcade areas showing the highest
accumulation of the biofilm (named “algaside”) and also in the inner part of the affected
material (detached areas, named “algaside int”). To discard that the building material itself is
not able to accumulate metals coming from the atmosphere, a separate study of the external
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parts of the building material (named “unaffected ext”) against the internal parts not in contact
with the atmosphere (named “unaffected int”) was done. To perform the measurements in the
internal parts, a small hole was performed with the help of a chisel and a hammer. On each
considered areas five measurements (three repetitions for each one and in a duplicated way to
detect light and heavy elements) randomly distributed were conducted. With these data, a
Principal Component Analysis (PCA) was performed according to the previously optimized
methodology [65,66]. The Principal Component Analysis (PCA) was performed using The
Unscrambler ®7.6 software (CAMO Software, Olso, Norway). [67]

After this screening, fragments of the colonized building material and those free from biofilm
were sampled using a chisel and a hammer. To preserve the biological organisms present in the
biofilm and to characterise the nature of the main colonizers present on it, biological
colonization was subjected to microscopic observations (Phase Contrast Microscopy) in the next
24 hours after the sampling. The main colonizers were taken from the red biofilms with special
tweezers under the view of a microscope, and they were placed on a slide with a drop of oil to
avoid spherical aberration with the highest numerical aperture lenses, promoted by the
different indexes of refraction of the specimen and the objective lenses. The procedure followed
for that is described in the work of Morillas et al. [64], where the biofilm of La Galea Fortress
was also characterised using this kind of microscopic technique.

To determine the nature and distribution of the metals accumulated in the biological
colonization, some fragments of the material showing biofilm presence were analysed by means
of u-ED-XRF. This technique allows to determine the distribution of the metals in sample areas
of millimetres to centimetres with a good spatial resolution down to 25 um. This study was
complemented with additional analysis using SEM-EDS to determine the nature of the specific
micro/nano particles deposited on the surface of the main colonizer widely distributed in the
biofilm.

5.2.1. In situ Raman study of the biofilm and the building material acting as the support of the
colonization

The characterisation of La Galea Fortress sandstone was performed by Morillas et al. [64] by
means of Raman spectroscopy using the 785 nm excitation laser, by ED-XRF and SEM-EDS.
Raman results showed the major presence of quartz (a-SiO;) as it was expected for a sandstone
together with some silicates (e.g. adularia, KAISizOg), iron (lll) oxides (e.g. hematite, a-Fe,0s3)
and oxyhydroxides (e.g. limonite, FeO(OH)-nH,0; lepidocrocite, y-FeO(OH)). On the other hand,
the elemental characterisation of the sandstone showed the major presence of C, O, Mg, Al, Si,
Fe, K and Ca. The presence of Ca and C could suggest that the sandstone employed in La Galea
Fortress is a calcarenite, a kind of sandstone that includes calcium carbonate as cementing [64].
Calcium solubilised from CaCO3 can be used as a nutrient by microorganisms, thus this substrate
can be considered very appropriate for biological growth [46]. Calcium carbonate (calcite) was
also confirmed by Raman spectroscopy in that work. [64]

In this work the same kind of characterisation as the one described for the building material
of La Gale Fortress [64] was performed for the building material from the Bizkaia Science and
Technology Park. In this case, the in situ Raman analyses, using the 785 nm excitation laser,
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revealed the major presence of calcite with its main bands at 1085, 712, 1436 and 1749 cm™ and
quartz with its main bands at 467, 207 and 130 cm™ (see Figure 5.27). The elemental analysis
performed by means of HH-ED-XRF showed the abundant presence of Ca as it was expected
according to the calcite identification by Raman spectroscopy. Together with the presence of
Ca, other elements such as Al, Si, P, S, Ti, Cr, Mn, Fe, Zn, Rb, Pb/As, and Sr were also identified.

Building material
.'::\.'a-: Quartz

Raman intensity

200 &0 600 800 1000 1200 W0 1600 1800 2000
Wavenumbers {em™)

Figure 5.27. Raman spectrum obtained for the building material from the the Bizkaia Science and
Technology Park (in red) and the Raman spectra for calcite (in yellow) and quartz (in blue) standards.

The in situ Raman analyses using the 532 nm excitation laser of the affected side by the algae
(red biofilm) in the building from the Science and Technology Park showed the presence of B-
carotene (CaoHse) (see Figure 5.28). This pigment can be found inside algae cells and other
microorganisms acting as a shield against photodecomposition and nitrogen deficiency in
response to light exposition [64]. As said before, in both buildings, the affected side is the
Northeast oriented facade. In general this orientation receives significantly lower levels of sun
radiation and is less affected by the direct impact of the rain, those leading to the perfect
conditions of enough humidity and low-irradiance for the growth of microorganisms [68]. In the
case of La Galea Fortress, astaxantine, another biogenic pigment used by algae to protect itself
against UV-radiation, was also identified by Raman microscopy [64]. The presence of
cyanobacteria together with the algae was also confirmed in the case of La Galea Fortress with
the Raman identification of scytonemin. This pigment occurs in all the phylogenetic lines of
sheathed cyanobacteria as UV sunscreen pigment [69—72] and it has also been described in sites
with high acid gases concentrations. [73]
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Figure 5.28. Raman spectrum obtained for the biofilm of the building obtained from the Science and
Technology Park (in blue) and 8-carotene standard Raman spectrum (in red).
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5.2.2. In situ elemental characterisation to verify the ability of the Bizkaia Science and
Technology Park biofilm to accumulate metals

In order to determine the elemental composition of the biofilm from the Bizkaia Science and
Technology Park and to compare the elemental composition of the areas affected by the biofilm
with those that do not show its presence; a PCA was performed according to a previously
optimized methodology [65,66] with the HH-ED-XRF measurements. In this way, we were able
to determine fast, easily and visually if the biological patina is enriched in certain metals and
light elements. In the scores plot obtained (see Figure 5.29), four different groups can be
observed, one group for each kind of the analysed zones. It is remarkable the presence of two
main groups, one for the measurements performed on the external parts of the material in both
analysed zones (algaside and unaffected-ext) and the other one for the internal measurements
(algaside-int and unaffected int). This main distinction may suggest a different elemental
composition between the external part and the internal part of the material. The measurements
performed in the internal parts of the material are more similar between them, suggesting that
the algae is not affecting in a high extent the internal part of the material. However, the
differences between the external part of the zone affected by the algae (algaside) and the
measurements of the external part of the zone unaffected by the colonization (unaffected-ext)
are higher (see Figure 5.29). If the score plot is compared with the loadings plot, the main
difference is that the external composition is richer in K, Al and Si in the unaffected external side
and Zn content is much higher on the biofilm.
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Figure 5.29. Scores and loadings plots for data matrix with net counts for elements Z<19 and net
counts normalized against Compton peak net counts for elements with Z>19. PCA conditions: 9PC,
cross validation, weights 1/, all variables, all samples.
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The presence of Zn on biofilms could be due to the deposition of this metal coming from the
emissions of it as airborne particulate matter. The high increase in the signal of Zn when
measuring the zone affected by the algae colonization could suggest that this biofilm could be
accumulating Zn from the environment as it has been demonstrated in vitro for Zn biosorption
to Rhizopus Arrhizus fungi, predominantly to its wall chitin and chitosan. [47]

According to the PCA performed with all the variables, the zone affected by the algae
colonization is also characterised by higher amounts of Fe, Ti, Mn and Cu. This result evidences
that this kind of biofilm is able to accumulate not only Zn but also other metals present as
particulate matter in the atmosphere.

5.2.3. Identification of the main colonizer of the biofilms growing in both buildings using
microscopic observations

The characterisation of the biological patina from La Galea Fortress was previously
performed by Morillas et al. [64] by means of Phase Contrast Microscopy (PCM) and Raman
microscopy. The observations concluded that the main colonizer was Trentepohlia algae.

A similar procedure as the one described by Morillas et al. [64] was used for the
characterisation of the biological patina present over the construction material of the building
208 from the Science and Technology Park. In this case, the microphotographs obtained with
the Phase Contrast Microscope using 20x, 40x and 60x objective lenses showed that the
colonization was mainly composed of the same Trentepohlia alga as the main colonizer together
with the cyanobacteria Chroococcus and Aphanocapsa. In Figure 5.30, the characteristic long
filaments and short chains of large cells of the algae from the genus Trentepohlia can be
observed. Inside the filaments, regular and irregularly shaped cells embedded in clear mucilage
and filled with orange oil droplets can be observed (see Figure 5.30C). Trentepohlia iolithus or
umbrina are the most probable types of Trentepohlia occurring on artificial substrata and in the
mild, wet weather of the North of Spain. [74] The Trentepohlia iolithus is usually observed
forming well developed populations on cement and concrete while the Trentepohlia umbrina is
observed predominantly on limestone. [75] In Figure 5.30, it can also be observed Chroococcus
Cyanophyceae brownish spherical cells with a mean cell diameter of 25- 30 um and
Aphanocapsa Cyanophyceae brownish spherical cells of 4- 6 um diameter densely or sparsely
aggregated. Some cyanobacteria are highly adaptable to urban polluted environments and other
ones have even the ability to use the sulphur they need for their growth from the gypsum black
crusts formed on limestone in polluted zones. [76] Finally, an unknown fungi filament can be
observed in Figure 5.30D, pointing out the presence of fungi together with the algae and
cyanobacteria colonization.
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Figure 5.30. Different microphotographs obtained using the Phase Contrast microscope of the
biocolonization present over the building material from the building 208 of the Science and
Technology Park. (A) General overview of a microzone of the biological patina, (B) Zoom of a part of
the zone A, showing the Trentepohlia algae red filaments, (C) Trentepohlia alga cell, Chroococcus
cyanobacterium cell and Aphanocapsa cyanobacteria cells, (D) Another zone of the biocolonization
showing an unknown Fungi filament.

5.2.4. u-ED-XRF imaging for the elemental distribution characterisation of the biofilm from
Bizkaia Science and Technology Park

First of all, with the aim to confirm the results obtained in situ, single point u-ED-XRF spectra
were obtained in the laboratory from an unaffected fragment to characterise the elemental
composition of the plaster using 1 mm spatial resolution (spot size). The elemental composition
of the material without the biocolonization was composed of Mg, Al, Si, P, S, Ca, Ti, Mn, Fe, Sr
and Zr. The same analysis was performed on the surface of the fragment affected by the
biocolonization. In this case, Al, Si, S, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Pb, Rb, Sr and Zr were
detected. These first laboratory results confirmed the presence of additional metals such as Cr,
Ni, Cu, Zn, Rb and Pb in the biofilm. It must be pointed out that for example Cr was not initially
detected by HH-ED-XRF due to the higher instrumental background of the device that can be
checked elsewhere. [65] In Figure 5.31A, in the spectrum obtained with the HH-ED-XRF
equipment, the Cr peak that can be appreciated is due to the background of the equipment that
presents a small signal for this element probably due to metal pieces inside it. In fact, the p-ED-
XRF spectrometer instrumental background is in general lower, reducing in this way the Limits
of Detection and there is no signal for Cr, thus allowing to detect Cr in the biofilm (see Figure
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5.31B. Notice the different scales for spectrum A and B). Moreover, thanks to the deconvolution
option implemented in the software of the u-ED-XRF spectrometer, it can be confirmed that As
is not present in the material nor in the biofilm and that the signal at 10.56 keV detected using
the HH-ED-XRF spectrometer is only associated to the presence of Pb.
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Figure 5.31. A) Handheld X-ray spectrum of the biofilm and B) u-XRF spectrum of the biofilm.

In addition, a u-ED-XRF imaging analysis was performed on a 22 x 9 mm area (20 ms and 3
cycles/frame counts to acquire the map) on the surface of a fragment from the Bizkaia Science
and Technology Park building affected by the algae colonization (see Figure 5.32A). As it can be
observed, it is mainly covered by the algae, but there are some parts which are free of the
colonization, thus when obtaining the elemental distribution using the lateral resolution down
to 25 um, it can be distinguished between the surface of the algae and the material. In the sum
spectrum of the whole analysed area Na, Mg, Al, Si, P, S, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Rb,
Sr and Zr were detected.

In the elemental distribution maps (see Figure 5.32), Ca is more or less distributed all along
the analysed area. But its Ko line intensity is higher in the parts were no algae colonization is
present because the alga itself attenuates the signal arising from Ca. Mg and P distribution maps
are coincident with the distribution of Ca. The distribution of Al is also coincident with the one
of Ca, although there are zones with Ca that do not show the presence of Al. Al and Mg
distributions are also coincident, with the exception of some points in which there is only Mg
coinciding with the presence of Ca. On the other hand, Si is mainly present alone in some specific
points probably due to the deposition of quartz particles (see Figure 5.32B). If the distribution
maps of Ca and Zn are compared, where no Ca is present, Zn is present and vice versa (see Figure
5.32B).
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Figure 5.32. (A) Building fragment affected by the biofilm and the u-ED-XRF measured area (marked as
red square), (B) Ca, Zn and Si distribution maps, (C) V, Ti and Cr distribution maps, (D) Fe, Zn and Mn
distribution maps, (E) Ca and Cu distribution maps, (F) Cu and Zn distribution maps. All the elemental

distribution maps were represented according to the intensity (net counts) of the Ka line of each
element.

According to the distribution map of Zn K, line intensity, it can be observed that the Zn
distribution is representing the algae colonization area and the Ca distribution is representing
the material. Even though that Zn is distributed homogeneously all along the colonization, it can
also be appreciated as hot spots that could be due to the deposition of Zn particles (see Figure
5.32B). In fact, these Zn hot spots can also be observed deposited over the plaster (see Figure
5.32B). The combined distribution map of Ca, Zn and Si (see Figure 5.32B) shows that Si is present
as hot spots as it was deposited in form of particles over the material (green hot spots) and over
the algae (yellow hot spots). In the same way, in the distribution map of Ca, Zn and S, sulphur is
also present in form of particle depositions. Combining the distribution maps of Zn and K, both
are coincident and the same can be appreciated for Zn and Fe distribution maps combination
(see Figure 5.32D, pink colour due to the coincidence of Zn in red and Fe in blue). In this map, it
was also added the distribution of Mn that can be seen as green hot spots, pointing the presence
of this metal as deposited particles. Rb and Sr are also coincident with the Zn distribution, thus
with the alga structure, but for both of them some hot spots can also be observed probably
associated also with particle deposition. In the combination of the Cr, Ti and V distributions (see
Figure 5.32C), Cr is coincident with the alga structure (yellow) but there can also be appreciated
some hot spots of Ti (red) and V (blue) probably due to particle depositions rich in these
elements. In some cases, Ti is coincident with V so the particles are composed of both of them
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(particles in pink in Figure 5.32C), but also only V formed particles (particles in blue in Figure
5.32C) can be observed. The elemental distribution of Ni is also coincident with the alga, but it
is also present as hot spots. Finally, Cu and Ca elemental distributions were compared (see Figure
5.32E) obtaining the same results than when comparing Ca and Zn (see Figure 5.32B). Cu, as Zn,
is coincident with the alga structure (see pink distribution in Figure 5.32F due to the coincidence
of Cu in blue and Zn in red). These results obtained in the laboratory agree with the ones
obtained in situ with the HH-XRF spectrometer and summarized in the PCA results (see Figure
5.29) where it could already be appreciated that the algae was especially rich in Fe and Zn and
also in Ti, Mn and Cu.

Trace metals such as Cu, Zn and Cr can be accumulated in algal cells by active biological
transport. [77] Cu and Zn are essential micronutrients that play an important role in many
enzyme systems. [78] Among the mandatory microelements required for cell functioning, Cu is
present in plastocyanin, a photosynthetic molecule involved in electron-transfer reactions and
as a cofactor in some enzyme reactions. [79] For its part, Zn acts as structural component and
as functional component of numerous enzymes in some gene transcription regulators and as a
cofactor in mitosis regulation. [80] On the other hand, Mn plays a vital role in the oxygen-
evolving system of photosynthesis and is also a cofactor in various Krebs-cycle enzymes. As the
algae need these metals to perform different functions in their organisms, they naturally
accumulate from their surrounding environment through a variety of processes, which will
explain partially their presence in the biofilm structure. For example, Zn ions in water can be
chelated by ex-polysaccharides or in cytoplasm by phytochelatins in marine algae. [80] Cd
removal by living cells of the marine microalga Tetraselmis suecica has also been proved. [81]
Phytochelatins chelate metals such as Zn and Cu and their intracellular concentration has been
found to respond to changes in the amount of trace-metal in the surrounding water. There is
still lack of information about phytochelatins and their structure. It is unknown if they tend to
store some trace metals temporally like ferritins or whether they sequester metals permanently
to mitigate toxicity. It is not identified the full range of metals that phytochelatins can bind to.

5.2.5. Identification of isolated particles trapped on the colonizer from Bizkaia Science and
Technology Park by SEM-EDS

In order to demonstrate that the metal concentration detected on the side affected by the
algae is due to metallic particle deposition, SEM-EDS analysis was performed in the same
previously analysed fragment covered by the red biofilm collected from the building material
from the Bizkaia Science and Technology Park building. In the images obtained with the SEM
microscope some metal particles deposited over the algae filaments can be appreciated (see
Figure 5.33). In Figure 5.33A an elemental analysis performed in the algae filaments is shown,
where Fe and Zn are present as the u-ED-XRF showed in the elemental distribution maps and in
the previously punctual ED-XRF measurements. Therefore, the algae itself seems to incorporate
them somehow to its structure.

Apart from the presence of these metals in the filaments, there are many particles whose
elemental composition revealed the major presence of Fe and Fe combined with Zn (see Figures
33A and D) as it was expected according to u-ED-XRF elemental distribution maps (see Figure
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5.32D). Mn, Cr and Ti were also detected together with Fe (see Figures 5.33A and D) or even Cr
as the main component of the particle (see Figure 5.33B). This observation agrees with the p-
ED-XRF results since this metal was identified highly distributed in the biofilm area. Some other
Fe particles showed the presence of Cu.
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Figure 5.33. SEM-EDS analysis performed over a fragment affected by the red biocolonization
belonging to the building material from the Bizkaia Science and Technology Park building. Different
microphotographs of the algae filaments and elemental analyses of different particles deposited over
them.
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Other metals such as Sn, La, Ce and Mo were also detected as part of the elemental
composition of the particles deposited over the algae filaments (see Figures 5.33C and 5.33D).
These elements were probably not detected by p-ED-XRF because their concentration is very
low (few mg-g* or even ng-g?) and they are diluted in the whole analysed area. However, with
SEM-EDS that allows to analyse just the micro/nano-particle they could be detected, obtaining
more information about the environmental metal pollution of the area. [31] The major source
of emission of rare metals is due to the emission of gases containing them and coming mainly
from combustion of biomass or from the extraction of heavy metals from sulphide ore deposits.
[82] These gases recondense in the upper troposphere to produce fine grained aerosols with
sizes below 1 um. [82] Mo in contrast is more related to metallurgical activity and steel alloy
production. The possibility of analysing the particles detected with the microscope allowed to
measure them.

Particles of Ca, Si, Mg, Al and K were also randomly detected, this also in agreement with p-
ED-XRF results regarding the Si abundance and Si hot spots.

This accumulation of Zn in the Trentepohlia algae can be used as a bioindicator of the metal
pollution of the environment as it is already done with other kind of colonizations such as
lichens. For example, the WBEA/TEEM pilot program documented the geographic deposition of
air emissions from the oil sand facilities in the Athabasca Oil Sands (AOS) region using epiphytic
lichens as bioindicators of air pollution. The pollution impacts were evaluated using elemental
analysis of lichen tissue and epiphytic macrolichen species presence and relative abundance.
[83] Concentrations of N, S, Al, Cr, Fe, Ni and V decreased with distance from the mines and
were generally elevated in lichen tissues within 30 Km of the mines. Patterns of lichen
community composition were weakly correlated with distance from the oil sands facilities.
Lichens, sensitive to air pollution, such as Usnea and Bryoria, were less abundant and showed
signs of stress such as dwarfing, hyper-growth of asexual structures, and discoloration at sites
closer to the mining operations. [83] In other works, these organisms are used to monitor the
atmospheric metal pollution by exposing them to the environment of the city in bags and then
metal traces are analyzed by ICP-MS.[44] However, it had not been performed before the
possibility of acquiring this information in situ and in vivo from the algae colonization as in this
work.

5.2.6 Comparison of Trentepohlia algae colonization metal accumulation ability from the
Science and Technology Park and La Galea Fortress

Considering that in the biofilms of both buildings the main colonizer is the same and in order
to extract general conclusions about the capability of Trentepohlia algae biofilms to act as
bioindicators of atmospheric metal pollution, a comparative study between both buildings was
conducted. Taking into account that u-ED-XRF imaging studies confirmed the observations
extracted following the in situ ED-XRF strategy, for this comparative study this last alternative
was selected due to the easier and faster analyses that implies. In Addition, the characterisation
by means of HH-ED-XRF can be considered non-invasive as it does not require a sampling
procedure, which could leave marks on the fagade of the buildings.
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The comparison between the colonization from the building of the Science and Technology
Park and the one from La Galea Fortress was performed by comparing net counts of metals
correlated with the algae normalized against the corresponding Compton peak in order to
correct the possible matrix effect due to the different composition of the substrate. The
employed measurements were only the ones of the affected sides of La Galea and Zamudio
buildings, to see the differences and similarities between both Trentepohlia colonizations. In
order to perform this comparison, the XRF signal coming only from the biofilm was compared.
Considering that X-rays penetrate not only the biofilm, but also the substrate where they grow
up, to conduct the comparison of the elemental composition of both biofilms from both
constructions, the normalized net counts from each element obtained in the measurements
performed on the colonized material were subtracted by the normalized net counts obtained
from repetitive measurements performed on the material which do not show the presence of
the biofilm.

In Figure 5.34, the subtracted normalized counts coming from the K, line for each of the
elements (except for Pb, for which L, line free from a possible interference of As was used) as a
mean value of five different measuring points are shown together with the standard deviation.
As it can be appreciated in this figure, the normalized values are higher in most of the cases
(except for Mn and Ni) in the biofilm present over the sandstone from La Galea Fortress. The
higher values for the biofilm present in this construction could suggest that the atmosphere that
surrounds the building shows a higher metallic airborne particulate matter. However, it must be
taken into account that this building is older than the one from the Science and Technology Park
in Zamudio. Thus, it could be normal to find higher concentrations of metals in the biolfilm from
La Galea Fortress due to a longer exposition time. The results in Figure 5.34 also point out a
different kind of metal inputs, because even if the building from the Science and Techonology
Park has been exposed a shorter period of time, the levels of Mn and Ni are higher in its biolfim,
even though that Fe content seems to be much higher in La Galea biofilm. Thus, the biofilm is
also able to provide an idea of the kind of metal pollution from both places.
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Figure 5.34. HH-ED-XRF measurement comparison for the biofilm of La Galea Fortress (blue bars) and
for the biofilm over the modern building from the Science and Technology Park in Zamudio (red bars).
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5.3. Artificial passive samplers: special cellulose filters

In the previous work performed by Morillas et al, [31,51] a Self-Made Passive Sampler (SMPS)
was developed for direct trapping of airborne Particulate Matter (PM) coming from a marine
and urban-industrial environment. The trapped particles were characterised using Scanning
Electron Microscopy coupled to an Energy Dispersive Spectrometer (SEM-EDS) and Raman
microscopy. Along with that, inorganic salts formed from the direct evaporation of sea water
were also characterised in order to determine the composition of Primary Marine Aerosol
(PMA), which some of them could lead to the formation of the Secondary Marine Aerosol (SMA)
trapped in the SMPS. Finally, a correlation between the composition of the trapped particles and
those deposited on the surface of the sandstone from La Galea Fortress (Getxo, Basque Country,
north of Spain), located in front of the sea, was established with the aim to evaluate the negative
consequences that this kind of depositions can cause on the conservation state of building
materials such as sandstones.

The developed SMPS consisted on several aluminium pin stubs covered by carbon conductive
tapes and fixed at the bottom of a 10 cm polystyrene cylinder that allows to collect airborne
particulate matter from the other end (see Figure 5.35). The SMPS can be fixed in building walls
using silicone adhesive (see Figure 5.35).

7.3 CIm—e
c d&;?dni' Aluminium

/',’/’/ ' Saolts clusters and

particulate matter,

1 cm -

Paolystyrene material

Figure 5.35. Self-made passive sampler drawing and sampling location.

This passive sampler presents several advantages, such as its low-cost, low size, easy to
handle ability and the possibility to perform direct SEM-EDS, Raman analysis etc., in the study
of the SMA affecting the tower of La Galea Fortress. [31,51] Due to its many advantages, two
new devices were set in a second work performed by Morillas et al. [52] for the study of the
SMA in Punta Begofia Galleries (see Figure 5.35). The SMPSs were installed in the favourable
direction of the winds to the facade, thus thanks to the natural wind and the nature of the tapes,
many different types of suspended particles can be deposited. In this self-made device, the
particulate matter (PM) is spontaneously trapped, without artificial pumping of air, in the carbon
tapes fixed on the surface of a common SEM pin stub used to fix samples during SEM-EDS
measurements (see Figure 5.35). In this case, specifically, three different pin stubs covered by
carbon tapes were inserted in the polystyrene cylinder. The adhered PM were characterised
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directly without any pretreatment in the laboratory, which can be considered one of the major
advantages of this sampling device. [52] The results obtained by SEM-EDS indicate the presence
of salts with different elemental compositions. Almost in all the clusters, halite (NaCl) was
detected. [52] Together with this chloride, different calcium sulphates particles were identified
(anhydrite (CaSO4) and/or gypsum (CaSO4:2H,0)). Additionally, the determination of other
elements, such as Mg, K, and Si, may be related to the presence of aluminosilicates and/or other
types of sulphates, such as magnesium sulphates (epsomite (MgSO4-7H,0) and/or hexahydrite
(MgS04-6H,0)). Moreover, other elements such as nitrogen may be indicating the presence of
nitrates. In addition, the observation of additional elements such as phosphorus and fluoride
could directly be related to the existence of phosphate compounds, which can also be present
in the environment and can be easily joined to halite particles. Finally, the detection of fluorine
could be related with the presence of fluorides, compounds that are usually present in the
marine aerosol together with chlorides.

The possible presence of sulphates and nitrates in the salt clusters suggests that the
atmospheric acid gases (SOx and NOy) may be reacting with their respective carbonates (CaCOs,
MgCOs, etc.) to give rise to secondary airborne particulate matter or salts that can grow till
larger sizes depending on the different atmospheric conditions. Temperature, pressure and
relative humidity percentage play a key role in this type of reactions. Over time, these salts can
grow and/or can be aggregated with salts related to marine aerosol leading to the formation of
clusters of salts. These salt clusters can be deposited in building materials through dry deposition
processes, promoting reactions on the material itself, and causing the loss of material over the
years. [84]

In this work previously performed by Morillas et al. possible salt clusters of glauberite
(Na,Ca(S0.),) were also identified, the elemental composition probably related to glauberite
was detected several times in the particles or cluster particles retained in the SMPS installed in
Punta Begona Galleries. [52] Furthermore, different particles, whose elemental composition
suggests the existence of aluminosilicates and iron oxides, were found to be aggregated
together with the glauberite increasing the cluster diameter size up to 60 um. [52] In the same
way, halite particles can be aggregated with iron oxides and aluminosilicates forming additional
salt clusters. [52] All the identified compounds by Morillas et al. can be checked elsewhere. [52]

Even though the carbon tapes fixed to SEM-EDS pin stubs by Morillas et al. [31] presented
many advantages, it also presented some disadvantages, being the main one the impossibility
to perform X-ray fluorescence (XRF) analysis due to the penetration character of the X-ray
radiation. XRF analysis would be a fast way to obtain a global elemental characterisation of the
deposited PM, which could be useful specially to identify the main metal depositions. The
biggest particles/clusters trapped on the conductive carbon tapes were visible under the Energy
Dispersive X-ray fluorescence (ED-XRF) microscope and although they were able to be analysed
by p-ED-XRF down to 25 um of lateral resolution, the penetration character of the X-rays
provided spectra with high concentrations of metals belonging to the composition of the pin
stub under the carbon tape. In Figure 5.36, a picture of the measurement performed on a
particle trapped in the carbon tape and its corresponding XRF spectrum (see Figure 5.36A) is
shown together with the image and XRF spectrum of the pin stub (see Figure 5.36B) acting as
the holder of the carbon tapes in the SMPS. As it can be appreciated in the spectrum of the

164



PARTICULATE MATTER CHARACTERISATION METHODS

particle trapped in the carbon tape (spectrum A), the background of the pin stub shown in the
spectrum B is also present when the particle is measured. This pin stub is mainly composed of
Al, Fe, Cu, Pb and Bi. In the measurement of the particle, other elements composing the particle
such as Si, P, S and Ca are also detected, but the high presence of metals, it also distorts their
detection.
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Figure 5.36. A) ED-XRF spectrum of a particle trapped on the pin stub and B) ED-XRF spectrum of
the pin stub.

With the aim to design a passive sampler that allow us to characterise PM fast and directly
with the p-ED-XRF spectrometer, a second passive sampler is proposed in this PhD. Thesis.

In this case, special sample retainers for X-ray fluorescence (XRF) analysis, Rigaku Ultra Carry
Light sample retainers (Rigaku, Tokyo, Japan) were used as sorbent surfaces. These sample
retainers are composed of an external PET ring, which holds a polyester film where an adsorbent
special cellulose filter is fixed and are especially design for depositing and retaining liquids for
XRF measurements as they are also used in the next chapter of this PhD. Thesis. These surfaces
were stuck with adhesive to a wooden plank previously lined with Mylar to prevent the filters
from possible contaminations. The wooden plank was placed in Punta Begoiia Galleries, on the
wall of the Lower Gallery directly oriented to the ports of Getxo. In Figure 5.37, one of the Rigaku
Ultra Carry Light sample retainers is shown, together with the location of the experiment in the
Lower Gallery. As it can be appreciated in this Figure, the wooden plank had to be screw on the
bricks instead of on the mortar covering the upper part of the wall, because the mortar is so
degraded that it would have not been possible to fix the plank for months.
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Figure 5.37. A) Rigaku Ultra Carry Light sample retainer, B) Experiment location in Punta Begofia
Galleries on the wall of the Lower Gallery, C) A zoom of the Rigaku Ultra Carry Light sample retainer
covering the wall.

The sampler was set the 1°* of November 2016, and the first filters were collected 15 days
after their installation. Then, the following samplings were performed from month to month
until march 2017 (five months of exposure, approximately half of the total exposition period).
Then, the next ones until September 2017 (11 months of exposure) were collected every two
months. In each sampling campaign, three filters randomly picked up from the wooden plank
were collected in order to have different replicates for each exposed period of time and in order
not to be conditioned by the location of the filter in the wall. The filters were collected and
transported inside two petri glasses of different size and building in this way a glass box, in order
to avoid any kind of contact with the surface of the retainers where the particles were trapped.
It must be pointed out that the collected filters on the 11%" month were deteriorated in order to
perform the u-ED-XRF elemental distribution analyses, thus the last points in this part of the
experiment were the ones collected on the 9™ month.
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5.3.1. SEM-EDS characterisation of the exposed retainers

First of all, a small piece of the special cellulose filters used as atmospheric PM retainers,
collected on the last months, and thus expected to present the highest amount of retained
particles, were metallized with carbon and analysed under SEM-EDS. In Figure 5.38, a SEM
microphotograph of the PM retainers is displayed showing the cellulose filaments composing
the filter collected after seven months of exposure and the particles attach to it. Different
elemental analyses of some of the particles retained in this analysed zone of the cellulose filter
are also collected in Figure 5.38. This analysed area is very representative of the whole analysis
performed also in other filters exposed for longer or shorter times, with the only difference in
the amount of particles trapped.

In this area, the biggest particles are mainly composed of Ca, S and O (see Figure 5.38 S-1 and
S2), probably due to the presence of gypsum, a kind of particle also collected in the carbon tapes
employed in the previous passive sampler developed by Morillas et al. [64]. In some cases, Al
and Si are also present probably due to the presence of some aluminosilicates (see Figure 5.38
S-2 and S-4). In Figure 5.38, in the spectrum S-3, the signal of Ca and S are less intense and Na
and Cl appeared with them, this may suggests again the presence of the mixed salt NaCaCISO,
already detected in the carbon tapes in the previously performed work by Morillas et al. [52]

On the other hand, the smallest bright particles correspond in most of the cases to Fe
particles (see Figure 5.38 S-6). In some of these particles, iron is present together with other
metals such as Cr, Mn (see Figure 5.38 S-5) or Cu and Zn (see Figure 5.38 S-7). In S-7, Fe seems
to be related to Cl thus suggesting the presence of some iron chlorides. In this case once again,
the main compound of the metallic particle depositions is Fe as it was observed in the black
crusts collected in Punta Begoia (see section 5.1.5 in this Chapter). The elemental composition
of the particles observed in this cellulose filter are very similar also to the results observed in
the biofilm (see section 5.2.5 in this chapter).
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Figure 5.38. SEM microphotograph of the PM retainer showing the particles attached to it and
different elemental analyses performed in some of these particles.
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In Figure 5.39, different zoom of particles trapped in the cellulose fibres are shown. In Figure
5.39A, an example of Fe particle (spectrum S-1) can be appreciated together with another
particle with a main composition of Al and Si, probably an aluminosilicate particle. In Figure
5.39B, a second type of the abundantly trapped Fe particles is shown. In this case, in the Fe
particle, Mn, Cr and Zn were also detected. Finally, in Figure 5.39C, particle aggregates, which in
most of the cases showed the major presence of S and Ca, together with Na and Cl in higher or
lower concentrations. In these zoomes, it can be seen that metal particles are very small, in the
order of 2- 5 um of diameter.
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Figure 5.39. SEM Microphotographs of the PM retainer showing different zooms of the particles
attach to it and their corresponding elemental analyses.
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This observation is coincident also with the ones performed by the analysis of the black crusts
as passive samplers, which also showed the major presence of Fe particles trapped in their
structure and thus, suggesting that nowadays the main PM metallic deposition is composed
principally by Fe.

5.3.2. Characterisation of the retainers by means of u-ED-XRF spectrometry to evaluate the
temporal evolution of atmospheric PM deposition

In order to evaluate the evolution and tendencies in the amounts and composition of the
particles trapped in the retainers trough the months and to evaluate the concentrations of
atmospheric PM impacting the walls from Punta Begofia Galleries, PM retainers were measured
by means of u-ED-XRF. In order to carry out these measurements, the 25 um lateral resolution
and the imaging analysis in the M4-TORNADO were employed. In each cellulose filter, a square
area of 33 x 33 mm? was mapped always encompassing the whole exposed filter and only leaving
without mapping the PET rigid ring as shown in Figure 5.40A. The step size between each
measurement point was always set at 20 um, with a measuring time of 3 ms for each point and
a single scan. All the measurements were performed under vacuum. In Figure 5.40, some
elemental imaging for the major elements, trapped in one of the PM retainers exposed for 9
months, are shown as an example. The last picture shows the distribution of Ca and S together,
being the pink zones, the ones with both elements (combination of S in blue and Ca in red).
These zones are probably due to the deposition of gypsum particles, as suggested in the previous
SEM-EDS results.

As it is shown in Figure 5.40, the most abundant elements trapped in these filters were Na
and Cl probably due to the deposition of NaCl from the marine aerosol, Ca and S, probably due
to the presence of gypsum (elemental distribution overlap between Ca and S). Si was also
present probably coming from the deposition of quartz or silicates from beach sand carried by
the wind. Al and Mg were also present in all the cases. Among the metals, the highest
concentration was found for Fe, and this again agrees with the previously presented results.
Suggesting once more that nowadays, the principal metal component in the PM present in the
surroundings of Punta Begoia is Fe. Together with Fe, Zn was also present in the analysed filters.
Cu, Ti and Mn were also found in some analysed filters, but they were in low concentrations
close to their Limit of Quantification (LOQ) in ED-XRF.

Once the 33 x 33 mm? square surface is mapped, the software of the pu-ED-XRF spectrometer
allows to select a circular area and to obtain the sum spectrum of that circular area together
with the semi-quantitative concentrations calculated for that selected area. In this case, the 800
mm? circular selected area was the one corresponding to the whole filter of the APM retainer
without the PET rigid ring, which is just the holder. In Figure 5.41, the circular selected area,
limited in yellow, is displayed together with the sum spectrum for this area.
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Figure 5.40. A) Square mapped area in the whole PM retainer; B) Mapped area of APM retainer
and some elemental distributions measured in one of the replicates of the APM filter exposed for 9
months in Punta Begoia (X9C).
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Figure 5.41. Selection of the circular area and the sum spectrum belonging to that specific circular
area inside the whole square mapped area of one of the replicates of the PM retainer exposed for nine
months in Punta Begoiia (X9C).
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Following this procedure, the software is able to calculate the concentration of each of the
detected elements in the selected area from the obtained sum spectrum based on Fundamental
Parameters (FP) quantification method. First of all, three filters without being exposed to the
environment were measured as blank in order to obtain the background concentrations of the
detectable elements in the non-exposed retainers. The blank was mapped using the same
conditions as the ones used for the exposed retainers and the same 800 mm? circular area was
selected to obtain the elemental concentrations of the elements present at trace levels in the
cellulose filter. In Table 5.5, the elemental concentrations for the cellulose filter blank are
displayed. In this table, only the elements above the LOD of the ED-XRF for the blanks are
present. The concentrations are expressed as the mean value of the three different non-exposed
filters together with the corresponding standard deviations. For the quantification of elements
in the exposed surfaces with signal in the blank surface, the detected concentrations shown in
Table 5.5 were subtracted to the ones detected on the exposed filters. The concentrations
obtained in the exposed filters with the blank already subtracted were used in order to obtain
tendencies.

Table 5.5. Elemental concentrations obtained by Fundamental Parameters for the 800 mm? circular
area detected for the three replicates of the blank retainers.

Elements Concentration (mg/kg)
Na 1130+ 30
Mg 3302
Al 2518
Si 220110
Ca 140+ 30
Ti 18+3
Cr 10+2
Mn 4.2+0.8
Fe 11+5
Cu 16+1
Zn 723

In Figure 5.42 some tendencies for the elements detected in the PM retainers are shown. In
these graphics, the mean elemental concentration obtained for the 800 mm? circular areas of
three different replicates of the PM retainers collected in the same day together with their
corresponding standard deviation are shown against the time of exposure.

As it can be appreciated, all of them present an expected increasing tendency, although some
of the elements as for example Na, Cl, Mg, Al and Si seem to be achieving the saturation in the
filter. The mean value seems to be a little bit lower in the last measured month (9 months of
exposure time). However, taking into account the standard deviations, the concentrations are
more or less similar. On the other hand, S, Ca and Fe seem to still be increasing their
concentrations.
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Figure 5.42. u-ED-XRF elemental concentrations expressed in mg/kg obtained by Fundamental
Parameters for the 800 mm? circular area of the exposed PM retainers vs different exposure times
expressed in months.

Another observation that could be highlighted is the extremely similar tendency observed
for Al and Si, which may be suggesting again the presence of aluminosilicate depositions. In the
same way as Ca and S tendencies, this probably due to the presence of gypsum particles. Inthe
case of Cu and Zn, their signals were perfectly distinguished in the spectra, however, their
concentration, even in the last months of the monitoring, was low for their quantification. In
addition the net counts offered by both elements were close to their detected concentrations
in the blank and thus, the tendencies are not very clarifying.

5.3.3. Quantification of the rate of metal impact on the walls of Punta Begona Galleries by
means of ICP-MS

In order to measure elements with concentrations under the Limit of Detection (LOD) or
under the Limit of Quantification (LOQ) in ED-XRF, which may be present in the retainers, an
acid extraction (see Chapter 3, section 3.2.7) of the 800 mm? circular area (which is the area that
can be detached from the PET rigid ring) was carried out followed by ICP-MS quantification of
these extracts. In order to obtain the blank, a filter not exposed to the environment was also
subjected to the same procedure as some of the retainers exposed to the atmosphere. In Table
5.6, the elemental mass extracted from the blank measurement are displayed. As it can be
shown, the results are expressed as a single value, because only one cellulose filter was
measured for presenting the first results in this PhD. Thesis. In future works, additional blank
replicates will be measured in order to obtain a confidence interval. The highest concentrations
were found for Ca, Fe, Zn and Sn.
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Table 5.6. Elemental mass (ng) extracted for a non-exposed retainer (blank).

Elements Extracted Mass in the blank (ng) | Elements Extracted Mass in the blank (ng)
Li 0 Co 1.6
Na 0 Ni 6.6
Mg 279 Cu 49
Al 559 Zn 1186
K 0 As 53
Ca 42143 Sr 17
Ti 20 Mo 1.5
\" 17 Sn 7887
Cr 9 Ba 51

Mn 59 Hg 4.3
Fe 5814 Pb 3.9

On the other hand, the results presented in Tables 5.7 to 5.10 for some exposed retainers
are expressed in ng/cm?. For the elements detected in the extraction of the blank, the extracted
ng shown in Table 5.6 were subtracted to the samples. The elements detected in the samples
with lower mass extracted than in the blank are not displayed in Tables 5.7 to 5.10. Due to lack
of time during the course of this PhD. Thesis, the standard deviations were not calculated
because it was only possible to measure one replicate of the retainers collected inthe 2, 3, 4, 5,
7 and 9 months. A deeper study is needed in order to measure the different collected replicates,
to obtain the standard deviation and to evaluate the repetitivity of the method. The
concentrations obtained in the solutions measured by ICP-MS were not comparable with the
ones calculated in the retainers using the FP based quantification obtained by p-ED-XRF
spectrometry. Therefore, the total elemental mass extracted and detected by means of ICP-MS
was divided by the 8 cm? of retention surface, the circular area subjected to the extraction
without taking into account the PET rigid support. In addition, this quantitative result may be
more informative as it may be giving an approximation of the ng deposited per area of building
material in this case. If those values are divided by the exposure time, it may provide an idea of
the mass deposited per area and per month. What is more, a mean value can also be calculated
for mass deposition per area and per time, even though the deviations for this mean are high
because the mass deposition will depend highly on the month due to weather variations, human
activities variations etc. Anyway, the mean value together with the standard deviations and the
RSD% are shown in Tables 5.7- 5.10 just to provide an overall idea of the mass that can be
deposited per month and per area of material.

As it can be observed in these Tables (Tables 5.7 to 5.10), the elemental concentrations for
most of the elements (Li, Na, Mg, K, Ti, Mn, Sr and Pb) follow the same increasing tendency with
the time of exposure (see ng/cm?) as previously shown with the u-ED-XRF analysis for the
elements that were detected using this last technique. Some of them also present the same
saturation tendency in the last month as for example Na, Mg and Ca.
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Table 5.7. Deposited mass per area and per time calculated for Li, Na and Mg detected by ICP-MS.

Exposure Li Na Mg
time
ng/cm? | ng/cm?/month | ng/cm? | ng/cm?/month ng/cm? ng/cm?/month
(months)
2 0.110 0.055 2155 1078 242 121
3 0.314 0.105 6990 2330 725 242
4 0.228 0.057 11022 2756 1148 287
5 0.406 0.081 14150 2830 1486 297
7 0.626 0.089 17632 2519 1870 267
9 0.941 0.104 16741 1860 1852 206
Mean 0.08 +0.02 Mean 2200 *+ 700 Mean 240 + 60
RSD% 27 RSD% 30 RSD% 28

Table 5.8. Deposited mass per area and per time calculated for Al, K and Ca detected by ICP-MS.

Exposure Al K Ca
time
ng/cm? | ng/cm?/month | ng/cm? | ng/cm?/month | ng/cm? | ng/cm?/month
(months)
2 217 108 93 46 1059 529
3 407 136 230 76 1824 608
4 309 77 364 91 1202 300
5 414 83 466 93 3095 619
7 534 76 581 83 4698 671
9 728 81 586 65 4322 480
Mean 90 + 20 Mean 70+ 20 Mean 500 + 100
RSD% 25 RSD% 23 RSD% 25

Table 5.9. Deposited mass per area and per time calculated for Ti, Mn and Fe detected by ICP-MS.

Exposure Ti Mn Fe
time
ng/cm? ng/cm?/month | ng/cm? | ng/cm?/month | ng/cm? | ng/cm?/month
(months)
2 2.01 1.00 0.95 0.48 X X
3 3.61 1.20 9.07 3.02 X X
4 5.47 1.37 12.5 3.12 X X
5 8.21 1.64 18.4 3.69 304 61
7 12.7 1.81 29.3 4.18 103 15
9 16.0 1.77 72.09 8.01 511 57
Mean 1.5+0.3 Mean 4+2 Mean 40 + 20
RSD% 22 RSD% 50 RSD% 50
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Table 5.10. Deposited mass per area and per time calculated for Sr, Ba and Pb detected by ICP-MS.

Exposure Sr Ba Pb
time
ng/cm? | ng/cm?/month | ng/cm? | ng/cm?/month ng/cm? ng/cm?/month
(months)
2 3.99 1.99 1.51 0.75 2.05 1.02
3 9.40 3.13 5.08 1.69 3.47 1.16
4 12.0 3.01 2.00 0.49 7.25 1.81
5 16.4 3.29 7.78 1.56 13.2 2.63
7 21.4 3.06 6.67 0.95 13.8 1.97
9 24.3 2.70 33.1 3.68 14.8 1.65
Mean 29+0.5 Mean 2+1 Mean 1.7 +0.6
RSD% 16 RSD% 50 RSD% 34

It is also important to remark the detection of some elements that were not previously
detected by means of u-ED-XRF, as for example Pb and Ba. However, other elements such as Zn,
Cr and Cu in the case of the ICP-MS analyses were under the blank concentrations except for the
last month, which were a little bit higher than the ones detected in the blank, but as no
confidence interval is calculated yet, this must be confirmed. This same fact was previously
commented in the analysis of u-ED-XRF results. Ca, Ba and Al also present the same increasing
tendency, except in the filter exposed for 4 months, which is in all the cases a little bit low. This
may suggest a possible experimental error, which should be confirmed with the measurement
of the other two retainers collected in that month. Because for Al and Ca measured by means
of u-ED-XRF, this was not observed for the mean value of the three filters collected after 4
months of exposure. This could be related to the fact of the presence of aluminiosilicates that
may not be completely digested before the ICP-MS measurement. Therefore, an incomplete acid
extraction could be affecting to the quantification of Al, K and Ca especially. It must also be
highlighted that ICP-MS shows that Fe is under the blank until the filter collected after 5 months
of exposure, which was not the case of the u-ED-XRF results. The measurement of a blank
performed only with acids and without adding the retainer, showed a negligible contribution of
Fe in comparison to the contribution of Fe when the non-exposed filter was extracted. However,
the Fe concentration detected after 9 months of exposure is clearly above the blank and with
an important elemental deposition, 57 ng/cm?/month (already the blank subtracted), which is
the highest metal deposition. The contribution of Pb, Ba, Ti and Mn are much lower, thus
showing again that the principal metal deposition currently is Fe based. However, Ba and Pb are
nowadays still present in the environment and are still depositing over the building materials
but at much lower concentrations comparing with the past deposition events suggested by the
analysis of the black crusts. Obviously, the highest depositions are the ones detected for Ca and
Na. Ca is probably due to the main deposition of calcareous materials, the dust in the building,
rich in calcareous materials, is probably contributing enormously to Ca deposition. The origin of
Na is quite clear considering the exposition of the building to the marine aerosol. Other Na and
Ca sulphates and nitrates can be also responsible of these high amounts of elements as detected
by means of the first passive sampler developed and used by Morillas et al. [52]
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5.4. Conclusions

The results summarised in this chapter show different possibilities to obtain information
about the deposition of PM present in the surrounding atmosphere over building materials, in
different ways to the traditional and expensive cascade impact devices especially develop for air
quality control and its effect on human health. The study of PM affecting the building materials
does not need a separation of PM into different sizes and it does not require a very accurate
quantification as health regulations.

In the first part of the chapter, the natural passive samplers, as for example black crusts and
biofilms, are demonstrated to be able to provide qualitative information of the main PM
depositions, which it may provide us with an idea of the PM contribution from the surrounding
atmosphere. What is more, the study of black crusts as thin sections, showing their cross section,
can be a source of information about past contaminations that were trapped at the beginning
of their formation. In this case, an old Pb emission trapped in the inner part (in contact with the
mortar) of some of the black crusts formed in the most exposed areas of Punta Begofia Galleries
was detected thanks to this sample preparation. However, no Pb was found afterwards in the
outer part of the crust in contact with the atmosphere, where Fe depositions were the main PM
metallic contribution. This suggests the existence of important atmospheric Pb contamination
in the past, which nowadays does no longer exists, or it has been enormously diminished.

In this chapter, experimental evidences are also reported to reinforce the usefulness of
biofilms, which include Trentepohlia algae as main colonizer, as bioindicators of atmospheric
metallic pollution. This is the first time that this kind of algae growing on building materials is
proposed as bioaccumulator of metals. In the specific case of Trentepohlia algae, it seems that
the kind of substrata is not very determined for its growth or at least that can grow in different
kinds of materials, modern calcareous and old sandstones. Thus, it could be growing in a wide
kind of buildings and be employed as an information source of environmental metallic pollution.
The knowledge of the role of terrestrial algae as bioaccumulators and bioindicators of the
atmosphere metal pollution is more unknown, since most of the works published in the
literature report this capacity mainly in aquatic species and environments. The results obtained
in this work evidence that HH-ED-XRF spectrometry can be used as a good alternative to
determine the nature of the metals present in these kinds of biofilms. Additionally, thanks to a
good spectral data treatment (net counts normalization) and a subsequent statistic data
treatment (PCA) differences between the substrate (building material) and the biofilm itself and
differences in the metal accumulation levels from different biofilms growing in different kind of
substrates and environments can be extracted.

In order to see if the metals identified in the biofilm are accumulated in the algae itself or are
just deposited on the surface, u-ED-XRF spectrometry in combination with SEM-EDS can be used
as a good instrumental combination. Thanks to these two techniques that allows to perform
elemental characterisations of the biofilm at two different micro-scales, it was possible to
determine that the Trentepohlia algae is accumulating not only Zn, but also Fe and Cu in its
structure. Other identified metals such as Mn, Ti, Cr, Sn, Mo, La and Ce are present in this biofilm
as deposited airborne particulate matter. Therefore, it seems that the algae presents some
metals in its structure for its correct organism functioning but it also tends to accumulate bigger
amounts of them in some points, as it seems to tend to accumulate metal particles from the
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environment. Thus, the described methodology can be used as a fast non-invasive way for
characterising the atmospheric pollution using the Trentepohlia algae colonization as a natural
passive sampler.

In order to characterise the PM deposition that may be suffering building materials, simple
collecting devices can be easily installed and measured. Carbon tapes fixed on SEM pin stubs are
exceptional surfaces for characterising particles by means of SEM-EDS and Raman microscopy,
giving information about molecules deposited on the building as described in the work
performed by Morillas et al. [52] However, due to their composition, they are not suitable for
ED-XRF analysis. With that aim, in this work a surface especially designed for XRF analyses was
tested as PM passive sampler to evaluate the impact of the atmospheric PM over buildings
facades. These surfaces, which are able to retain these particles can be used as retainers of
spontaneous depositions of crustal and metallic airborne PM deposited over building materials.
Moreover, u-ED-XRF spectrometry allows to determine without any previous pre-treatment and
non-destructively, their nature, amount and distribution in the retainers.

In addition, these surfaces can be digested and measured by ICP-MS and thanks to their
design they can provide us with an idea of the ng of element deposited per area and time of
exposure, this is, the deposition flux of PM, which is a very interesting data when talking about
the effect of PM deposition affecting a building. Usually, this parameter requires complicate
mathematical models [85—87] to be calculated and this could be an easy and fast way to obtain
an approximation of these values, which for the effect over Cultural Heritage is enough. In
addition, some non-detected elements (<LOD or LOQ) by p-ED-XRF were detected using ICP-MS
due to its better LODs, as for example the presence of Pb depositions, thought highly diminished
in comparison to the past and the also the presence of Ba.

However, in this point, it is important to remark another advantage of the p-ED-XRF analyses
in comparison to ICP-MS. Apart from the main one, which is the possibility of direct
measurement without the acid extraction step, it can provide us with Si, S and Cl deposition
information that were not measured by means of ICP-MS. These elements are complicated to
be correctly quantified by ICP-MS. The high first ionization potential of S leads to a relatively low
ionization efficiency in an argon-based plasma. [88] In addition, Sis quite light element and thus,
it is not transmitted by common ion optics as effectively as heavier elements. [88] Despite the
fact, that S detection is also hampered by spectral interferences formed inside the plasma,
mainly due to oxygen dimers (e.g. 325" and 34S* are interfered among others by 1°00* and
18080* respectively). [88] On the other hand, 8 Si is interfered by *N,*.[89] Both difficult
interferences because O and N are present in the atmosphere and thus in the plasma. In
addition, N interference with Si may also be due to nitrogen presence in the employed solvents
(HNO3 employed in the acid digestion of the sample). [89] In addition, it has not sense to
measure Si by ICP-MS considering that the main part of Si is expected to be as silicates, which
may not be correctly dissolved with the acid digestion employed in this work. Finally, Cl presents
also a very high ionization potential and thus it is very difficult to measure it correctly due to a
low degree of ionization. [90] Even if the quantification of these elements (S, Si and Cl) by p-ED-
XRF may not be as accurate as the results for the elements obtained by ICP-MS, an estimation
of their concentration in the surfaces of the building can be obtained. These elements are widely
present in atmospheric PM of a diffuse or direct urban-industrial (S) and marine environments
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(Cl'and S) and also due to the emissions of crustal particles or those coming directly from beach
sand (Si) and they play a key role in the conservation state of building facades.

As said several times along this PhD. Thesis, it is important the combination of information
from different sources and employing different analytical techniques in order to confirm the
results obtained by one technique or to complete the information. All the case studies described
in this chapter demonstrated that only applying one technique is not enough to extract realistic
conclusions. What is more, in some cases, a good sample preparation is crucial to extract the
maximum information. As an example of this, it could be mentioned the analysis performed on
black crusts as thin sections. If these samples had not been prepared following this procedure,
it would have led us to conclude that some black crusts were able to accumulate high
concentrations of Pb. However, with the possibility of having the stratigraphy information of
these samples, we were able to discriminate depositions encapsulated coming from a past
deposition event from those coming from more recent depositions.
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CHAPTER 6.

X-RAY FLUORESCENCE BASED QUANTIFICATION
METHODOLOGIES DEVELOPMENT FOR THE
CHARACTERISATION OF BUILDING MATERIALS AND
RELATED PATHOLOGIES BELONGING TO CULTURAL
HERITAGE

X-ray Fluorescence (XRF) based methods are widely used in Cultural Heritage analyses mainly
due to its non-destructive character. Many are the works dealing with the application of this
technique for the analysis of a wide variety of items and materials such as pigments, [1-5] old
maps or documents, [6,7] archaeological ceramics, [8—11] archaeological metallic objects [12—
14] etc. It could also be highlighted the characterisation of mortars from different time periods,
[15] since the ones employed by the Romans, [16-19] through the ones made in the Middle Age
[17,20,21] to more modern ones used during the latest 18" to 19" centuries [20] and at the
beginning of the 20™ century. [22] In most of the cases, XRF is used to measure directly the
samples in their solid form and to obtain just qualitative information about the samples in a
comparative way [1,8] or semi-quantitative information obtained directly from the Fundamental
Parameters (FP) based quantification methods implemented on portable or benchtop ED-XRF
instruments. [7,23]

One of the main advantages of XRF in the characterisation of mortars or similar building
materials is the possibility to quantify the total elemental concentration performing the analyses
directly on the solid, without the necessity of extracting the elements from the solid substrate
to aliquid phase, as it happens in the pre-treatment of samples before the analysis by Inductively
Coupled Plasmas (ICP) or Atomic Absorption Spectrometry (AAS) techniques. Therefore, with
the XRF technique, a reduction in reagents and solvents use is achieved. In addition, the
composition of mortars, which usually present different kinds of silicates (see Chapter 1), makes
very complicated and sometimes even impossible to achieve a total solubilisation of the whole
mortar. This is why most of the times; a complete characterisation of the total elemental
composition of mortars requires a fusion step. This kind of procedure is very time consuming
and tedious option.

X-ray fluorescence based techniques can provide us with this information without the need
to perform a fusion or to employ dangerous and strong acid mixtures (eg. HF). However, to
obtain realistic quantitative information of mortars, a previous homogenization of this kind of
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samples should be carried out. [24] In order to ensure the accuracy and the reproducibility of
the results, materials are usually crushed or grinded into fine powder and then pellets at high
pressure are prepared. Frequently, together with the mortar, a binding agent is added before
the pelletization in order to obtain pellets more resistant to breakups and fissures formations.
An adequate binding agent must be free from significant contaminant elements, it must present
low X-ray absorption, it must be stable under vacuum and irradiation conditions and it should
not introduce significant inter-element interferences. [24,25] Some commonly used binders,
which meet with all these characteristics are boric acid, cellulose and waxes. [24,26] It must be
taken into account that X-ray intensity changes depending on the pressure applied to obtain the
pellet, the higher the applied pressure the higher the X-ray intensity due to the increase in
sample density. Thus, to avoid errors due to this effect, the sample amount and the applied
pressure must be kept constant for each standard and sample pellet. [26] What is more, direct
quantification of mortar samples without any sample treatment can also be performed by u-
XRF, but in this way, a whole mapping or multi-point study should be carried out in order to
extract realistic conclusions because the whole volume of sample is not homogeneous and the
small micrometric areas could not contain the whole heterogeneity.

XRF quantitative analysis of solids is rather complicated because the measured fluorescent
intensities depend not only on the concentration of the element under study, but also on the
rest of the elements present in the sample (matrix), which can lead to attenuation or
enhancement of the emitted radiation. In addition, the sample type (pellet, powder), sample
preparation method, shape and thickness of the sample (thin layer, infinite thickness or X-ray
saturation depth and intermediate thickness) and some measurements conditions such as
geometrical set up of the spectrometer, irradiation size, flux and spectral distribution of the
exciting radiation, as well as the efficiency of detection systems, can affect the absorption of X-
ray radiation. [27,28] Generally, XRF quantitative analysis is performed by calibration-curve
method, that is to say, a comparative method between unknown samples and standards of well-
defined composition and prepared exactly in the same way as the samples. This kind of
calibrations curves, comparing directly intensities with concentrations, and called empirical, can
only be used for a limited concentration range of an element and when the standards and
sample matrix compositions are extremely similar. [29] In this way, net intensity (y-axis) is
assumed to be linearly related to concentration (x-axis) through the general linear mathematical
equation. This is also true for thin samples when the intensity of characteristic radiation does
not depend on matrix composition and matrix effects can be neglected. [27]

Any calibration curve involves establishing a relationship between the concentration (C;) and
the measured net intensity (l;) that can generally be expressed as:

Ci =Ki- li-Mjs (eq. 6.1) [29]

Where C; is the concentration of the analyte i, K; is the calibration constant of i and Mj; is the
correction factor for matrix effects oni. The simplest calibration approach assumes that the term
correcting the matrix effects (Mis) is more or less constant for a given series of samples, that is,
with a limited variation in their matrix composition. If this can be assumed, then K; and Mjs can
be enclosed into a unique constant K;" and the terms can be rearranged so, the equation 6.1
can be expressed as seen in eq. 6.2, which is the general form of a straight line starting from the
(0,0) value.
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I = % - Ci (eq. 6.2) [29]

In this way, the net intensity (y-axis) is assumed to be linearly related to concentration (x-
axis) through the general linear mathematical equation shown in eq. 6.3, where m; would be
the calibration slope and b; when different to zero, would be the background contribution. [29]

li= m;C; + b; (eq. 6.3)

However, for some applications it is difficult to find sufficient certified standards with similar
matrices to those of the samples. The use of synthetic standards prepared in the laboratory with
commercially available pure elements or compounds, trying to reconstruct somehow
synthetically the matrix of the samples has proved to be, in some cases, an efficient calibration
alternative, which is cheaper and can be easily prepared. [24] In addition, Compton scatter peak
can be used to correct matrix effects without the need of knowing the matrix composition. [29]
The intensity of the Compton scattered line depends on the composition of the sample, this is,
light elements lead to a high Compton scatter while heavy elements produce low Compton
scattering. In this way, this information can be used to compensate somehow the influence of
the matrix dividing the fluorescent radiation intensity of each element by the fluorescent
radiation intensity of the Compton line. [28] However, the Compton scatter peak method only
corrects for the absorption effects of the matrix on the specific element, not for the
enhancement effects. [26]

XRF devices are also able to provide quantitative data based on the utilisation of
mathematical algorithms. In fact, many times the characterisation of the mortars by means of
XRF is performed using directly the quantitative elemental characterisation provided by the
instrument on the basis of different matrix correction models and on Fundamental Parameter
equations. [16,17,19,30-32]

Matrix correction models are able to correct the absorption and enhancement effects on the
element of interest due to the presence of the rest of the elements present in the sample. This
can be performed in different ways, but in all the cases, in one way or another, they are based
on the use of the equation 6.4, where M; is the total matrix effects term and R; is the relative
radiation intensity. [27]

Ci = D; + E;-Ri*M (eq. 6.4) [27]

There are various ways to estimate the value of M;, but one of the most used ones is Sherman
equation that describes the relationship between the intensity of an element and the
composition of the sample in which it is present and allows to calculate the values of the matrix
correction M; theoretically based on the physics of X-rays. This equation contains many physical
constants and parameters that are the so called Fundamental Parameters, such as photoelectric
absorption coefficients, mass attenuation coefficients, Coster-Kronig transition probabilities,
fluorescent yields, weight of analytical line within the series, absorption jump ratios etc. [27,28]
At least two standards are required to calculate D and E or just one if only E has to be calculated.
These factors have to be calculated for each element while M is calculated for each individual
standard. The matrix factors can only be calculated accurately if the full matrix is known,
because all the absorption and enhancements have to be taken into account. [28] In order to
evaluate these effects M; can be defined as shown in eq.6.5, called De Jongh equation.
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Ci=Di+Ei-Ri-[1+30a;-C;] (eq.6.5)[28]

These a values are called influence coefficients and indicate how much element j attenuates
or enhances the intensity of the analyte i. These a values can be calculated using Sherman
equation, this equation is mathematically complex and it is out of the scope of this PhD. Thesis
to describe it. The fundamental parameters based method have several advantages; first of all
they can be applied for the analysis of thick samples, thin films and multilayers. Another
advantage of fundamental parameter method is the possibility of using any standard specimen
for calibration, pure elements, thick or thin standards, one standard similar to the unknown
sample, series of standards similar to the unknown sample, etc. Nowadays, the instruments are
able to perform all these calculations. However, they also present some limitations as they do
not usually consider all physical processes in the sample such as tertiary fluorescence, scatter of
both the primary and fluorescence radiation and photoelectrons (important in the case of low Z
elements). Moreover, the accuracy of fundamental parameter methods strongly depends on the
uncertainty of atomic parameters (mass-attenuation coefficients, fluorescent vyield, etc),
measurement geometry and spectral distribution of X-ray tube. Nevertheless, the use of
standards similar to the unknown will compensate these effects and will lead to more accurate
results. [27]

In addition, elemental interferences of the XRF lines must be taken into account, especially
in the case of Energy Dispersive X-ray fluorescence (ED-XRF) where the whole spectrum is
acquired in a single measurement in contrast to Wavelength Dispersive X-ray fluorescence (WD-
XRF) due to its better resolution thanks to its different selective detection mode (see X-ray
fluorescence in Chapter 1). Among these interferences, the most common ones are due to very
similar energies of the different lines from different elements present at the same time in the
sample, sum peaks and scape peaks. Sum peaks, also known as pile-up peaks, occur when two
photons arrive simultaneously or at least too close in time that the signal processing is unable
to differentiate them. Therefore, the detected energy is equivalent to the sum of the two initial
energies, because the detector registers a single photon of doubled energy instead of the real
two photons arriving to it with half of the detected energy. On the other hand, scape peaks occur
when the Si of the detector is excited by the characteristic X-ray radiation of the element used
in the X-ray tube. For example, Pd tubes present scape peaks at 1.1. keV (2.837 keV (Pd Ly ) —
1.74 keV (Si Kq)), which overlaps with Na Kq,

Filters of different compositions and thickness can also be set between the sample and the
X-ray tube in order to reduce the intensity of interfering lines and background, and hence
improving the signal-to-noise ratio. If the intensity is too high for the detector, a filter can also
be used to absorb part of the radiation to prevent saturation.

Back to the specific use of XRF for elemental quantification of building materials such as
cements or concrete, it should be pointed out that these kinds of solids characterisations are
mainly performed using WD-XRF spectrometers, especially in the industrial field. In fact, special
equipment and in-house methods are specifically designed for their characterisation. [33] In the
research field, WD-XRF is also widely used for the characterisation of mortars. [34,35] However,
due to recent developments of benchtop ED-XRF spectrometers, which offer easier operation,
lower cost and more compact design in comparison to WD-XRF have promoted their used for
the characterisation of mortars. [36] However, in most of the cases the ED-XRF quantification is
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only performed by the semi-quantitative methods based on Fundamental Parameters (FP)
contained in them [36] and in some cases no empirical calibrations are designed for the
quantification of mortars. There are other works in which different empirical calibration
methodologies have been developed for elemental quantification in different matrixes such as
vegetables [37] and rice [38], or in totally different samples such as nuclear fuels to quantify U
and P [39] and different element quantification in crude copper converting slags. [40]

In the field of Cultural Heritage, the characterisation of building materials, is commonly
carried out by means of ED-XRF in an in situ qualitative way. [41-45] Although there are some
studies, where an empirical calibration based on standards is developed for the characterisation
of calcareous building materials with high Cultural Heritage value. [46] Anyway, all these
calibration methodologies were in all the cases developed for different ED-XRF systems
specifically designed for quantification. To the author knowledge, there are no works where
empirical calibration methodologies are successfully designed in a u-ED-XRF spectrometer with
the X-ray beam collimated at few microns or at a millimetre. Nowadays is still a challenge to
perform quantifications by means of pu-ED-XRF. [47,48] This kind of spectrometers are more
frequently used to obtain the distribution maps of the elements in the sample (imaging study).
[49] If accurate quantification methods could be developed using this kind of ED-XRF
spectrometers, the quantitative information of the elements present in the sample and their
distribution maps could be both obtained using the same device in contrast to other works in
which two different spectrometers were necessary. [37]

As it was described in the introduction of this PhD. Thesis, soluble salts are considered one of
the most important deterioration factors of construction materials especially in those based on
carbonate compounds as for example limestones and sandstones including carbonates as
binders. [50,51] Marine aerosol as well as atmospheric pollutants can also contribute to the
formation of these salts in the external part of the materials or inside their pores. [52] Due to
the porous nature of this kind of materials, the solubilised ions penetrate and go through them.
The crystallization/solubilisation and freeze-thawing cycles of these salts in the porous can
damage the material due to the generated physical stress. [50] Some of these salts can also suffer
hydration/dehydration processes that can also cause mechanical damage of the material due to
the salt volume change that implies these cycles. [53] As it has been mentioned several times
along this PhD. Thesis, it is of critical importance for the conservation state of the building
materials to determine the presence of these salts on them as an indicator of the conservation
state of the material. Usually, their analysis is based on a first extraction step with deionized
water assisted by ultrasound-energy (soluble salt test) followed by ion chromatography (IC)
guantification of the solubilised ions, [54-56] as it was performed in the Chapter 4 of this
manuscript. This technique can be considered appropriate for determining ions in aqueous
solution at l