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RESUMEN

La generacion de residuos, en general, aumenta seg@émenta el
grado de desarrollo tecnologico de una sociedadopgue el interés por
la proteccion del medio ambiente y los riesgos fmesalud han florecido
en los ultimos afios. Por tanto, desarrollar egjfi@eque mejoren la
gestion de los residuos tratando de alcanzar warrddle sostenible en el
gue se minimicen los recursos utilizados y losdess generados es muy
necesario, asi como tratar de alcanzar una ecorintuar, incorporando
los residuos y co-productos a nuevos materialgs. éffoque ya ha sido
incluido en las estrategias de la Unién Europeanateria de residuos,
priorizando la prevencion en la generacion de uwesid asi como el
reciclaje y la valorizacion de estos como alteuaath su depdsito en
vertedero.

El objetivo principal de la presente Tesis Doctonalce de la
necesidad de desarrollar nuevas aplicaciones miiisey de interés
comercial en materiales de construccion (ceramaeasentos y ladrillos),
en base a diferentes porcentajes de tres tipossiiups inorganicos: (1)
lodo de ilmenita generado en la produccién de pigmée TiQ, (2)
fosfoyeso procedente de la industria dejP@&:, y (3) residuos de
construccion y demolicion (RCD).

Para el estudio, tanto de la caracterizacion deekiduos como de los
nuevos materiales disefiados, se han empleado rdderegécnicas
instrumentales; entre otras, la difraccion y laofescencia de rayos X
(DRX/FRX), espectrometrias de masas o de emisiinadpon fuente de
emision por plasma de acoplamiento inductivo (ICBMOES), analisis
termo-gravimétrico y calorimétrico de barrido déecial (TGA/DSC), y
la microscopia electronica de barrido (MEB). Lasopiedades
tecnoldgicas, como la resistencia, la absorcioragiea, etc., han sido
comparadas en relacion a materiales comercialdisitvaales y evaluadas
de acuerdo a los estandares técnicos estable€doso algunos de los
residuos son considerados NORM (Naturally OccurriRadioactive
Material = materiales radioactivos de origen ndfurms materiales
obtenidos fueron evaluados mediante espectromalfiday gamma, y
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también se evaluaron las implicaciones ambientdessu utilizacion
(estudios de lixiviacion y radiologicos).

Los resultados mas relevantes obtenidos de lamiee$esis Doctoral
se pueden dividir en tres bloques:

Lodo de ilmenita

Una vez conocidas las propiedades fisicas, quingcasulométricas,
micro-estructurales y radiologicas de este resgduitevo a cabo el disefio
de nuevos cementos poliméricos sulfurosos y cuem@Emmicos,
incorporando diferentes porcentajes. Los datoshadide demostraron que
el lodo de ilmenita puede inmovilizarse y valorggcon éxito al incluirlo
como aditivo. Sus propiedades tecnoldgicas cungplisobradamente con
los requisitos marcados en las diferentes regulasig, en algunos casos,
fueron incluso mejores a las de los materialesteErencia. Finalmente,
indicar que ambos materiales pueden ser usadogesigrar problemas
ambientales o de salud para las personas.

Fosfoyeso

Este residuo ha sido incluido como aditivo en céas) las cuales
has cumplido con las normativas internacionalesntis en relacion a las
propiedades tecnoldgicas y con los requisitos amdilies establecidos.
Incluso la adicion de hasta 5 % de fosfoyeso mejasapropiedades
tecnoldgicas en comparacion al material de refémenc

Este residuo también ha sido estudiado como funtmlcio para el
secuestro mineral del GOy obtencion de calcita, obteniéndose altas
eficiencias (96 %). El estudio de los flujos de atext y radionucleidos
demostraron que la mayor parte de los contaminatdk$osfoyeso se
transfieren a la calcita (> 95 %).

RCD

Este residuo ha sido reciclado como sustituto detgado natural
para la produccion ladrillos. Los resultados muaestiqgue pueden
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obtenerse ladrillos de bajo costo con excelentgsiepdades fisicas usando
RCD como agregado, y cal o cemento como aglutisante
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ABSTRACT

Waste generation, in general, increases with tdogrcal
development, consequently the interest in environtalgrotection and
health risks have grown in recent years. Therefiirés necessary to
develop strategies that has a beneficial impactwaiste reuse and
management trying to achieve sustainable developnmenvhich the
resources used and the waste generated are midjraseell as trying to
achieve a circular economy, incorporating waste @groducts to new
materials. This approach has already been inclirdée: European Union
waste strategies, prioritizing the prevention irstgageneration, as well as
the recycling and valorisation of wastes as alt@rado their landfilling
disposal.

The main objective of this Doctoral Thesis was bowuh of the need
to develop new efficient applications with commalcinterest as
construction materials (ceramics, cement and byiakspending on the
percentage of three types of inorganic residu@dtnienite mud generated
in the production of Ti@pigment, (2) phosphogypsum from theP@y
industry, and (3) construction and demolition wd§&BW).

A number of instrumental techniques were deployedharacterise
both the wastes used and the new materials desiguett as, X-ray
diffraction (XRD), X-ray fluorescence (XRF), indixaly coupled plasma
mass spectrometry (ICP-MS), inductively coupled spla optical
emission spectrometry (ICP-OES), thermo-gravimetagalysis and
differential scanning calorimetry (TGA/DSC) and mceg electron
microscopy (SEM). In addition, the technologicabperties, such as
resistance, water absorption, etc., have been amahpa relation to
traditional commercial materials and evaluated atiog to the
established technical standards. Since, some oféisées are considered
NORM (Naturally Occurring Radioactive Material), ethmaterials
obtained were evaluated by alpha and gamma spestingmand the
environmental implications (leaching and radiolafistudies) were
evaluated.
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The most prominent findings of the present reseaachbe divided
under three main headings:

IImenite mud

Once the physical, chemical, granulometric, midraetural and
radiological properties of this waste were knowme design of new
sulphur polymer cements and ceramic bodies addifegeht percentages
were carried out. The results shown that ilmenitedncould be
successfully immobilised and valorised as an additi Theirs
technological properties are in agreement with tleguirements
established in each regulations and, in some csesesults were even
better than those obtained by the reference mitefaally, it can be
concluded that that both materials can be used widgligible
environmental impact or health risk.

Phosphogypsum

This waste has been valorised as an additive inanger
manufacturing, complying with the international wigions for both
technological properties and environmental requaneist Moreover, the
addition up to 5 wt.% of phosphogypsum improves tiehnological
properties in relation to the reference material.

In addition, this waste has been studied as awalsiource for C®
mineral sequestration and calcite production widjn lefficiencies (96 %).
The study of the fluxes of metals and radionuclisleswed that most of
the phosphogypsum pollutants are transferred mtegd 95%).

Construction and demolition waste (CDW)

This waste has been recycled as substitute of alatigigregates to
produce bricks. The results shown that low costKsriwith excellent
technological properties can be obtained using C&3Vén aggregate and
lime or cement, as binders.
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1.1 BACKGROUND

1.1.1 State of the Art

Nowadays, the environmental problems related tgthduction and
elimination of the wastes have revealed as a grhatlenge. Waste
generation tends to increase with population ansh@mical growth,
which could produce significant hazardous riskgh@environment and
the public health. For this reason, the minimisgtitreatment, and
valorisation of the waste is essential. This hastte an environmental
awareness, trying to achieve sustainable developtheough its three
main pillars: economic development, social develepm and
environmental protection.

The idea of 'sustainable development' into the pesa waste policy
has been incorporated. These policies should ftwosduce the amount
of waste generated, pollutants at source, selextnibst appropriate
treatments, promote recycling and, prioritising Ya¢orisation before its
disposal. Sustainable waste management requiresideoimg the
environmental impacts and health risk of wastealsp and therefore the
valorisation of waste constitute an excellent aldive to its storing in
controlled landfills. This fact would involve bo#hsaving of materials and
avoiding the final disposal in landfills, with tl®nsequent reduction of
the future environmental impact and costs assatiate

On the other hand, the circular economy recogisephysical limits
of resources and the importance of safeguardingtive@onment whilst
providing a viable business alternative. Thus, mpdrtant area in the
circular economy is the valorisation of the wastengyated. The
valorisation of waste could generate co-producth wotential economic
value, especially, when the co-product obtainedstencessfully compete
with the properties of traditional raw materials ame new materials
developed for specific applications. Obviously,sth&o-products should
comply with national and/or international policiessuring a negligible
environmental impact and health risks.



4 Chapter 1. Introduction

It is necessary to try a change about the negaisien associated
with the word “waste, changing it into a positiveign. A waste should
be seen as a new resource or raw material withipltysof being recycled
in the manufacturing of new consumer products.

The current European Waste Strategy describes thiecigs
concerning the recovery and disposal of waste.his $ense, the EU
Directive 2008/98/EC sets the basic concepts affiditiens related to
waste managament, repealing certain previous ie=cby incorporating
all them into the Waste Framework Directive. Thisebtive lays down
measures to protect the environment and humanhhleglpreventing or
reducing the adverse impacts of the generatiomathgement of waste
and by reducing overall impacts of resource use iamgroving the
efficiency of such use.

For that reasons, it is important to note thatEhrective incorporates
a high novelty introducing the new concept on thed-of-waste” status.
Thus, several wastes can loss the waste status ivhas undergone a
recovery, including recycling, operation and comgpliwith specific
criteria to be developed in accordance with thiwahg conditions:

1. The substance or object is commonly used for Spguiirposes.
2. A market or demand exists for such a substancéjeco

3. The substance or object fulfils the technical regmients for the
specific purposes and meets the existing legisiaitd standards
applicable to products.

4. The use of the substance or object will not leaoMerall adverse
environmental or human health impacts.

These criteria should be established for specifitenials by using the
procedure described in Article 39 (2) of the Wdstamework Directive
(2008/98/EC) (so called "comitology"). A mandatesit end-of-waste
criteria was introduced to provide a high leveén¥ironmental protection
and an environmental and economic benefit. They &mfurther
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encourage recycling in the EU by creating legataitety and a level
playing field as well as removing unnecessary adstiative burden. The
criteria shall include limit values for pollutanidere necessary and shall
take into account any possible adverse environregitacts of the
substance or object.

Consequently, developing technologies and new egiins trying
to find new applications to the generated waste®roter to reduce
management costs and environmental pollution irapba are required
(Roy et al., 1992; Andres et al., 2005; Caligatiale 2000).

In our case, the valorisation of inorganic indadtwaste as building
materials avoid direct release into the environmanbig amount of
residual materials, reducing disposal costs ancergéing health and
environmental benefits (Puertas et al., 2008; @udga et al., 2008). It is
expected that by 2020 new building structures wdlude at least 5 % of
recycled materials (Freedonia, 2012).

Although valorisation is the best way to managergaaic waste,
there are still several obstacles to using thesstesain construction
materials:

* Lack of confidence of clients and contractors.
» Uncertainty on its environmental benefits.

» Possible potential health hazards arising from uke of these
materials.

» Lack of standards and specifications that producarstake into
account.

* Low quality of the final product, owing to lack &howledge of
waste.

» Distance among disposal sites or waste generattigitees and
valorisation factories.
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» Lack of a consistent supply of good quality valedsnaterial that
can satisfy existing demand.

« In the specific case of NORMwaste, which has a significant
increase in natural occurring radioactivity, aneassnent of the
radiological risks of the application, as buildimgaterials are
required.

In this sense, all aspects above mentioned muskb®) into account
in order to carry out a correct valorisation praces

In addition, reducing C®emissions is an important task today. The
targets established in the Kyoto Protocol coverdueiction of emissions
in the six main greenhouse gases, as carbon dioxaeachieve
stabilisation in greenhouse gases concentratiogldevetween 450 and
650 ppm CQ-eq. Carbon dioxide equivalency is a quantity used
compare the emissions from various greenhouse gasash describes
the amount of C®equivalent based upon their global warming poéénti

A potential way to reduce G@missions, and hence, mitigate global
warming, includes carbon sequestration technoldfetsare being widely
studied worldwide. Nowadays, three possibilities @D, sequestration
are being applied: 1) agueous carbon sequestr&jayeological carbon
sequestration, and 3) mineralogical carbon secatésty which is the
technique studied in the present thesis (Kirchefeal., 2013).

Mineral carbonation has been proposed as one ahtie methods
for CO; sequestration, and is a promising approach touoaptarbon
dioxide into innocuous, stable and environmentahidpe carbonate
mineral, fixing the carbon dioxide definitively. iBhitechnique involves a
naturally occurring reaction in geological formasowhere agueous ions

1 NORM (Naturally Occurring Radioactive Material)r madioactive materials, which
occur naturally and where human activities candase the exposure of people to
ionizing radiation.
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(mainly C&* and Md" resulting from silicates or oxides) react with £0O
to form thermodynamically stable carbonate mineralgh as calcium
carbonate (CaC¢pand magnesium carbonate (Mg§O

This thesis is framed within the general objectivehe possibility of
recovery in the public and private sectors the gaarc waste streams,
developing effective applications. In our case, tryeto valorise in the
building materials three different inorganic wastghosphogypsum,
ilmenite mud, and construction and demolition wastarrently destined
for landfill and without any commercial use. In #&ooh, phosphogypsum
was evaluated as a Ca source for@tneral sequestration studying the
environmental implications concerning to the frawétion and fluxes of
trace metals and radionuclides produced througledhgonation process.

lImenite mud and phosphogypsum are generated inirdhostrial
processes, the titanium dioxide pigment productiod the phosphoric
acid manufacture, respectively, both placed inriastrial area of Huelva
(Spain). In addition, both activities are NORM (Maily Occurring
Radioactive Material) industries, where the co-piid and waste
produced in the industrial process can be enhanastural radionuclides
(IAEA, 2004).

The third waste is produced during the building rafiens, called
construction and demolition waste (CDW), being blidding materials
account for about half of all materials used, ane loalf of the solid waste
generated worldwide.

1.1.2 Waste generation

1.1.2.1The TiO2 pigment generation process

Contrary to popular belief titanium dioxide pigmgmoduction is the
major consumer (approx. 96 %) of titanium mineralse 4 % remaining
is consumed by titanium metal and alloys manufactdrhe annual
worldwide production of titanium dioxide pigmentastimated over 5.6
million tonnes (3.7 proceeds via chloride and 1y9shiphate route)
(USGS 2011). The main producer is China, annuallyniillion tonnes,
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followed by Europe and North America, both with indlion tonnes per
year, approximately.

Titanium dioxide is the most commonly used whitgnpent due its
brightness, whiteness, opacity, chemically reststard non-toxic. The
major market of titanium pigment is paint (57 %)Jdwed by plastics and
paper, with 24 % and 12 % respectively (Fig. 1FLixthermore, it is used
in high-tech applications such as solar cells,sglaanufacture, biomedical
devices and air/water purification, cosmetics awtf

other

artificial fibres
6%

paper 1%

paint

plastic 57%

24%

Figure 1.1.Uses of titanium dioxide pigment (https://goo.glgReP)

The main processes for Ti@igment manufacture are two, sulphate
and chloride process, which use two principal otegnite (45-60 % of
TiO2) and rutile (up to 99 % Tig), respectively. Both processes differ in
their chemistry and raw material requirements.

The chloride method is the most common, 65 % ofviloeld's
titanium dioxide pigment production because produaepurer
product and environmental friendly alternative.sTimethod run as
a continuous process, needs a high-grade ore tifes which is
mixed with coke (reducing agent) and gaseous cidoat 900-
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1000 °C (McNulty, 2007). Then, the resulting gasean
containing titanium tetrachloride (Tigland impurities (McNulty,
2007; Braun et al., 1992) is purified and condensaaklly, this
liquid is oxided to form Ti@ and release the chlorine is recycled
back.

* The sulphate route employs a simple technologyasumbatch and
uses lower grade ores (cheaper ore). However, phigess
generates large amounts of waste materials angvalsich is quite
expensive the treatment.

The sulphate route is used in the 70 % of the ERrangproduction
(Gazquez et al., 2014). This method generates g lamount of by-
products and waste, as ilmenite mud, object ofystadhis thesis. This
waste is generated during the digestion of thesteed#t (ilmenite ore) with
highly concentrated sulphuric acid (80-95 %).

This chemical process involves four main stageg.(Ei2). The
reaction begins with the digestion of the ore (Ed):

FeTiGs (s) + 2HSOy (ag)— FeSQ (ag) + TIOSQ(aq) [Eqg. 1.1]
+ 2H.0O

Then, the process continues with the precipitabbrthe titanile
sulphate (TiOS@), step called “clarification”, precipitating a hyaded
TiO2, which is subsequently separated by vacuum filaslater washed
according Eq. 1.2:

TiOSQ: (aqg) + (n+1)HO — TiO2-nHO (s) + HSOy(aq) [Eq. 1.2]

Finally, the TiQ pulp is calcined for the removal of its water eonit
and some traces of sulphur, metals, etc. (Eq. 1.3).

TiO2:nHO (s)— TiO2 (s) + nHO [Eq. 1.3]

The total reaction demands large quantities of lauip acid and
produces copious amounts of acidic waste (condexdtrand weak acid
stream). This acidic waste could cause significdatage to the



10 Chapter 1. Introduction

environment. Moreover, during the digestion stagegenerated the
ilmenite mud waste (undissolved ilmenite), which passed to a
clarification tank where is allowed to settle. Tmsid is finally separated
from the liquor by decantation and filtration (Géaeq et al., 2011).

DIGESTION CALCINATION
[ CH,50,(98%) >
CLARIFICATION FILTER AND WASH
ILMENITE CLARIFIED
ILMENITE (85%) MUD LIQOUR NEUTRALIZATION
+ WEAK ACID STREAM
SLAG (15%) RED
GYPSUM
CONCENTRATION CRISTALIZATION
RECYCLED

STRONG ACID
H,S0, (80%)

MONOHYDRATE COPPERAS

Figure 1.2.Diagram of the sulphate process used in the Hiabtary

About one tonne of raw material (ilmenite or ilmen# slag) is
required to produce 0.5 tonnes of titanium dioxigigment, which
genarates 0.2 tonnes of ilmenite mud waste with commmercial
application (Gazquez et al. 2011). The only titamidioxide pigment
production factory in Spain is placed in the cif\Huelva (Fig. 1.3).

2 Titaniferous slag, containing 70-80 % titaniundlie, is a co-product resulting of the
smelting of ilmenite in order to decrease the raagensumption and waste material
accumulation in the subsequent pigment-making m®deecause the iron input in the
titanium dioxide chemical process is reduced (IFissoand Coetzee, 2003).
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Figure 1.3.Location map of phosphoric acid plant

Dondi et al. (2010) have investigated the applacain clay bricks
manufacture but no further applications are docuatem the literature.
The main environmental implication associated t twaste is the
presence of hazardous substances that could dkgntamage the
environment and health if not adequately managédGez et al., 2009).
The ilmenite mud contains significant concentragiaf heavy metals,
radionuclides and residual sulphur, implying a higlacidic pH.
Moreover, the ilmenite mud must to be stored inoatlled landfill
repository because of has been classified as ‘thlara waste” according
the European legislation (Commission Decision 26BR/EC as amended
three times by the Commission Decisions 2001/118#001/119/EC and
2001/573/EC). Therefore, the controlled disposahanust have adequate
leachate collection, etc., to prevent the escapepatentially toxic
elements. In addition, the ilmenite ore used inTt@ pigment industrial
process is classified as NORM due to the high #gtooncentration of
natural radionuclides from botfU and?%?Th series (IAEA, 2004). Some
of these radionuclides can be found enhanced inrttenite mud waste
generated.

The treatment of the strong acid effluent generatesco-products,
cooperas (140,000 tonnes) and monohydrate (125q00@s), which are
currently used commercially. On the other handtrisatment of the weak
acid stream produces red gypsum waste (70,000 spiamel clean water
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(Fig. 1.2) (McNulty, 2007; Mantero et al., 2013;28éez et al., 2011) .
The red gypsum and the ilmenite mud generated giwaut the process
are disposed of in a controlled industrial wastgos#ory about 70 km
from the factory.

1.1.2.2Manufacturing process of phosphoric acid

Phosphoric acid ((#PCQy) is demanded in many markets such as,
chemical industry, fertilisers manufacture, foodustry, metallurgy, etc.
The worldwide production of phosphoric acid is estied over 43 million
tonnes POs each year (FAO, 2015). The main producer is Agit) an
estimated production of 14 million tonnes per ya#hile, both North
America and Europe produce annually 10 and 4 millimnnes,
respectively.

Nowadays, the main worldwide use of phosphoric asidthe
manufacture of phosphates fertilisers (80 %), big proportion varies
country by country (Fig. 1.4). The manufacture eftifisers from
phosphoric acid is used to rectify phosphorus defies in soils.
Furthermore, phosphoric acid is used in detergastsuilder (12 %), in
animal feeds manufacturing as additive (4 %), ad fand drink additives
and in some treatment process (4 %).

animall feed other uses
additive 4%
4%

synthetic
detergents
12%

fertilizer
manufacture
80%

Figure 1.4.Uses of phosphoric acid (https://goo.gl/6kelRG).
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Manufacturing process for phosphoric acid preseotrmain routes:
‘wet' process and thermal process (Fig. 1.5).

* The 'wet' method is the most common, 90 % of phosplacid
production (Becker, 1989), because it is the ecooafternative.
This method produces a low pure acid phosphorigthsienough
to be used in phosphate fertiliser's productiontheut further
purification.

* The thermal route normally produces a high puresphoric acid
highly concentrated. This method is hardly usedabse of the
amount of energy that is needed. It is used imihaufacture of
detergents, high-grade chemicals, food products and
pharmaceuticals.

The 'wet' process is economic but generates a langaunt of a
gypsume-rich waste called phosphogypsum (Ca3&0), studied in this
thesis. It is generated during the acid attack withcentrated (93 %)
sulphuric acid (HSQuw) of the fluorapatite (G#PQs)3F), known as
phosphate rock (Rutherford et al., 1994). The m®osomprises four
stages: grinding, reaction, filtration and concatdn and these are
represented in Fig. 1.5. The chemical reactiohefndustrial process can
be summarised as shown in Eq. 1.4:

Ca(PQy)sF (s) + 5HSOy (aqg) + 10HO =

[Eq. 1.4]
3H:PQy (aq) + 5CaS®2H:0 (s) + HF (g)

This chemical reaction results in phosphoric alidirofluoric acid
and calcium sulphate (gypsum), which is removeghasphogypsum plus
other insoluble impurities. The acidgRy and HF produced are cleaned,
condensed and purified. On the other hand, oncetatliged, the

3 Hydrogen fluoride is very soluble in water andstfict is used to control the gas level
in the process. Hydrogen fluoride is collected sauitt into a scrubber where is diluted in
water producing a hydrofluoric acid weak effluerdtioh is mixed with phosphogypsum
waste and deposited in the stockpiles precipitambgexafluorosilicic acid (#S$iFs).
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phosphogypsum is separated from the liquid phaséltbation, mixed

with water and stored in large stockpiles in adase to fertiliser plants.
The phosphogypsum waste of Huelva is generated es/ddate
(CaSQ-2H0).

PHOSPHATE
ROCK

REACTION
v TANK

PHOSPHORIC ACID

Figure 1.5.Scheme of the phosphate processes (USEPA, 1993).

Approximately, 5 tonnes of phosphogypsum are géeérdor
producting every tonne of .05 manufactured. Worldwide
phosphogypsum production is estimated to be ar@80dMt per year and
only 15 % is recycled in agriculture (Yang et &009; Parreira et al.,
2003), amendment and reclamation of saline sadsaof@ino et al., 2009;
Papastefanou et al., 2006), backfill for road catston (Al-Oudat et al.,
1998a; Al-Oudat et al., 1998b), manufacture of [Bod cement (Kim,
2010), Sulphur polymer cement (Garcia-Diaz et3413; Lopez et al.,
2011) and asphaltic bitumen (Cuadri et al., 2014).

The main restriction associated with the recycbhghosphogypsum
is the presence of impurities, such as metalsppiatly toxic elements and
natural radionuclides from tfé®U decay series (Mas et al., 2006; Pérez-
Lépez et al., 2007). Previous research works (Boliet al. 2000)
demonstrated that during the chemical attack ofptm@sphate rock, the
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impurities are partitioned according to their redpe elementary
chemical behaviour. Hazard trace elements suclsra<Cd and Y, and
radionuclides. About 80 % of tfé&Ra, 90 % of thé'°Po and 20 % of the
233y and 2*"U originally in the phosphate rock goes into the
phosphogypsum (Bolivar et al., 2009; Jacomino et 2009). Thus,
phosphogypsum has been classified as Naturally i@cguRadioactive
Material (NORM) (IAEA, 2004).

In Spain, the phosphoric acid production by vigobate began in
1968 in the city of Huelva (SW Iberian Peninsuta)d ended on the 31st
December of 2010. The plants annually processedtdbmillion tonnes
of phosphate rock, generating 2.5 million tonnesP@. Until 1998,
approximately 80 % of the phosphogypsum generateshwlurried with
recycled water, pumped out of the fertiliser playt pipe system and then
dumped to designed areas where the phosphogypsemtuelly dries in
stacks in the salt-marshes of the Tinto River. Tdmaaining 20 % was
released directly into the Tinto River. The areaupted by PG piles is
over 1000 ha containing about 100 Mt without anymowercial
application. In Figure 1.6 the fertilisers complerd the different zones
occupied by the PG stacks are shown.
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e
HUELVA

f WS Restore{ A
- ! Zone#l /

Figure 1.6.Location map of industrial complex and the phogpipsum.

In 1992, the zone closed to the fertiliser commeabout 400 ha was
restored by covering with a soil layer of 30 cns{oeed zone #1), and also
was restored the farthest area (around 170 ha$ibg gonstruction waste
and soils (restored zone #2), which was finishedired 2000 (Fig. 1.6).
To develop economically viable and1.6).

Finally, to point out developing environmentalliefndly applications
using PG would mean seeing phosphogypsum stock-pea source of
artificial gypsum resources, permitting future ogation of the zone,
while economic development of the area is generated

1.1.2.3Construction and Demolition Waste (CDW)

Construction sector generates a vast amount oftrcmtisn and
demolition waste (CDW) every year, becoming a werte problem.
This waste is produced mainly during building rehtaion and
demolition works. The European Union generates rado®0 million
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tonnes per year of CDW, what represents 30 % oivalites produced
(Eurostat, 2010). In addition, the Construction &nolition Recycling
Association (CDRA) estimated that the generatio@DW in the United
States is close to 400 million tonnes, which isnested to represent 13—
80 % of the entire mass of municipal solid wastgpending of the
developing degree of each country (Angulo, 2000).

Major components of CDW are very variable, inclugihricks,
concrete, plaster, ceramics, glass, wood, aspmaital, soil, rock, etc.
While most part of CDW is inert, it may contain sematerials with
potential impact on the human health and the enmient (US EPA,
1998). Many researchers have shown that some CD\Wardain elevated
leachable heavy metal concentrations, particulagenic and lead
(Tolaymat et al. 2004).

Since most countries have no specific processiag far CDW, they
are sent to landfill disposal, even more, in mbstundeveloped countries
are illegally dumped in urban areas, roads andepgped places, polluting
the environment, not only mechanically but alsongizally. In the last
years, governments have established a regulatargefivork approved
new recycling policies. As a result, the situationthe major cities is
changing with the implantation of recycling plan®&lthough some
separation of CDW components may occur at the oarcigin or
demolition site, most is recycled, separated amdvwered at recycling
plants (Townsend, 1998).

The average recycling CDW rate in Europe is 50 @btlus recycling
rate in Spain is only the 15 % of the total prodarc(Villoria et al., 2011)
far away of the objective established by the Irdezpt Waste Management
Plan (Directive 2008/98/EC). The global market @DW is expected to
increase 5.2 % this year, and again next yearouBt3 billion tonnes
(Freedonia, 2012).

Several factors dictate the success of CDW reaoyclinincludes
environmental and economic advantages, landfills feeduction,
minimisation of the environmental impact occurrinmga disposal area,
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economic benefit in the reuse markets of recoveramponents and
decrease the consumption and demand of naturalreeso

CDW materials have been successfully recycled as dad sub-base
of road construction (Bennert et al., 2000), pawpngjects (Arulrajah et
al., 2014; Taha et al., 2002), footpaths (Arulragatal., 2013) and pipe-
bedding (Rahman et al.,, 2014). Moreover, some resees have
developed new applications as building material, goncrete brick and
block (Neves-Monteiro & Fontes-Vieira, 2014; Podnak, 2002), red
ceramic (Acchar et al. 2009) and for concrete petida (Martin-Morales
et al. 2011, silva et al., 2014). Nowadays, itesessary to develop new
applications, manufacture new products, performcgsees and find
markets, to absorb and reduce the vast volume o¥CRorldwide
production. In light of the above, this thesis ism@d at appraising the
recycling of CDW as new construction material.

1.20BJETIVES

The main objective of this thesis has been to fominmercial
applications to three different inorganic wasteso®f them are inorganic
industrial waste coming from Huelva, ilmenite mudste generated by
the TiQ: pigment industry and phosphogypsum waste by thd ac
phosphoric process. At last, a third inorganic wagénerated in the
construction and demolition activities.

To achieve the main objective, the following specdbjectives are
established:

1. To develop an adequate protocol of action with dbgective of
carrying out a correct characterisation and subes@toealorisation
of the wastes in study.

2. To characterise physically, chemically and minegedally the
waste to be evaluated, in order to know in dep#ir throperties
and their potential toxicity, paying special attentto the possible
variation of these properties due to the changawfmaterials.
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3.

To develop a radiological characterisation wasiedrout in order
to guarantee the negligible environmental impadbces the
industrial waste come from NORM industries.

To study the process of manufacture and formulabbrthe
materials, depending on the properties to be aelidy the final
product (ceramics, cement and brick), adjustindaitsiulation to
the current regulations.

To measure the technological properties for ea@h material in
the field of construction and civil engineering dbgh the
performance of specific tests (water absorptiongaking
resistance, porosity, etc.).

To assess the environmental impact of the new midested by
carrying out leaching tests and the relevant radichl
measurements, taking into account the regulatiof@rce for each
of the future applications.

To evaluate the use of phosphogypsum for obtaioaigte from
the CQ mineral sequestration process, and to assess
environmental impact of the co-products generdtealighout the
process.

To obtain the results and conclusions by analy$iregobtained
data, taking into account both the physical, chamiand
radioactive characterisation, as well as the teldgncal properties
of the materials in question, as well as their mnmental
implications.

To write the papers related to objective of thesiyeand the final
report summarising the methodology, results anctlosions of
the thesis.

the
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1.3 STRUCTURE OF THE THESIS

This work is structured in 4 chapters. In the chapt, called
“Introduction”, the background of the problem, withdeeply detailed
study of the processes describing the differendycton steps where the
inorganic wastes studied are generated, objecawesstructure of the
thesis are presented.

In the following chapter 2 the materials and methage shown.
Firstly, sampling materials and sample pre-traetraem described. Then,
the measuring techniques used for the charactersat the wastes and
materials have been summarised. Finally, the teci®si used to evaluate
the technological properties and the potential remvhental risks are
shown.

Chapter 3 is the core of this thesis where thdtseate presented, and
it is divided in five sections. The first one (Sent 3.1) reports the
possibility of manufacture sulphur polymer cemd®RBCs) incorporating
ilmenite mud waste, for use in concrete constractu@rks and evaluate
their mechanical properties and potential enviromaempact. This work
has been published in Journal of Environmental Maneent (Contreras
et al., 2013).

Section 3.2 shows a study about the option of prioduceramic tiles
by using ilmenite mud waste and comparing it wilmenercial ceramics,
studying its technological properties and the emmental implications.
This study has been published in Construction anddBg Materials
(Contreras et al., 2014).

Section 3.3 is concerned to study the use of plogggisum as
additive in ceramic manufacturing. The ceramic bsdvere produced at
different fired temperature and phosphogypsum meace. The
technological properties results were compared waitlstandard red
ceramic and the environmental impact evaluateds Tvork has been
submitted for publication in Construction and Builgl Materials.
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The section 3.4 is focused on the possibility oforcing bricks, using
waste lime or cement as binders, with construciosh demolition waste
(CDW) using the fraction below 4.8 mm, with no @ntly application, as
substitute of natural aggregates. The technologpmalperties were
determined and compared with Brazilian, Europead @&merican
standards, looking for commercial applications tfis waste. This part
has been published in Construction and Buildingdvials (Contreras et
al., 2016).

Last section 3.5, evaluate the use of phosphogypgastes as a Ca
source for producing calcite (Ca@hy reacting the PG with carbon
dioxide, generating the consequence of mineralestcation of CQ In
this work has been also studied the fractionatiod #uxes of heavy
metals and radionuclides throughout the completboreation process.
The results of this work were published in Wastenbtgement (Contreras
et al., 2015).

Finally, in the chapter 4 the main conclusions lof tthesis are
described, as well as new research lines for thedu
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This chapter aims to show the sampling and prerresat, materials,
methods and equipment used in all the studiesethout in this doctoral
thesis. Different characterisation techniques wesed in this work: laser
diffraction spectroscopy for grain size, X-ray Déction (XRD), X-ray
Fluorescence (XRF), Inductively Coupled Plasma &ptiEmission
Spectroscopy (ICP-OES), Inductively Coupled Plasma Mass
Spectroscopy (ICP-MS),Scanning Electron Microscopy (SEM),
Differential Scanning Calorimetry and Thermogravinte Analysis
(DSC/TGA), alpha-particle spectrometry with PIPSedtors, gamma
spectrometry with Ge detectors, radon exhalatitelvg accumulation.

In addition, several technological properties wevaluated in order
to check the behavior of new obtained materialeséhproperties were:
water absorption by capillarity, water absorptibnlk density, apparent
porosity, linear shrinkage, bending strength, casgive strength,
flexural strength, TCLP leaching test, accelerd¢aah test, radiological
implications (Index I) and data treatment. In tlextnsection, the quality
control applied will be described.

2.1 SAMPLINGS AND PRE-TREATMENTS

In this section a description of the sampling aretreatments of the
sample will be performed.

2.1.1 Samplings waste
The samplings were carried out in a different way:

(1) llmenite mud was supplied by Tiigment industry from the
manufacture process. The sampling process wagjtakia sample every
5 days along one month to ensure the homogenettyeofraste produced
(6 samples).

(2) Phosphogypsum was directly collected from the pumber 2,
where a representative sampling of the area werelalgng by taking 10
samples at 50 cm in depth trying to avoid the dupalr weathering
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produced by the rain. Finally, the samples were echixdried and
homogenized.

(3) Construction and demolition waste were obtaitfiedn two
different cities from the S&o Paulo State (Brazil)order to compare the
heterogeneity between them. Firstly, five represtereg samples were
collected from the transporting containers dispasefive work sites of
construction and demolition in the city of PresigerPrudente, and
secondly new samples from two different contaimees Construction and
Demolition Waste (CDW) Recycling Plant in the aitlyS&o José do Rio
Preto were taken.

2.1.2 Sample pre-treatment

After collection, the waste samples were presemvetastic bags, and
then, in the laboratory, they were dried at 60 AGl gonstant weight. This
temperature was selected to avoid structural watses. Finally, the
samples were grounded, sieved (< 65 pm), and hamssgk

The treatment to which the samples have been stdahd carry out
the different measuring technique is exposed irffahewing section.

2.2MEASURING TECHNIQUES

This second section we will outline the measuremtathniques and
equipment used in the physico-chemical and radicédgharacterisation
of the collected samples and final materials.

2.2.1 Granulometry

Laser diffraction spectroscopy measures partice distributions by
determining the angular variation in intensity @ht scattered when a
laser beam passes through the suspended sammpéeinar another liquid
where the sample is not soluble. The ISO 13320r{ittta size analysis -
Laser Diffraction methods - Part 1: General prites}) establishes Mie
theory as the best option to determine the volums&ilution of the
particle size present in a granulated material.
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Laser diffraction analysis, also known as laser fraktion
spectroscopy, is a technology that utilises ditfoac patterns of a laser
beam passed through any object ranging from nareymtd millimeters
in size to quickly measure geometrical dimensiohs garticle. This
process does not depend on volumetric flow rateathount of particles
that passes through a surface over time. Largeclesrtscatter light at
small angles relative to the laser beam and snaafiges scatter light at
large angles. The angular scattering intensity datthen analysed to
calculate the size of the particles responsiblecfeating the scattering
pattern, using the Mie theory of light scatterifithe particle size is
reported as a volume equivalent sphere diameter.

There are three main steps in the measurementgsoce

1. The sample must be prepared and dispersed to thecto
concentration and then delivered to the opticakheihis is the
purpose of the sample dispersion units.

2. The capturing of the scattering pattern from theppred sample -
known as “measurement”. Large particles scattdrt gt small
angles relative to the laser beam and small pestistatter light at
large angles. The detector array within the optiiEich is made
up of many individual detectors. Each detectorezl the light
scattering from a particular range of angles. Aidgb light
scattering pattern is shown below (Fig. 2.1).

Sackground aata [T wet measure, 21/06/38 51518 am [
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Figure 2.1.Typical light scattering patterns

Each bar in the histogram represents the lightestag) from one
of the detector elements (known as channel). Thectle array
takes many snapshots of the scattering patternasachges the
result to give a representative measurement.

3. Once the measurement is complete, the raw data ftoim
analysed by the software using the Mie theory. Témulting
particle diameter is the geometric mean of thesemé values from
each particular range.

The particle size analysis was performed by lasangometry in wet
suspensions with water as dispersant, using a MaMastersizer 2000
particle sizer with 52 detectors and Hydro 2000Measory, installed in
the Central Research Services at the Universitiiudlva (Spain). The
laser analyser provides the primary size infornmafar particles in the
0.02 to 200Qum range. For this, weight ranges from 20-30 g aheaf
sample were placed in beakers with 50° @hdeionised water for 4 h.
Subsequently, in order to facilitate the dispersibrine sample, all the
beakers were subjected, for 10 minutes, to ansaliia bath at a constant
temperature of 35 °C. They were then placed imskfand mixed using a
magnetic stirrer at a constant speed (700 rpomjhisare the homogeneous
distribution of the particles. Aliquots were thailected for granulometric
analysis. The calibration method was performed wlifferent certified
reference materials: LTX3300C Nanosphere Size atan®009A and
2009B Duke Polymer Microspheres Uniform Standa4@69, 4009A and
4009B Duke Standards Microsphere Size Standardsrd3each run, it is
verified that the device parameters are in theearigneasurement.

The program runs 10 countings on each aliquot (XBeasuring
interval each) with 5 seconds delay between meamnts. This assures,
that if the sample is not dispersed completely andhange in the
distribution curve occurred, then the analysiseisun. In addition, three
aliquots are measured and the results and staw@ardtion given. The
accuracy of this method is £ 1 % on the Malvern #redinstrument-to-
instrument reproducibility is better than 1 % RSD.
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2.2.2 XRD

X-ray diffraction (XRD) is a rapid analytical tedlne primarily used
to study the internal structure of solids, in ortterdentify the crystalline
phases present in a powdered sample. This procesdhased on the fact
that each crystalline phase has its own charatitedi$fractogram.

XRD analysis is based on constructive interferebetween a
monochromatic X-rays beam and a crystalline sanTgie.interaction of
the incident rays with the sample produces a difé@d ray, being the
maximum of interference given by the Bragg's Law.(E.1):

nA = 2dsin® [Eq. 2.1]

, Where/ is the wavelength of the ray8,is the angle between the
incident rays and the surface of the crystas, the spacing between layers
of atoms anah is the order of diffraction integer (integer numb@&he key
component of all diffraction is the angle betwedr tincident and
diffracted rays.

X-ray diffractometers consist in an X-ray tube whelectrons are
produced and accelerated onto the target (Fig. @Bgn electrons have
sufficient energy to dislodge electrons of the ¢éargaterial, characteristic
X-ray spectra are produced. The specific wavelengtie filtered by a
crystal monochrometer to produce monochromatic ys-rdhese X-rays
are collimated and directed onto the sample, placed sample holder.
The reffracted X-rays are detected by the coumteaddition, the X-ray
tube and X- ray detector are installed in a rotatystem around the
sample holder.
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MODIFIED FROM
CULLITY (1956)

DIFFRACTOMETER
CIRCLE

POWDER
SPECIMEN

Figure 2.2.Bruker’s X-ray Diffraction D8-Discover instrumeand
schematic of X-ray Diffractometer.

The characteristic x-ray diffraction pattern gemnedan a typical XRD
analysis provides a unique “fingerprint” of the sfigls present in the
sample. When properly interpreted, by comparisdh standard reference
patterns and measurements, this fingerprint allmestification of the
crystalline form.

The mineral characterisation of the powder sampbesperformed in
the Central Research Services of the Universityudlva (Spain) by using
a Bruker diffractometer (D8-Advance with f(u radiation).
Diffractometer settings were 40 kV, 30 mA, a scange of 3-65° (@)
with a step size of 0.02° and a counting time 6fper step. Under these
measurement conditions, the detection limit wasigdd %. Similarly, at
the University State of Sao Paulo (Brazil) in tlédratory of ceramic
materials a Shimadzu diffractometer model XRD 60068ing Cu,
radiation working at 1.2 kW (40 kV, 30 mA) was usBdta were recorded
in the 5-60° () range (step size equal to 1° Minobtaining under these
set up a detection limit of about 3 %. The analysese performed in
triplicate to ensure reproducibility of the results
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The X-ray diffraction analysis has been performedoading to the
disoriented powder method. Random mounts are peefemwhen
identification of phases in a specimen is requitedhis type of mount, a
few tenths of a gram (or more) of the materialpase as possible are
needed. The sample was grinded to a fine powdeicaly less than 10
um in size is preferred. Then, the sample was pladeca sample holder,
smeared uniformly onto a glass slide, assuringtaufyper surface, packed
into a sample container and sprinkled on doubtkgtiape. Care must be
taken to create a flat upper surface and to aclaeaadom distribution of
lattice orientations unless creating an orientedam

Analysis of diffraction patterns was performed witie software
DIFFRAC-plus provided by Bruker, Search Match pdariby Shimadzu,
PDF Search (Powder Diffraction File) and X-PowdBtaftin-Ramos,
2004). With this technique only crystalline phasesh a percentage
greater than 5 % are detected.

External standard and internal standard calibratwere preceded for
achieving high accuracy in X-ray powder diffractstdies. As example,
were used a single crystal Si specimen calibrasiamdard for high-
resolution XRD and alumina powder for quantitatigealysis. The
selected Standard Reference Materials (SRMs) weseided by the
National Bureau of Standards (NBS). The statistezabr of £ 5 % for
major phases in an intensity-related quantitatimalysis should be
considered reasonable.

2.2.3 XRF

X-ray fluorescence (XRF) is based on the principiat individual
atoms, when excited by an external energy souroé,>eray photons of
characteristic energies. Theoretically this chanmastic radiation permits
to identify and quantify each element in the sample

A XRF spectrometers consist of an X-ray tube thatdpces an
intense X-ray beam onto the sample. The excitedoaemits X-rays
along a spectrum of wavelengths/energy charadtemstthe types of
atoms present in the sample. The atoms in the saaygbrb X-ray energy
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by ionising, ejecting electrons from the lower (@b K and L) energy
levels (Fig. 2.3). Electrons from outer levels em@ the ejected electrons,
and then energy is released in the form of emissicharacteristic X-rays
indicating the type of atom present.

X-ray fluorescence radiation

Primary X-radiation

=P Electron

Figure 2.3 General scheme of X-ray fluorescence analysis.

The detectors are used to measure the intensttyeoémitted beam.
X-rays from the sample and a multichannel analgseigns each detector
pulse an energy value thus producing a spectrura. ifitensity of the
energy measured by these detectors is proportioiaé abundance of the
element in the sample. The exact value of this gmognality for each
element is derived by comparison to mineral or retkndards whose
composition is known from prior analyses by otleahniques.

Two different XRF were used in the study:

* The wavelength dispersive X-ray fluorescence (WDX&talyser
uses X-rays source emitting in all directions. Krdcting crystal
is placed in the way of the emitted X-rays comiffigtioe sample.
An X-ray detector is position where it can detechs X-rays that
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are diffracted and scattered off the crystal. Delpemn on the
spacing between the atoms of the crystal lattid&ddtive device)
and its angle in relation to the sample and detedpecific
wavelengths directed at the detector can be céedol'he angle
can be changed in order to measure elements selyenbr
multiple crystals and detectors may be arrayedrat@sample for
simultaneous analysis.

* The energy dispersive X-ray fluorescence (EDXRRB)gser may
be configured in two ways. The first way is diregtitation where
the X-ray beam is pointed directly at the sampléltér made may
be placed between the source and sample to indfeasecitation
of the element of interest or reduce the backgronrle region of
interest. The second way uses a secondary targeth ¢ excited
and fluoresces, used to excite the sample. A detecpositioned
to measure the fluorescent and scattered

Major elements were determined by WDXRF technignethe
Institute of Construction Sciences “Eduardo Tortqjgladrid, Spain)
using a Bruker S4 Pioneer system equipped withraydube of 4 kW, Rh
front window and anode, five analysing crystalsF200, Ge, PET,
OVO55 and OVOC) and two X-ray detectors, flow aoitllation. Flow
detectors measure elements from C to Cu and satot#$ from Cu to U.
In addition, EDXRF technique was used at the UmsingrState of Sao
Paulo (Brazil) in the laboratory of ceramic matksridy a Bruker
spectrometer S2 Ranger LE equipped with an X-rhg of 50W (50 kV,
2 mA), anode of Pd, XFlash Silicon Drift Detectoitiwresolution < 135
eV for Mnka and 100,000 cps.

These techniques require the samples under analysise as
homogeneous as possible. Thus, 1 g of dry grousdetple was mixed
with 10 g of lithium tetraborate and 5 drops o®20ithium iodide to form
a homogenous glass ready for examination.
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In general, elements with a concentration belowng0kg® (50 ppm)
are difficult to detect. To decrease the air absonpof the elements with
atomic number less than 21 (Sc), the operatingspresmust be 0.1 torr.

The calibration method was performed with a stathdantaining an
adequate number of elements to provide sufficieatkp for calibration.
These peaks should be separated from other peakddnst 3 to 4 keV to
avoid confusion in assigning peaks to their comesiing elements. The
calibration standards used are M.A.C.® 80090-20 a¥-Rluorescence
Universal Set 20 elements (Na, Mg, Al, Si, P, §,@, Ti, Cr, Mn, Fe,
Ni, Cu, Zn, Nb, Sn, Ba, W, Pb). In general, theedgbn limits according
to the average and standard deviations from 6 bleankged from 1 to 100
ppm depending on each particular element. The aisalas performed in
duplicate with differences below 5 % between thd&re analytical
accuracy was checked by the analysis of certifefdrence materials
GBW 07238 (NCS DC 70006), SX18-04 and BIR-1la. Therage
accuracy of the measurements was < 5 %.

2.2.4 ICP-OES

The Inductively Coupled Plasma Optical Emission cBpenetry
(ICP-OES) is a trace-level elemental analysis teglen that uses the
emission spectra of a sample to identify, and gfyathie elements through
the measurement of the intensity of radiation exdifor element-specific.

Sample introduced into the ICP as liquid form is thost common
technique for sample introduction, while the sskanple is converted into
liquid by dissolving it into proper solvent. Liqugample goes through
different steps when injected to the ICP (Fig. 2.4)

The first process is called nebulisation, and duss when the sample
is converted to an aerosol, a mist of finely didddroplet. The most
commonly nebuliser is a concentric tube, wherestdraple is sucked into
capillary tube by a high-pressure stream of Argas fipwing around the
tip of the tube. This pressure breaks the liquid fme droplets in various
sizes in the spray chamber.
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In the spray chamber the large droplets go to ditenfine droplet
carried to the torch. More than 99 % of the injdctample goes to drain
and less than 1 % carried out to the torch.

Detector |« |grating | « Plasma

spray chamber 4

Nebulizer

) To drain
l _-1 angon gas l
Sample

Figure 2.4 Diagram of Sample introduction to ICP-OES

The torch is consists of three concentric quanesuthrough which
streams of argon gas flow. A spark from a Tesldiodiates ionisation
resulting ions and their associated electrons actewith the fluctuating
magnetic field produced by the induction coil. Aaglimechanical energy
to the electrons/ions by the use of the inducdd fagthin the heart of the
plasma in this manner is called “Inductively Coungli.

A stable high temperature plasma of about 7000 tkes generated
as the result of the inelastic collisions createtiieen the neutral argon
atoms and the charged particles. The sample imnedygl@ollides with the
electrons, charged ions in the plasma and is itselken down into
charged ions. The molecules break up into thepaetsve atoms, which
then lose electrons and recombine repeatedly impkaema, giving off
radiation at the characteristic wavelengths ofetleenents involved.
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Transfer lenses are then used to focus the enfigteicbn a diffraction
grating where it is separated into its componentelengths in the optical
emission spectrometer.

Within the optical chamber, after the light is sgped into its
different wavelengths, the light intensity is measu with a
photomultiplier tube or tubes physically positiorted'view” the specific
wavelength for each element line involved.

The intensity of each line is then compared to joesly measured
intensities of known concentrations of the elemensmd their
concentrations are then computed by interpolationgathe calibration
lines.

ICP-OES is suitable for the trace elements analy@sent at high
concentrations (100 ppb-1000 ppm), and is usechtah type of matrices
of environmental samples especially for high eff®ettrix samples.
Therefore, this technique is more robust than IC®-Mr analyzing
samples as ground water, wastewater, soil, and s@ste. The element
concentrations were carried out at the Activatioabdratories Ltd
(ACTLABS, Ontario, Canada) using an ICP-OES Jobimory JY
ULTIMA 2 spectrometer.

Solid samples were digested following the four-anithod requiring
HCI, HCIO4, HNOs and HF. Prior to digestion the samples were grednd
to a powder. Samples are then dried at 80 °C, &¥0.Q g of sample is
weighed into a Teflon vessel. The initial reagemttare is 8 mL HCI, 7
mL HNGOs, 7 ml HCIQ,, and 8 ml HF. The sample mixtures are evaporated
completely. Another milliliter of HCI@and 2 mL of deionised water are
added to each sample, and the solution is evapbtatdryness. Then 1
mL of aqua regia (3 parts HCI to 1 part HY@ added to each sample
and allowed to react for 15 minutes and finallymvated. A solution of
9 mL 2 % HNQ is added to each sample and the vessel is heatiéda
evidence of remaining solids. Digested samplegtae®r diluted at least
1:100 for analysis. Subsequent dilutions may beuired if analyte
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concentrations are above the instrument’s lineargea Moreover,
appropriate blank solutions are also necessary.

Multielement standard solutions were prepared feamgle certified
standards supplied by SCP SCIENCE and preparednatiax of Milli-Q
ultrapure water and nitric acid suprapur 2 % (viM)e concentration of
elements in the prepared standard were 0 (blang}, @.5, 1, 5, 10, 25
and 50 ppm for all elements except Al and Fe. ésé¢hcases, 100 and 150
ppm respectively of each element were added to phevious
concentrations. Detection limits were calculatecalsgrage and standard
deviations from 10 blanks. Detection limits werdobe 0.1 mg L* for
these elements. A triplicate analysis was perforinearder to evaluate
the analytical precision, showing differences be®®o in all case. The
analytical accuracy was checked by the analysisedfified reference
material NIST-1640 (fresh-water-type).

2.2.5 ICP-MS

An ICP-MS technique has a multi-element characted a high
sample throughput. While ICP-OES techniqgue meastiresradiation
emitted by the different atoms through an opticetiedtor, the ICP-MS
detects the ions by using the mass spectrometedbas the mass-to-
charge ratio (m/z).

The sample solution is introduced into the devigenteans of a
peristaltic pump, then it becomes nebulised inraysphamber, and finaly
the aerosol is injected into an argon-plasma witanaperature of 6000-
8000 K.

Then, the ions from the ICP source are collimated f@acused into
the entrance aperture of the mass spectrometdrebgie¢ctrostatic lenses.
Only a small amount part of the ions produced ia phasma further
penetrate to the mass-spectrometer part.

The quadrupole mass spectrometer is the most contyperof mass
spectrometer used in atomic mass spectroscopyhwshamass filter only
allows ions having a limited range of m/z valuesctethe transducer. lons
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that are not of the correct m/z collide with thdsor exit the path between
the rods and are pumped out of the system. Qualdrupsiruments easily
resolve ions that differ in mass by one unit.

Each ion that exits from the mass spectrometeeByahits the detector
producing an electrical amplified signal proporabrio its m/z ratio,
producing finally a mass spectrum with peaks c@oading to the
different mass/z ratios. The quantification is agled by comparing the
measured counts in an unknown sample with a stdndamtaining a
known amount concentration of the problem element.

ICP-MS is particularly suitable for isotope rattadies and ultra-trace
analysis of elements being the instrumental detedtmits (IDL) in the
range from 1 ppt to 10 ppb, depending of each qdai element. In
addition, this technique shows a wide dynamic ra@gethe contrary, this
technique is not able to measure some non-megéddliinents (e.g. S, P, Ti,
Sc), which can be determine by ICP-OES.

ICP-MS is particularly suitable for isotope rattadies and ultra trace
analysis of elements being the instrumental detedtmits (IDL) in the
range from 1 ppt to 100 ppb, depending of eachiquédatr element. In
addition, this technique shows a wide dynamic ra@gethe contrary, this
technique is not able to measure some non-megddliinents (e.g. S, P, Ti,
Sc), which can be determine by ICP-OES.

Trace elements were determined by ICP-MS (indulstieeupled
plasma mass spectrometry) after four-acid digeséibnhe Activation
Laboratories Ltd (ACTLABS, Ontario, Canada) using ldP branded
computer model HP4500, which meet the ISO/IEC 17/QQality System
standard. The quality control method included tke of a reagent blank,
standard reference materials and replicates. Tewacy of the analytical
data ranges from £ 5-10 %.

For analysis by ICP-MS, 0.2 g of sample was treatdgth
hydrofluoric, hydrochloric, nitric and perchloricids. Hydrofluoric acid
was used to remove silica and release the cheelealents as ions. The
nitric acid is an oxidant that was applied to previhe volatilisation of
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certain elements and the perchloric acid and hydooc were used to
eliminate the hydrofluoric acid residues, sinces tiprecipitates like
fluoride. The amounts of nitric acid used were 7, ®ImL of hydrofluoric
acid, 8 mL of hydrochloric and 7 mL of perchloricich All samples were
evaporated on a heating plate until dryness. Adigestion, the final
aliquot is adjusted to a 2 % solution in nitriccagvith deonised water.
Finally, the digested samples were dilutied 1:1@0order that the
concentrations falls within the calibration range.

The calibration method was performed with a solutonsisting of
10 ppb of’Li, 8% and2°°TI. An external calibration was used, using a
blank, and a multi-elemental certified standardisoh of 1 ppb, 10 ppb,
50 ppb and 100 ppb. The sequence of analysis ¢edsi§blank, st 1ppb,
st 10ppb, st 50 ppb, st 100 ppb, then a seriesafiples, monitor solution
10 ppb, again another 5 samples and monitor soluétc. The monitor
solution was used in the analysis sequence in aodeontrol the drift of
the equipment during the same.

The quality control of the measurements was domegusertified
reference materials (AGV-2, BCR-2, BHVO-1, SoNEdne duplicate at
least every 15 samples, and procedure blanks. Thsgument is
recalibrated every 80 samples.

2.2.6 SEM

The scanning electron microscope (SEM) uses a éocbeam of
high-energy electrons to generate a variety ofaggat the surface of solid
specimens. The signals that derive from electronpda interactions
reveal information about the sample including exaérmorphology
(texture), chemical composition, and crystallineistiure and orientation
of materials making up the sample. In most appboat data are collected
over a selected area of the surface of the samapkd,a 2-dimensional
image is generated that displays spatial variationthese properties.
Areas ranging from approximately 1 cm to 5 um idtwican be imaged
in a scanning mode using conventional SEM techisiduee SEM is also
capable of performing analyses of selected pordtions on the sample;
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this approach is especially useful in qualitativelysemi-quantitatively
determining chemical compositions by using EnerggpBrsive X-Ray
Spectroscopy (EDS).

Accelerated electrons in an SEM carry significanbants of kinetic
energy, and this energy is dissipated as a vaoksygnals produced by
electron-sample interactions when the incidenttedas are decelerated in
the solid sample. These signals include secondacyrens (that produce
SEM images), backscattered electrons (BSE), di#fchdackscattered
electrons (EBSD that are used to determine crystalctures and
orientations of minerals), photons (characterixtiays that are used for
elemental analysis and continuum X-rays), visiblghtl (cathode
luminescence—CL), and heat.

Secondary electrons and backscattered electrorsoarmonly used
for imaging samples: secondary electrons are malsable for showing
morphology and topography on samples and backsedttdectrons are
most valuable for illustrating contrasts in compiosi in multiphase
samples (i.e. for rapid phase discrimination). &deoy electrons are
emitted from the surface with a certain velocitgttts determined by the
levels and angles at the surface of the sample.s€bendary electrons,
strike the scintillator (fluorescing mirror) thargouces photons. The
location and intensity of illumination of the mirreary depending on the
properties of the secondary electrons. The sigmalyred is amplified and
transduced to a video signal with the “topograpbifythe sample.

Moreover, there is a probability that some of theident electrons
will suffer a large deviation from the incidentelttion and be “reflected”
backwards. These electrons are called “backscdttelectrons (BSE)
and provide compositional information, since theEBstgnal intensity of
a material is proportional to its average atomimhbar. This implies that
parts of a sample having different composition gateedifferent intensity
of backscattered electrons, although there is fierdnce of topography
between them.
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If an X-ray detector is incorporated, the charastes X-rays
generated by the electron beam are detected ahgsadavith an energy
dispersive X-ray spectrometer (EDS). The EDS specan be used to
obtain a qualitative and/or semi-quantitative eletak analysis at
micrometer spatial resolution.

There are two main classes SEM techniques accotdimgnission
source: Scanning Electron Microscope (SEM) usesrtiomic emitter and
the Field Emission Scanning Electron MicroscopeSEM) uses a field
emitter. Moreover, field emission Gun producingleaoer image, less
electrostatic distortions and spatial resolutio@nm (that means 3 or 6
times better than SEM).

The microstructure was examined by field emiss@anaing electron
microscopy (FE-SEM) in the Institute of Construnti®ciences “Eduardo
Torroja” (Madrid, Spain) using a HITACHI (model 8@0) microscope
and JEOL (model JSM-5410) in the University of Hae(Spain), both
equipped with an Energy Dispersive SpectrometerSEBnd a Back
Scattered Electron (BSE) operating at 20 kV.

SEM specimens were embedded in epoxy resin (Aedqjtgrinded
with silicon carbide paper (SiC paper) and polishéith 6, 3 and 1 pm
diamond pastes after. The samples were washedleigbnised water and
attacked with 5 % HF for 10 seconds, to highlidtg teveloped phases.
Chemically fixed material were ultrasonically wadhveth distilled water
and ethyl alcohol and dried below the critical pamavoid damage of the
fine structures due to surface tension. To fatditheir observation under
the microscope, the samples are made conductiveuoent, so, the
specimens were coated with a thin layer of Au-Pd Balzers SCD 050
spultter.

2.2.7 DSCITG

Thermal analysis studies how the properties of nasechange with
temperature. This analysis typically measures fieat weight loss, or
mechanical properties as a function of temperatbeseral methods are
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commonly used, which are distinguished from onetlaro by the
measured property.

In this thesis were used two of these methods, ribgravimetric

Analysis (TGA) and Differential Scanning Calorime(bDSC).

TGA is a method that measures the mass loss or djanto
decomposition, oxidation, or dehydration, as a fianc of
temperature (thermal spectra) or isothermally fametion of time
(with constant temperature and/or constant masg.ld$e first
derivative of the TG curve (DTG) is very usefulchase it makes
the noticing small features/boulders on the cureemeasier (Fig
2.5).
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Figure 2.5.Example of TG/DTG curves

DSC measures the amount of energy absorbed orseelday a
sample when it is heated or cooled, providing gtetite and
qualitative data on endothermic (heat absorptionl) @xothermic
(heat evolution) processes (Fig. 2.6). DSC curve peovide
information about physical phenomena, such as skeooter
phase transitions, including vaporisation, subliorgtabsorption
and desorption.
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Figure 2.6.Typical DSC curve

A TGA analyser consists of a sample pan that igpeupd by a

precision balance (x 0.0001 mg) (Fig. 2.7). The pesides in a furnace
and is heated or cooled during the experiment. filmeace can be
programmed either for a constant heating ratepiohéating to acquire a
constant mass loss with time. The atmosphere isdhgle chamber may
be purged with an inert gas to prevent oxidationotrer undesired
reactions. This gas may be inert or a reactivelgeglows over the sample
and exits through an exhaust. In addition, a cgotiavice is installed to

help cool the sample.
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Figure 2.7.Chart diagram of the TG

On the other hand, in a DSC analyser (Fig. 2.8 smple is placed
in a suitable pan and sits upon a constantan discmatform in the DSC
cell with chromel wafer and a chromel-alumel thecouple under the
constantan disc that measures the sample temperAtuempty reference
pan sits on a symmetric platform in the furnaceisTtechnique uses a
reference material with a well-defined heat cayaoiter the range of
temperatures. Generally, the temperature program SC analysis is
designed such that the sample and reference pgretatare increases
linearly as a function of time and is maintainednaarly the same
temperature throughout the experiment. However,ngwto the heat
capacity of the sample, there would be a tempezatifference between
the sample and reference pans, which is measuratehythermocouples,
and the consequent heat flow is determined byHaertal equivalent of
Ohm’s law (Eq. 2.2):

q = AT/R [EQ. 2.2]

, Whereq is “sample heat flow’ AT is “temperature difference
between sample and reference”, dds “resistance of thermoelectric
disk”.

The difference in the input energy required to mdle temperature
of the sample to that of the reference would beatheunt of excess heat
absorbed or released by the molecule in the saf@ptang an endothermic
or exothermic process, respectively).
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Figure 2.8.Chart diagram of DSC

The thermal behaviour on powder samples (sizegharti80-100 pum)
was performed in the Institute of Construction 8ces “Eduardo Torroja”
(Madrid, Spain) using DSC/TGA SETARAM, model Labsgsd at the
University State of Sao Paulo (Brazil) in the laddory of ceramic
materials using a TA Instruments, model SDT Q608CIDI GA scans
were performed between 25 °C and 1450 °C at 50iAC im flowing air,
platinum pan and calcined A); as reference material. The DSC/TG
curves were normalised regarding the sample weighe analysed
material is finely ground and homogenised.

Samples can be analysed in the form of powder atl gneces with a
sample size between 2 and 50 mg. It is better ve hdarge surface area
exposed to the sample purge. Many small piecearopke are better than
one large chunk. At least, a minimum amount of laihgample is needed
to run. If possible, the bottom of the pan with #anple material has to
be covered. For best results, approximately theessample weight during
each experiment was used to ensure reproducibility.

To obtain accurate experimental results the theramalyser was
calibrated when running experiments and periodictiereafter. As a
minimum, it was recalibrated anytime the beamegberimental heating
rate, or purge gas is changed. In addition, a bilaskwas performed.
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The heat flow measurements and the temperaturbratdin were
carried out using high purity standards (In, Sn,A and Au) with well-
defined heat capacities.

DSC/TGA standard calibration includes the followprgcedures:

TGA Weight Calibration: Calibration of the TGA weigsignal.

TA Baseline Calibration: Calibration of the Deltsignal. Baseline
correction for a given scan rate (1 — 40 °CHin

Temperature Calibration: Calibration of the tempa® heat of
reaction, heat capacity scale.

DSC Heat Flow Calibration: Calibration of the hétatv signal.

2.2.8 Alpha spectrometry

Alpha spectrometry is a technique based on theaactien of a-
particles with matter, in order to detect and cotlmgm for analytical
purpose, i.e., its aim is to determine the actigdypcentration of a specific
radionuclide in a sample (Bq ®gr Bg ntd). It is a powerful analytical
method, extremely sensitive and specific for adangmber of natural
radionuclides #%Po, U-isotopes, Th-isotopes, etc.) and anthropageni
(Pu-isotopes, Am-isotopes, etc.) alpha emittensiurch type of samples.
The application of this method requires minimisatid the alpha particle
self-absorption effects at the source, since tpleaaparticles are absorbed
in several micron of solid material.

The radioelements are firstly isolated and purite@mically before
being either electroplated or auto-deposited dmralayer of the sample
uniformly and quantitatively onto an acceptablekiag material in order
to detect the emitted alpha patrticles.

2.2.8.1Radiochemical method

A general radiochemical method to apply alpha-plrspectrometry
with PIPS (Passivated Implanted Planar Silicongcters in Fig. 2.9 is
shown. After the sample pretreatment (homogeneisatialcination, co-
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precipitation, etc.), the tracers are added, aed the sample is dissolved
with inorganic acid or by fusion. The next steplvidé to isolate the
different radioelements of interest (in our casdasaiopes, Th-isotopes
and?%Po). The radiochemical process ends with the maturag of the
very thin radioactive source, usually by electramefon or
microprecipitation.

The last step of the radiometric technique willtbetake the alpha
spectrum (counting), and posterior calculatiorhefdctivity concentration
of each radionuclide of interest, and its uncetyain

In our case, the method begins with the dissolutibthe sample by
using four strong acids (HCI, HNOHF and HCIQ). And then actinides
are isolated by using tributilphosphate (TBP), padfied with exchange
resins. Then, the U- and Th-isotopes are electimgitgnl onto stainless
steel discs and, Po is self-deposited onto silisasd Finally, the obtained
discs are counted in an alpha spectrometer andctihgty concentration
calculated.
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Sample collection
and preparation

Y

Addition of tracer

\

Sample dissolution

\

Chemical separation

Y
Deposition onto
counting disc

\

Count in an
alpha spectrometer

\
Calculation of
tracer recovery

& sample activity

Figure 2.9 Blocks diagram of a generic radiometric methodneasure
radionuclides by alpha-particle spectrometry witR¥detectors.

Step 1. Selection of the tracers

Due to the losses of radionuclides during the ditally separation
processes, a known activity of an artificial radibse isotope (same
chemical behavior to the radionuclide of interesf)s added in order to
evaluate the recovery of the radiochemical proCEss tracers used in this
method {°%Po, 222 and?2°Th), are shown in the Table 2.1. In addition,
three conditions must be fulfilled in the selectadrihe tracers. Firstly, the
emission energy must be different between the raiode (subject of
study) and its tracer. Secondly, the tracer wilabasotope of the selected
radionuclide (the same chemical behaviour) andlfirtae tracer must be
artificial radionuclide, in order to ensure tha¢ gample does not contain
it.
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Table 2.1

Information about the isotopes used as tracewpha spectrometry. With
S is indicated the combined standard uncertainthefCertified Reference
Material (CRM).

. .. a(BgLYand T12 Energy (MeV) and
Radionuclide Reference Date (years) emission probability (%)
20 105.6+ 0.1 0
Po (15/03/1994) 102 4.88 (99 %)
4.797 (1.2 %), 4.814 (9.30
%); 4.837 (4.8 %); 4.845
2297 177.6£ 1.1 7340 (56.2 %); 4.901 (10.20 %);
(31/12/2007) 4.967 (5.97 %); 4.978 (3.17
%); 5.050 (5.2 %); 5.052
(1.6 %)
0,
233 72.5+ 0.3 69 8 5.32 (68 %)
(25/03/2003) 5.27 (32 %)

Step 2. Digestion of the samples

The samples were subjected to a hard acid digestiolosed vessel
(EPA 3050B) until near total dissolution. It is &k0.2-0.5 g of sample
and transferred to a Savillex with the tracéfS$Pp, 22°Th and?2), in
amounts according to the expected activity coneéintrs of the samples.
After the addition of 9 mL HNg) 3 mL HF, and 2 mL kD>, the Savillex
is closed and put into the oven at 100 °C for 24 h.

After this, it is taken from the oven, cooled, openand allowed to
dry at environmental temperature and the samptansferred to a Teflon
vessel. The Savillex was washed with 5 mL of HG@l added to the Teflon
vessel. Then, the sample is evaporated to drynessifium 80 °C) and 6
mL of HCIO4 is added and evaporated again to dryness, witlaitheo
remove the silicates (S#D

Finally, it added 10 mL of HN¢) and transferred the sample to a
beaker, where it is evaporated to dryness andttheissolve the sample
residue in 10 mL of HN®
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Step 3. Radioelements sequential isolation basedBi and lon-
exchange resins

This radiochemical method has been performed byes@arch group
(Bolivar et al., 1995a) (Fig. 2.10), and is basadt® property of TBP
(tributyl phosphate, CH>7PQy) to absorb the actinides.

The previous digested sample was added into a fuvitite5 mL of 8
M HNOs used to clean again the beaker. Five millilitr& BP was added
in the funnel and shaken for about 10 min, andeskfor another 10 min
without cover until the complete separation of @sad he previous two
steps were repeated adding 10 mL of 8 M HN®the funnels to ensure
complete separation. The aqueous phase (8 M fb@htains’%Po was
collected in clean beakers and pass to the autosttegm stage.

On the other hand, the organic phase that rematostihe funnel
contain the actinides (U and Th). The back-extosotif Th was conducted
by adding 20 mL of xylene @igOs) and 15 mL of 1.5 M HCI to the
organic phase in the separatory funnel, and shakdrsettled for 10 min,
each. The aqueous phase was separated (Th framtidithis was repeated
twice, using 15 mL of 1.5 M HCI. The beakers witjuaous solution pass
to the thorium purification and separation by anésichange resin.

To purify the Th fraction, which contains trace &f, a
chromatography column is used. Previously, the $amspevaporated to
dryness and the residue is dissolved with 5 mL NiOsl (65 %) and is
again evaporated to dryness. Then, the columnit{hdigm and internal
diameter 0.7 mm) is prepared with the addition @f 8f AG1X8 Resin
(100-200 mesh) and washed with 20 mL of 8 M HNth a flow of 0.8-
1.0 mL mint. Then, the Th fraction is passed through the caltorelute
U and other interfering ions, and this solution wessarded. The thorium
is extracted from the column with 40 mL of 9 M HEinally, aqueous
solution containing Th was saved until the electeposition stage.
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Digestion of the sample with
concentrated HNO3 and HF

Organic phase

A 4

Evaporate to dryness

A 4

Sample residue is dissolved
in 10 mL of HN038 M

Y

Extraction with TBP

Aqueous phase

Xylene + 1.5M HCI

Aqueous phase

Organic phase

A

Distilled water

THORIUM

»

Aqueous phase

Exchange resin
AG-1X8

Electrodeposition

—> POLONIUM

A

Self-deposition

Figure 2.10. Diagram of TBP radiochemistry method.

At last, to extract and isolate the uranium frorgamic phase, 15 mL
of distilled water was added to phase that remaittsthe funnel. Then,
the funnels are agitated for 10 min and are settiednother 10 min. The
uranium is back-extracted with water. The agitasitaps are repeated with
the previous addition of 15 mL of distilled watdio finish, the beakers
with the aqueous solution containing U pass to dleetro-deposition

stage.
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Step 4. Thin source preparation by self-depositiord electro-
deposition

The isolation of?!%®o by self-deposition begins evaporating the
sample to dryness. The temperature must be appateiyn70-80 °C in
order to avoid losses of polonium. The residuassalved with 5 mL of
HCI, and then evaporated to dryness (this steppsated twice). Then,
the previous residue is dissolved with 10 mL of 2RI, and about 50 mg
of ascorbic acid for reduce #do Fe&". Finally, the sample is filtered and
transferred to self-deposition bottle. The bottia®e placed in the
mechanical agitator for at least 5 hours to enthed?0 isotopes are self-
deposited onto silver discs.

For obtaining the thorium and uranium thin sourctse
electrodeposition technique is used. The sampleawagorated until 1 or
2 mL remained, and 1mL of 0.3 M p&0 was added. Then, the sample
was evaporated to dryness and the residue wadwidsweith 0.3 mL of
HoSQyw, 4 mL of distilled water and 2 drops of Thymol él@ndicator).
Previously, the electrodeposition cells were pregand the sample was
transferred into it, washing the beaker with apprately 5 mL of 1 %
H>SQu. Drops of NH (5 %) were added until pH 2.1-2.4 is reached (gean
colour). At that moment, the electrodepositionagfgrmed during 2 hours
with 1.2 A electric current for Th. The electrodsfiimn times can be
reduced for U (conditions: 1 hour with 1.2 A electturrent). After the
electrodeposition, the stainless steel disc is e@stith distillated water,
followed by iso-propanol, and dry at room tempematdrinally, the disc
was saved into a little bag with the sample codd was analysed in an
alpha spectrometric system with passivated impthrgnar silicon
(PIPS) detectors.

2.2.8.2Alpha spectrometric system with passivated implani planar
silicon (PIPS) detectors

Silicon is mainly used semiconductor materials,dioarged particle
detectors. The silicon charged particle detectanigfer of silicon having
surface contacts forming a p-n junction. On thefam@r of the Si
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semiconductor, thin metal layers (gold and alunmjiare evaporated as
doping impurities after chemical etching, as in thmdern high-
performance Passivated Implanted Planar Silicor$pPtetector.

In the detection process when an alpha particlerenhe detector, it
loses a small amount of energy in the thin entramicelow. The vast
majority of its energy is deposited in the depletegion of the detector
diode (p-n junctions) by causing ionisation of Hiécon atoms and free
electron hole pairs (charge carriers). The eneeggssary to form a single
electron-hole is directly proportional to the eneof the stopped particle.
The electric field in this region sweeps the elaa$rto one terminal and
the holes to the other. This charge pulse is iategrin a charge sensitive
preamplifier to yield the observed voltage pulsd aerform the alpha
spectrum.

The alfa spectrometry was performed using an EG&@®system
with an integrated Octete PC PLUS with eight chaimbgach chamber
consists of 450 mfion-implanted silicon PIPS detector, each one édus
inside a vacuum chamber. In addition, each alpleatspmeter chamber
includes a vacuum gauge, variable detector biaglgug preamplifier, a
shaping amplifier with adjustable gain, pulse striet and bias amplifier,
a test pulser generator with variable amplituded &makage current
monitor. The detectors have a maximum FWHM (FulldwWi Half
Maximum) of 20 keV by using a mono-energetic enoissif>**Am, with
detection efficiency close to 25 % for distancessi¢han 10 mm. A
background counting rate less than 30 counts pelisdaxpected in the
energy range from 3-8 MeV, about (1-2)>1€ps under a typical alpha
peak, energy interval for the most interest natahlaha particle emitters.
The detectors operate at a polarisation voltag®df. The program used
to control individually the spectrometer and foesjpum analysis and data
evaluation was Maestro.

In order to quantify the activity concentrationstioé different alpha
particle emitters, it is necessary to identify thenthe spectrum and to
carry out an energy-channel calibration in the gneange 3-8 MeV. The
detector response (channel) is directly proportisaaghe energy of the
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incident particle, and to find this relation congise calibration channel-
energy.

2.2.8.3Counting efficiency

Several factors affect the absolute counting efficy, as the detector
size, the source-detector solid angle, and thasitrdetention efficiency
are the main factors. It is well know that for PI&&ectors the intrinsic
detention efficiency is the unit (Vioque et al. 029.

The absolute counting efficiency)(is defined as the number of
detections without background (couni$), in relation to the number of
emissions of the radioactive sourd&)(

N

SZN—O

[Eq. 2.3]

Therefore, to determine experimentally the counéfiigiency, a certified
standard source with known activi#§) in the same geometry that sample
is used, being the counting efficiency by the folamu

_(G-B)

= Eqg. 2.4
= [Eq. 2.4]

, whereG is the gross count of the ped&kthe backgroundys is the
emission probability of the standard source, i@ counting time.

2.2.8.4Activity concentration calculation

The activity concentratiora) at the moment of the isolation (dafe)
for a given alpha-emitter radionuclide can be daked by applying the
equation:

_(G—=B)-Py-mg-a

A (F _FT) . A(Fl_FO)
e 7ovo e [Eq. 2.5]
(60 BO) “P-m

, WhereG is the total alpha counts in the peak of the nadlitide of
interest, determined in the alpha spectrum obtaivitda counting time,
Go is the net counts at the peak of traéers the probability of the alpha
emission in the peak of intereBt, probability of the alpha emission in the
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peak of interest for tracer (often is 1),is the mass (or volume) of the
samplemg is the mass (or volume) taken from the certifi@shdard tracer
solution, ag tracer activity concentration at the referenceedat the
certificate, Fo is the isolation datef1 is the counting datef, is the
reference date for tracer activity concentratiothefcertificate o).

The previous equation is valid if the contributmiithe blank sample
is negligible (blank activity = £, but in general this one has to be
considered. Therefore, the real activity concemnabf the sample u
will be calculated trough the next expression:

a;=a—A,/m [Eq. 2.6]
The Yield (Y) of the radiochemical procedure is calculated as:

y = o~ Fo Eq. 2.7
~ ePymgagt [Eq. 2.7]
The average chemical vyields obtained t#¥Po, Th and U
radionuclides were 90, 60 and 80 %, respectively.

2.2.8.5Lower limit of detection (LLD) and Minimum Detectable
Activity (MDA)

The lower limit of detection (LLD) for any radionliate is critically
dependent on the detector backgrouBdagounts), and procedure blank
count rates. However, an attempt has been madeedygical limits for
low background detectors, which is called the msntal LLD (ILLD)
(Currie, 1968).

The ILLD (in counts) can be calculated by using tiext formula
derived by Lochamy (1981).

ILLD = k* + 2.8 - kVB [Eq. 2.8]

, Wherek is the one-sided confidence factor, being k = 16595 %
of confidence level is taken.
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If the activity of the blank is negligible, the Mmum Detectable
Activity (MDA) is given by:

ILLD (counts) _ k?+2.8-kVB _ 2.7+4.6VB [Eq. 2.9]

MDA =
eY-t eY-t &Yt

But it is very common to find that the sample blacéntains
significantly activity above the background, and heese cases the valid
alternative to assess the LLD is to use n replioad@asurements of the
sample blank by using an equation similar to tlevious one (MARLAP,
2004):

/ 1
LLD =k |1+ =0, [Eq. 2.10]

, wherea, denotes the standard deviation of the sample laatkity,
n is the number of replicate blank measurements kasdhe quantile t-
Student according to the number of freedom deg(ées n-1). For
example, for n = 10 blank samples, f = n-1 = 9, lardL.83 if a significant
level a = 0.05 is taken, or k = 2.82 for = 0.01. Therefore, a detection
decision is made for a real sample by comparingrteasured net activity
to the critical net activity. This approach shouldrk best if all samples
and blanks are analysed under similar conditiossguinstruments with
similar counting efficiencies and background levétsis important to
point out that all samples and blanks must be ctedefor instrument
background (MARLAP, 2004).

The MDA is calculated by applying previous equati@. In our
laboratory the background counts is determined yeweonth, and the
blank average activity was calculated for five ldgtm = 4, f = 3¢ = 0.05
- k =2.3. Considering an average for yield of 80tlé, typical counting
times of two days (1.7-£8), and a counting efficiency of 25 %, the MDA
obtained for the radionuclides considered in thiskwanged from 0.5 to
2.2 mBq.
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2.2.8.6Quality Control (QC)

The radiochemical method implemented at our lalooyas validated
under a quality control system (QC) conformed bplicates, blanks,
certified standard materials, and by participatinginternational and
national intercomparison excercices.

The reference materials H3{U), C1 £%2Th), and IAEA-327 have
been used. Tables 2.2 shows that results obtaimedgh TBP method
were in agreement with the certified values IAEA232s0il from Moscow
containing certified activity concentrations?3fU, 234U, 2°°Th and®*?Th
at 95 % of confidence. Furthermore, the statisiabmeter €.ore Was
calculated as follow:

Xmeas — Uref

7 =
Score 3 5 [Eq. 2.11]
Umeas + O-ref

, WherexmeadS the measured valupt is the reference valuégeasis
the standard deviation of the measured value asds the reference
standard deviation.

Table. 2.2

Average activity concentrations (BqRgof reference material IAEA-
327 obtained through TBP radiochemical method amalysed by alpha
spectrometry. Uncertainties are indicated as Stadd&€ombined

Uncertainty.

Radionuclide Reference* TBP |Zscord™
238y 32.8+1.4 30+ 3 0.76
234 32.4+1.0 30+ 2 1.11
232Th 38.% 15 38.5+ 1.5 0.10
230Th 34.1+ 1.7 35.5+ 1.4 0.63

" Certified activity concentration of the referenmaterial IAEA-327
** | Zscord < 2 (NO significant differences with a confidencedieof 95 %)
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All the results obtained showtZscord < 2 thus no significant
differences between the reference material andddhees measured with

a confidence level of 95 %.

Tables 2.3 shows the activity concentrations olethithrough TBP
method compared to C1 and H1 reference materiad¢h Beference
materials are solutions with known activity concetibns of>38J (H1),
and?®2Th (C1). The results were in agreement with théfesat values.

Table. 2.3
Activity concentrations (Bq Ky of reference materials C1 and HI.
Uncertainties are indicated as Standard Combineddstainty.

Radionuclide Reference* TBP |Zscord*™*
238 153.88+ 1.05 157+ 3 0.98
232Th 97.09+ 0.72 95.75 1.64 0.42

" Certified activity concentration of the referemmnaterials C1 and H1
** | Zscord < 2 (N0 significant differences with a confidencedieof 95 %)

The Nuclear Safety Council (CSN) organises everaryan
intercomparison exercise with different type of géas (sediment, soil,
filters, water, etc.). The results obtained inlaboratory and the reference
values for a food ash are reported in Table 2.4¢hvhre in accordance

within 1o of their nominal values.

Table. 2.4
Average activity concentrations (Bq Rgof the food ash in the CSN-2010

inter-comparison exercise.

Radionuclide Reference* TBP Sré™
238y 27.3+4.9 27.9+ 1.0 0.13
234 28.5+5.1 28.8+ 1.0 0.07
2309Th 3.65+ 0.66 4.30 +0.80 0.99

* Certified activity concentration of the referenmaterial supplied by CSN
** | Zscord < 2 (NO significant differences with a confidencedieof 95 %)
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2.2.9 Gamma spectrometry

Gamma ray spectrometry is an analytical non-desteimethod that
allows the identification and quantificatiomeémitting particles in a high
variety of matrices. In one single measurement &itld little physical
sample preparation (efficiency is only dependenploysical parameters),
gamma ray spectrometry detects several gamma-egitidionuclides in
the sample (multi-elemental). The measurement giv&gsectrum of lines,
being the amplitude of which is proportional to thetivity of the
radionuclide and its position on the horizontalsagives its energy.
Opposite the alpha-particle spectrometry, this wekthequires large
sample masses, background gamma spectrum is higher more
complicated, detection efficiency varies with gamraaergy, self-
absorption of gamma radiation in the sample mustdiesidered, and
generally it is less sensitive than radiochemiatrg.

The gamma spectrometry system used contains amdedeRange
coaxial Ge Camberra detector (XtRa), model GX391@ detector has a
unique carbon composite thin-window (0.5 mm thick3 cni active
volume and 4 mm length from the detector to thé@amwindow, which
extends the useful energy range down to 3 ke\felttive efficiency in
relation to a 3 x 3“ Nal(TI) detector is 38 % ara’d FWHMSs (Full Width
Half Maximun) of 0.95 keV at 122 keV and 1.9 keV1&30 keV. The
detector is cooled to liquid nitrogen temperatuegsl coupled to a
conventional electronic chain, including a PC-bas&d multichannel
analyser and an ADC with Genie 2000 for data adiuisand analysis.

A reduction in the background was achieved by apgly shield
constituted by an outer cylindrical lead layer 6fcin thick to reduce the
background radiation originating from building méés and cosmic rays
surroundings. The lead shield is covered interriajiya thin copper layer
of 2 mm, whose mission is the attenuation of X-r@gnerated as
consequence of the interaction between the outkatran and the lead
layer.
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As the gamma spectrometry technique is a multi-elgnand non-
destructive technique, the sample preparation wedaced to two main
steps. The sample was dried to constant weighganded to homogenise
the particle size. A representative aliquot betw®s@100 g is placed in a
cylindrical polyethylene container calibrated (seext section). The
gamma spectrometric measurements were carrieduonigcaround 48 h.

2.2.9.1Detector system calibration

The detector calibration has been performed, botargy and
efficiency, in our research group (Bolivar et dl995a; Bolivar et al.,
1996a; Pérez-Moreno et al, 2002). The cylindrioabrgetry was used
according to polyethylene containers with 6.50 ¢amabter and a variable
sample height, between 0 and 5.0 cm. Furthermbeeseélf-absorption
effect depends on the sample density and chenoogpasition, and, once
the counting geometry is established, on the sahwatght.

The efficiency in the real samples)(is calculated multiplying the
efficiency in the calibrating samplec) by the correction factof)( which
takes into account the self-absorption differertoetsveen both samples,
so:

& =f-¢ [Eq. 2.12]

The efficiency calibration method was performedngsa standard
mixed radionuclide source (IAEA-RGU-1, IAEA-RGTh-AEA-RGK-
1) of a known radionuclide concentratior/fJ and daughter£®?Th and
daughters, and®K. The full energy peak efficiencyfepe) for the
calibration samplest) was determined measuring the reference materials
at different energies and heights (from 0 to 5 dth wtervals of 0.5 cm).
The full energy peak efficiency was obtained acocaydhe following
equation:

N
g = = ec(Ey, h) = ec(E,,m¢) [Eq. 2.13]

amPy t

, Wherez. is the full energy peak efficiency for the calitioa sample,
N is the net area under the photo peak of inteae@q kg?) is the?*Ra
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activity concentration in reference sampta, (kg) the sample mass
corresponding to a heiglt, P, is the probability of emission for the
considered energyEf) taken from tabulated data (Kocher, 1981)he
counting timem (g) is the mass of calibration sampt& € zr2och = kh),

dc (g cn) its apparent density and (cm) the radius of cylindrical
container.

The procedure of the calibration is explained vd#tail in Pérez-
Moreno et al. (2002), being given thape for the calibrating sample by the
equation:

0.138

gc = 14.52(E,) 095 . e(-0424() "h) [Eq. 2.14]

To point out that calibration sample has an appatensity of 1.60 g
cm3, the radius of the cylindrical container is 3.26,@nd h is the height
(h) of sample in cm, and,, in keV, is the energy of the considered gamma
emission.

The correction factorfl due to the different self-sorption between both
the problem and the calibration samples was demagadtin this paper
that it is given by:

_ N, _ 1— ekPh HcPc
- ]\[2 - up 1 — e—Hcpch

f [Eg. 2.15]
, where i (cmt) is the self-attenuation coefficient, apdins the

apparent density of the sample. Therefore, in aierlculate the, it is
convenient to know the composition of both sampk@alibration matrix.

Finally, to point out that high energye,(> 150 keV) samples
containing elements with Z < 26 (Fe), it is possiiol approximate the self-
attenuation coefficient to the expression:

n(E,) = (0.556 + 0.013) — (0.113 + 0.004)Ln(E,)

+ (0.0059 + 0.0003)[Ln(E,)]? [Eq. 2.16]

By using these expressions, it is possible to tafeuhefspe for any
energy and sample type.
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2.2.9.2Activity concentration calculations

Once the detector has been calibrated, the samptés study were
measured and the respective gamma-spectrum acquiret activity
concentrationg, for a given gamma-emitter radionuclide at the rapm
of the counting can be calculated by applying tinga¢ion:

_G-F-B

, WhereG is the total counts in the photopeak of the ragotide of
interest, determined in the sample with a countiimg t; F is the number
of counts in the photopeak of the radionuclidentéiiest, observed without
any sample for the counting tinte B is the background due to the
Compton componenin is the mass of the sampk,is the intensity of the
gamma emissior, is the counting efficiency.

The standard uncertainty of the activity concerdmafo,), and only
considering the counting errors, is given by thet mguation:

VG —F—B
O =a0————F— [Eq. 2.18]
G+F+B
2.2.9.3Lower limit of detection (LLD) and Minimum Detectable
Activity (MDA)

The background should be measured using a sampigarsito
measuring sample, but without any measurable anajuhé radionuclide
of interest. The second consideration is that thekground counts are
determined by taking a few channels on each sideegbhotopeak region
of interest and fitting the points to form a contis curve under the
photopeak. The points on either side are usedisnvtay to estimate the
background that will be subtracted in the photopegion.

The Lower Limit of Detection (LLD) it is calculatedccording to
Currie (1968), and the equation at the 95 % confiddevel is:
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LLD =272 + 3.30\/F + 0%+ B +a} [Eq. 2.19]

, WhereF is the background from ambient gamma radiationnbay
also be affected by the presence of radionuclidberahan the one of
interest in the sampler is the standard deviation Bf B is the continuous
background, which is mainly due to the Compton congmt, andsis the
standard deviation @.

The continuous backgroun&)(due to the Compton component are
given as follow:

N
B =~ (Bq+B) [Eq. 2.20]

, whereN is the number of photons coming out from the reatgle
at the detectoBq is the number of counts accumulated in the n oblann
before the interest peak region a@hds the total counts in the n channels
after of the interest peak region.

Equation 2.21 shows the formula to calculate theddrd deviation
of B:

N 2
o2 =<%) (By + B, [Eq. 2.21]

, whereN is the number of photons coming out from the reahgle
at the detectoBq is the number of counts accumulated in the n oblann
before the interest peak region d@ds the total counts in the n channels
after of the interest peak region.

The Minimum Detectable Activity (MDA) for a spedafradionuclide,
at 95 % of confidence level and at the moment efdbunting, is given

[Eq. 2.22]
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, WhereLLD is the lower limit detectiort, is the counting timeR, is
the intensity of the gamma emission arnsd the counting efficiency.

Furthermore, the minimum detected activity conaatidn (Bq kg,
MDAC), was obtained as follow:

MDA

, whereMDA (Bq kg?) is the minimum detectable activity anmd(kg)
is the mass of the sample.

2.2.9.4Quality Control (QC)

The gamma spectrometry quality control has beefopeed by taken
periodic blanks, certified reference materials.(IlREA-327), replicates,
and patrticipating in national and internationakngbmparison exercises.
Table 2.5 shows that results obtained were in ageeewith the certified
values within the confidence intervals (95 %).

Table. 2.5

Activity concentrations (Bq Ky certified and measured in reference material
IAEA-327 analysed by alpha spectrometiyncertainties as standard
combined uncertainty

Radionuclide Reference* Measured Scafd™
228Th 38.2+1.0 33.5+2.0 1.21
22Ra 341+1.4 30.3+ 1.8 1.36
22%Ra 38.7+1.4 335+2.0 1,82
21%pp 58.8 + 4.9 65.2 +4.0 1.04
137cs 249 +0.6 235+1.4 0.92

40K 621+9 710 £ 42 1.89

* Certified activity concentration of the referenceaterial IAEA-327 at 95% of
confidence level (k = 2).
** |ZScore < 2 (no significant differences with a confidencedleof 95 %)
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The IAEA-CU-2008-03 organised a worldwide open miehcy
exercise, whick?*Ra anc?'%Pb were measured, in both spiked water and
phosphogypsum (Table 2.6). The results are in decme with the
certified values, within & of their nominal values. s%re is calculated
according equation 2.11.

Table. 2.6

Activity concentrations (Bq K of the IAEA-CU inter-comparison exercise.
Uncertainties as standard combined uncertainty

Radionuclide Sample Reference* Measured  scéd*
wt 1.93+£0.09 2.02 £0.03 0.95
22Ra
P2 780+ 31 862 + 41 1.60
210pp P2 680 + 29 633 + 39 0.97

* Certified activity concentration of the referenoaterial supplied by IAEA-CU
** | Zscord < 2 (NO significant differences with a confidencedieof 95 %)
! spiked water

2 phosphogypsum

Moreover, in the interlaboratory comparison orgadiby the Nuclear
Safety Council (CSN) using food ash the measumnguir laboratory are
in good agreement within the certified values (€ahl7).
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Table. 2.7
Activity concentrations (Bq Ky certified and measured of the food ash in the
CSN inter-comparison exercise.

Radionuclide Reference* Measured Scdfe
234Th 23.9+ 4.3 271+ 4.4 0.52
22%Ra 5.25+ 0.95 5.30+ 1.00 0.04
2287\¢ 5.26+ 0.95 5.30 £ 0.90 0.03
2287 1.77+0.32 1.50 +0.26 -0.65
22Ra 15.2+ 2.7 15.3+ 1.8 0.03
21pp 14.8+ 2.7 15.3+1.8 0.15
21%Pp 48.0+ 8.6 50.9 + 6.4 0.27
40K 4593+ 827 4700 + 600 -0.10

* Certified activity concentration of the referenoaterial supplied by CSN
** | Zscord < 2 (NO significant differences with a confidencedieof 95 %)

2.3TECHNOLOGICAL PROPERTIES

The following section shows the protocols estalelishnd equipment
used to evaluate the technological properties o Hpplications
performed.

2.3.1 Water Absorption by Capillarity (WAC)

The European standard EN 480-5;2005 describestieenination of
the water capillary absorption coefficient of cagter mortars and grouts.
It standard has been prepared by Technical Comen(@EN/TC 104
“Concrete and related products” (2006).

Capillary water absorption coefficient is one o timost important
features of a building material because it govehes liquid moisture
movement into it and expresses the rate of absorpif water due to
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capillary forces for building materials. Thus, itust be taken into
consideration when determining the hydrometric props of the
material.

Step 1. Preparation of test specimens

Mixing of the mortar was as described in EN 480012 Mortar
specimens (40 x 40 x 160) mMnvere prepared as described in EN 196-1:
2016, except that the moulds shall not be oiled.

When testing at equal w/c ratio, the water contdrthe admixture
shall be taken into account when calculating tlyeired water content of
the mortar. Test mix has the same consistenceeasotfitrol mix this is
measured by using the workability meter in accocdawith EN 413-
2:2016.

Step 2. Curing of specimens

On both the control mix and the test mix, two segémeasurements
of capillary absorption, were carried out. Thetfgsries was performed
on three specimens of test mix and three specimiecentrol mix after 7
days curing. The second series was carried outeoather specimens after
90 days curing. The specimens were demoulded 2f&dn and further
cured in the enclosure until 7 days and 90 daysesddectively.

Step 3. Procedure

Materials for the control mix and test mix, and nasuwere
conditioned for at least 24 h before use. Afterimyyeach sample at 50
°C in an oven until a constant mass was reached. semples were
conditioned by placing in an enclosure maintaine@@ + 2) °C and (65
+ 5) % relative humidity.

The specimens were weigheddNh the enclosure when 7 days or 90
days old as appropriate and placed vertically neceptacle containing
water at a constant level.
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The samples rest on rods to allow free access @hhi@the base. The
water level was maintained at (3 £ 1 mm) abovebtmse of the specimen.
Immediately after placing the specimens in positavoiding contact
between them, the cover was placed on the receptacl

At the beginning, the liquid being to moisten otiig lower surfaces.
The lower parts of the sides adjoining the inflegd were sealed with a
polyethylene sheet to prevent any water being &lesbinto their surface
pores. Progressively, the position of the watetfros gradually
approaching the opposite side of the sample andlargpand viscous
forces govern the water intake.

Finally, the quantity of the absorbed water wassuezd at standard
time intervals by weighing the specimen. Each speni was removed
from the receptacle, wiped lightly with dry paper aoth in order to
remove any surplus water, and weighed)(NEach weighing should be
completed as quickly as possible (typically witBhs).

The WAC (g cm?) values were then determined using Eq. 2.24:

AM M, — M,
WAC = —=———

Eq. 2.24
I G [Eq ]

, whereM; (g) is the sample mass after 28 dayis,(g) is the initial
mass, and ‘16’ the wetted surface area of the sadpt 4 crd).

All experiments were performed in triplicate anterence specimens
were used. The reference mortar was as specifiedNid80-1. The test
mix had the same consistence as the control milessribed in EN 480-
1 or the test mix had the same water/cement ratibe control mix. The
water content of the admixture was taken into astethen calculating
the required water content of the test mix.
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2.3.2 Water Absorption (WA or E), Bulk Density (BD) and
Apparent Porosity (AP)

Water absorption is an essential parameter, nbtquslentifying the
type of tile (product groups in standard EN 14401& but also for
advancing certain fundamental characteristics:

» Greater or lesser stain resistance in unglased(ti&L)

» Larger or smaller coefficient of moisture expansiomsed on
greater or lesser porosity, related in turn to ykflacrazing and the
tile installation mode

* Resistance to frost/thaw cycles, this only beirsgieed in tiles with
E<05%

* Mechanical strength, this being greater in tilehwiw absorption,
at the same thickness

* The possibility of efflorescences appearing in Uiiés of group
[l if the fixing background is not waterproofed

Water absorption capacity identifies the naturthefceramic body in
regard to internal structure, which is directlyated to mechanical strength
(measured by modulus of rupture and breaking stingrend to other
characteristics that affect ceramic tile durabi(pyarticularly in unglased
tiles), such as resistance to deep abrasion, gsistance, and resistance
to frost/thaw cycles, as well as to dimensionallitga

Water absorption, bulk density and apparent poragéire measured
according to ISO 10545-3:1997 (Part 3 Determinationater absorption,
apparent porosity, apparent relative density ankl tensity) and ASTM
C373-14:2014 (Standard Test Method for Water Alsmmp Bulk
Density, Apparent Porosity, and Apparent Specifiav@y of Fired
Whiteware Products, Ceramic Tiles, and Glass Tiles)
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Step 1. Test sample preparation

This method is applicable to all ceramic tiles. Té&t was performed
on 10 whole tiles in cases where the surface di @ékeis less than 0.04
m?; if greater than 0.04 M5 tiles will suffice. Every test sample weighed
a minimum of 50 g.

Step 2. Test procedure

The specimens were dried in the oven at 110 £ S@AA it attains
constant mass, and saved in the desiccators dioar gel, until cooled to
room temperature. The specimens were weighed aweglvertically,
with no contact between them, in deionised wateinthin the water level
50 mm above the tiles throughout the test. Contasheuld be kept at
boiling point for two hours and allow the tiles ¢ool, still completely
immersed in this water, overnight. Once the til@gehbeen removed from
the container, excess water is removed with a cieal@ather and tiles are
then weighed, again as precisely as for dry weighally, place the
specimens in the wire basket that is immersed temand determine the
weight of each specimen to the nearest 0.01 g.

Step 3. Calculation

The absorption of water coefficier, (dry wt.%), expressed as a
percentage of the weight of the dry material, arad walculated by the
equation:

E="v""4d, 100

R x [Eq. 2.25]

, wheremy, (g) is the mass of wet specimen amng(g) is the mass of
dry specimen.

The apparent porosit?, (%), expresses the relationship of the volume
of open pores with the exterior volume of the speri and is calculated
as follows:
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my, —Mmgy
P=—2 25100 [Eq. 2.26]
my, —m;

, Wwherem is the mass immersed in water.

The bulk densityBD (g cni®), of a specimen is the ratio of its dry
mass divided by the exterior volume, including [gore
Mg

—— 100 [Eq. 2.27]

BD =

The water absorption was measured for ten or feeasentative
specimens. The average absorption of water ofdhgke is determined
by the arithmetic average of the individual resu#tsd results must be
rounded off to a single decimal place.

2.3.3 Linear Shrinkage (LS)

Linear firing shrinkage is a comparative indicatdrthe degree of
vitrification. During the firing process, as a clayfired higher it shrinks
more and more and particles continue to pack tegetih a point of
maximum shrinkage (after which swelling occurs agpracursor to
melting). At this point, they begin to break dowrdaeact with each other,
fluxes begin to melt and flow, and mineral graiaedthe development of
more stable forms.

This indicator was calculated according to thedsatt ASTM C-326-
9:2009 (Standard Test Method for Drying and Firi@grinkages of
Ceramic Whiteware Clays).

The purpose of this test was to obtain values ohkage after firing
process, under various processing conditions tdlendesigners to
determine the proper size of fired specimens.

Linear shrinkagel.S (%), is the percent change in length or width of
a test sample from dry to fired and was calculatethe equation:



72 Chapter 2. Materials and Methods

Li— L
L;

LS = x 100 [Eq. 2.28]
, whereLi (mm) is the specimen length without firing dndmm) is
the specimen length after firing.

The specimens were measured after and before fimnmore than
one dimension using a paquimeter Mitutoyo (preaisad £ 0.01mm).
Bending Strength (BS)

2.3.4 Bending Strength (BS)

Bending strength, also known as modulus of ruptdeéined as the
stress in a material just before it yields in adie test. The bending
strength is an essential parameter, not just femtifling the type of tile
(standard EN 14411), represents the highest strgmsienced within the
material.

This property was measured according to ISO 10526341 (Ceramic
tiles - Part 4: Determination of modulus of ruptarel breaking strength)
and ASTM C674-13:2008 (Standard Test Methods fexuiial Properties
of Ceramic Whiteware Materials). These methods rbasapplicable to
all ceramic tiles.

Step 1. Test procedure

The sample piece is placed centrally across thedwer adjustable
tension rods set a known distance apart (Fig.2.1i¢. load is applied
evenly at a constant rate of increase of stre$$ ifin? s) by means of a
third rod in contact with the proper surface, eqiaht between the
supporting rods. The test piece is subject to eetpoint strain. At the
optimum point, the test piece snapped, and themrmanifinger on the dial
gauge remain at the maximum point.
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Figure 2.11.Loading system in the measurement of bending gtinen

Step 2. Calculation

The resistance to bendinB9, expressed as N mhor MPa is given
by the following formula:

_ 3FL

BS=5mn

[Eq. 2.29]

, whereF (N) is the breaking load, (mm) is the span between the
supporting rodsh (mm) is the width of the tile at the broken edgd An
(mm) is the minimum thickness of the tile measwaietg the broken edge.

The resistance to bending was determined in arnretec universal
tester (Servosis model ME-402/01) and in an ComtdiModel UMC-
20T) testing machine on ten test specimens byeetpoint loading test
with a span of 32 mm and a crosshead speed of inrh

The test was performed on whole tiles with a léasttile for each
test. The average resistance to bending of the Isaimpghe arithmetic
average of the individual results.
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2.3.5 Compressive Strength (Cs) and Flexural Strength (Bs

The compressive and flexural strengths of the césreard brick were
measured according to standard EN 196-1:2005, Msthaf testing
cement. Part 1. Determination of strength.

This European norm described the method for therawhation of
the compressive and the flexural strength of cemmeortar. The method
applies to common cements and to other cementsnaatdrials, the
standards for which call up this method. It may aygply to other cement
types that have, for example, a very short ingetting time.

The method comprises the determination of the cesgive and the
flexural strength of prismatic test specimens 400xx 160 mm in size
according the norm.

The flexural strength (Fs) was calculated usinghhee-point loading
method. The prisms were placed in the apparatusomié side face on the
supporting rollers and with its longitudinal axisrmal to the supports.
The load was applied vertically by means of thediog roller to the
opposite side face of the prism and increasingnaathly at the rate of 50
+ 10 N s! until fracture. The prism halves were keep urastéd in
compression.

The flexural strength;s (MPa) is calculated as follows:
_3FL

L [Eq. 2.30]

Fs

, whereb (mm) is the side of the square section of thenprts (N) is
the load applied to the middle of the prism at tinae andL (mm) is the
distance between the supports.

The procedure was developed using an Autotest POOFLiniversal
press (Ibertest). All tests were performed in sgltate

The compressive strength was carried out by loadsgide faces
using the appropriate equipment. The prism halvesewentered to the
platens of the machine within £ 0.5 mm, and lordjitally. The load
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increased smoothly at the rate of 2400 + 200 Noger the entire load
application until fracture.

The compressive strengtis (MPa) was calculated according eq.
2.29:

c _Fc
5T

[Eq. 2.31]
, whereFc (N) is the maximum load at fracture aBdmn?) is the
cross section area (40 x 40 Am

Compressive strength was measured using an EMI&raiys, model
DL-2000. Test result was defined as the arithmetean of the ten
compressive strength determinations made on & siete@ prisms. If one
result within the ten determinations varied by mibv@n = 10 % from the
mean, the set was discarded. The results shall lgomwgh the
requirements of standard EN 197-1:2011.

2.4TECHNIQUES FOR ENVIRONMENTAL RISK EVALUATION

Finally, since these wastes are NORM (Naturally cng
Radioactive Material) and even classified as hamasdenvironmental
implications and potential human risk of use the neaterials have been
evaluated according to the following methods:

2.4.1 TCLP leaching test

The potential environmental impact was evaluatecomting the
method US EPA SW846-1311:1997 TCLP tests (ToxiCiaracteristic
Leaching Procedure) established by the Environnh®ntdection Agency
(EPA). TCLP is designed to determine the mobilityboth organic and
inorganic pollutants present in solid and multi-phavastes.

This method classifies waste as hazardous or npartiaus based on
its potential toxicity. If the extract from a repemtative sample contains
any of the contaminants listed in U.S. EPA 40 CFR.24:2011 at the
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concentration equal to or greater than the respectalue given is
classified as hazardous.

Step 1. Preliminary Evaluations

Preliminary evaluation is performed on 100 g aligobwaste. This
aliguot may not actually undergo extraction. Thepeeliminary
evaluations included.

Calculation of the percent solids according théofeing equation:

Weight of Solid*
ids = Eq. 2.32
Percent solids Total Weight of Waste x100 [Eq ]

Any material that did not pass through a 9.5 mr&{B.inch) standard
sieve required size reduction.

Step 2. Selection of the Extraction Fluid

Determination of which of the two extraction fluidee to be used for
the TCLP extraction of the waste. Extraction flisdorepared in batches
by the total number of extractions required.

Firstly, 5 g of the waste are transferred into @ B0 Erlenmeyer flask
with 96.5 mL of reagent water. It is covered witaich glass, and stirred
vigorously for 5 minutes using a magnetic stirfidre pH is measured and
recorded. If the pH < 5.0, then the extractiondl#L is used. If the pH >
5.0, then 3.5 mL 1N HCI is added, slurred brieflgyered with a watch
glass and heated to 50 °C for 10 minutes. Theisalig cooled to room
temperature and the pH measured. If the pH < Beb, the extraction fluid
#1 is used. Oppositely, if the pH > 5.0, extracfiloid #2 has to be used.

Step 3. Preparation of the Extraction Fluids

4 The wastes used in this thesis are 100 % solids.
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» Extraction Fluid #1 is prepared with the additioh507 mL of
glacial CHKCH.OOH and 64.3 ml of 1N NaOH diluted to a volume
of 1L. When correctly prepared, the pH of thisdlis 4.93 + 0.05.

o Extraction Fluid #2 is formulated diluting 5.7 mLf glacial
CH3CH.OOH with reagent water to a volume of 1 L. When
correctly prepared, the pH of this fluid is 2.88.85.

Step 4. Extraction procedure

The amount of extraction fluid to add to the exivacsessel was
determined as follows:

Weight of Extraction Fluid

_ 20 x % Solids>x Weight of Waste Filtered [Eq. 2.33]
B 100

Slowly this amount of appropriate extraction fluws added to the
extractor vessel with the waste. A Teflon tapeh threads of the bottle
was used and the vessels secured in the rotagtiagitlevice, and rotate
at 30 £ 2 rpm for 18 £ 2 hours. Then, the matanahe extractor vessel
was separated into its component liquid and sohdsps by filtering
through a new glass fiber filter. For final filtrat of the TCLP extract, the
glass fiber filter was changed, if necessary, tilifate filtration.

Finally, the pH of the extract was recorded. Immagaly aliquoted and
preserved the extract for farther analysis. Megdilguots were acidified
with nitric acid to pH < 2. If precipitation is obwed upon addition of
nitric acid to a small aliquot of the extract, thbe remaining portion of
the extract for metals analyses was acidified dwedeixtract analysed as

5 All the wastes used in this doctoral thesis af@ %0solids.
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soon as possible. All aliquots were stored undeigeration (4 °C) until
analysis.

The concentrations of metals and radionuclideténl@achates were
determined by inductively coupled plasma opticalssion spectrometry
using a Jobin Yvon ULTIMA 2 apparatus and by alfsectrometry,
respectively.

The following general quality assurance procedarespplied during
this procedure:

« All data was documented on TCLP Extraction Log/TCLP
Extraction Fluid Preparation Log data sheets.

 The instrumentation was operated in accordance \ifté
manufacturer’'s instructions. Equipment was cheakad-
procedures and calibration activities prior to cogmeing this
procedure.

* A minimum of one blank (using the same extractioidfas used
for the samples) was analysed for every extractenes.

* Duplicate samples were processed for each samplaslicate
samples were used to determine precision.

2.4.2 Accelerated leaching test for cements mortars

The mobility of radionuclides and metals in the ofactured cement
were determined by leaching tests performed agdifft pH (LOpez et al.,
2011).

The test sample dimensions were 40 x 40 x 16C.nth samples
were submerged in demineralised water for 24 hyWere then dried,
weighed, and then again submerged for 21 days h@bof buffer
solutions at different pH (2, 4, 6 , 8 and 10) (fac). After this time, the
samples were air dried and weighed to make suiie weaght had not
changed by more than = 2 g compared to their stanveights. The
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samples were then again submerged in their respdutiffers for another
21 days. At the end of this period, they were agaighed and dried.

The coefficient of absorptiorAc (%), with respect to the pH was
determined as follows:
A, = D3 71 [Eq. 2.34]
, wherePsi is the weight after 42 days of immersion, 8&che initial
weight of each sample after immersion in water2éih.

Furthermore, after 42 days of experimental petiloe solutions were
filtered and their radionuclide and metals conadians determined.

Moreover, leaching coefficienitc (%), for the radionuclides®U and
21%p0 at the different pHs was calculated accordingdo2.35:

ALV
Aspli

L. 100 [Eq. 2.35]

, where AL (Bq L™) is the concentration of the corresponding
radionuclide in the leachate,(L) is the total volume of the solution after
42 days (0.250 L in all casesds (Bq L™ is the concentration of the
corresponding radionuclide in the concrete Bad(g) the weight of the
concrete sample after 42 days of immersion in treesponding buffer.

The concentrations of a number of metals in thehates were
determined by inductively coupled plasma opticalssion spectrometry
using a Jobin Yvon ULTIMA 2 apparatus. The systews vealibrated
using appropriate standards. Leachate samples dilated to 2 % in a
nitric acid solution for farther analyses. MoreqvéfPo and?*®J was
determined by alpha spectrometry.

2.4.3 Radiological implications in building materials

It is needed to evaluate the environmental impacerwNORM
(Naturally occurring radioactive materials) waste® incorporated in
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building materials. In this sense, it is importamtremember that both
wastes studied in this thesis, phosphogypsum andnite mud, are
considered as NORM. Moreover, the activity conaamins of the
nuclides in the final product should be measuredrder to ensure the
negligible environmental impact.

In order to evaluate this problem, Publication Nd2, from the
monographic collection “Radiation Protection” isdugy the European
Union (Radiation Protection, 1999), defines an ikrisk index (1), also
called an activity concentration index, Eq. (2.36)ensure that external
gamma dose rates inside a room from building maledoes not exceed
1 mSy per year.

C226p4 Ca32pp Caox

I =
3oqu/kg zoqu/kg 3ooqu/kg

[Eq. 2.36]

, where Cf?%Ra), CE?Th) and C{K) are the respective activity
concentrations fof?®Ra,?*?Th and**K in the building material considered
(expressed in Bq kb).

The activity concentration index shall not excdealfbllowing values
depending on the dose criterion and the way anaih@unt the material
is used in a building (Table 2.8). It is therefeommended that controls
should be based on a dose in the range 0.3-1 mh@aler et al., 2009).

Table. 2.8
External risk (I) depending on the dose criteriadahe way and the amount
the material is used in a building.

Dose criterion 0.3mSva 1mSvd
Materials used in bulk amounts, e.g. 1<05 <1
concrete
Superficial and other materials with
1<2 I<6

restricted use: tiles, boards, etc.
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2.4.4 Radon potential and exhalation rate

The fraction of the radon produced by #i8Ra decay contained in
the solid grains that reaches the air pores of rtfaerial is called
emanation coefficient], and then this radon can be transported through
the pores into the surface of the solid materiatlpcing an exhalation rate
(E, in Bq m?2 s1), or radon flux. In addition, the radon potenti@) is
defined according to Lopez-Coto et al. 2007:

N =¢€Cprq [Eq 237]

, WhereCra (Bq kg?l) in the activity concentration df%Ra in the
material.

The radon emanation coefficient of samples wasutatied based on
Lépez-Coto et al. method. A first measurement isi@a out from the
radon growth curve for each specimen in the accationl chamber, and
the exhalation rate is obtained. Secondly, a seeto@dsurement in the
chamber by using a crushed portion of the specifakaut one third) is
done, and then the emanation factor of the matsrizbtained.

The saturation radon concentratiégi§{’) in the final steady-state (Bq
m?), and the effective decay constahyl: are obtained fitting by the
squared minimum method the following equatio®){s

CA () = CR2 + 2y — C2)e~Perst [Eq. 2.38]

, whereCg, (Bq m®) is the radon concentration in the air of the
chamber and?, the initial background concentration (B®)n

In addition, the radon exhalation rate is obtaiftech the equation:

E,S
csat = 0 Eq. 2.39

, whereEy is the sample exhalation rate (B¢f 8Y), Sis the exhalation
surface (M) and V. is the effective chamber volume available for
accumulating radon (H
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On the another hand, by measuring tffa concentration in the
material with a mass m, the radon potential anetthanation coefficients
are calculated from the equation 2.37 and theviotig one:

AeprVe CRat

[Eq. 2.40]
Arpm

0=

, wherelp,, is the radon decay constant)s

The radon measurements were done using two ditferaton
detectors. The first one was an Alpha GUARD mod@2600 PRO from
Genitron Instruments (AG) with an ionisation chamerking in a range
from 2 — 2 16 Bq m?3, and a temporal resolution of 10 min. This detecto
was factory-calibrated and is traceable to PTBMI®IT.

The second one detector is the Model 1027 from Suglear
Corporation (SNC). This detector is based on thdomaprogeny
electrodeposition, working in a range of 4 — £ B nmi®, and typical
temporal resolution of 1 h. This detector was catéd at the Huelva
University Radon Chamber, being the reference tmtethe NIST-
traceable AG, and obtaining a calibration factoryweose to the initial
value obtained by the manufacturer (LOpez-Cotdl.e2807). To study
the worth conditions, samples were grounded, siereti homogenised
prior to place at least 10 g of powder sample & dbtector containers.
The analysis were performed in triplicate obtaingifferences < 5%
among the measurements.
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Chapter 3. Results and discussion

Los articulos que forman parte del apartado “Chapter 3”, han sido retirados de la tesis
debido a restricciones relativas a derechos de autor. En sustitucidon de los articulos
ofrecemos la siguiente informacion: referencia bibliografica, enlace a la revista, y
resumen.

- Contreras Llanes, M., Gazquez Gonzalez, M.J., Garcia Diaz, |., Alguacil, F.J., Lépez, F.A,,
Bolivar Raya, J.P. (2013). “Valorisation of waste ilmenite mud in the manufacture of
sulphur polymer cement”. Journal of Environmental Management, vol. 128, pags. 625-
630. https://doi.org/10.1016/j.jenvman.2013.06.015

Enlace al texto completo del articulo (solo para miembros de la UHU):
https://doi.org/10.1016/j.jenvman.2013.06.015

RESUMEN:

This paper reports the preparation of sulphur polymer cements (SPCs) incorporating
waste ilmenite mud for use in concrete construction works. The ilmenite mud raw
material and the mud-containing SPCs (IMC-SPCs) were characterised physico-
chemically and radiologically. The optimal IMC-SPC mixture had a sulphur/mud ratio
(w/w) of 1.05 (mud dose 20 wt%); this cement showed the greatest compressive
strength (64 MPa) and the lowest water absorption coefficient (0.4 g cm-2 at 28 days).
Since ilmenite mud is enriched in natural radionuclides, such as radium isotopes
(2.0-103 Bq kg-1228Ra and 5.0-102 Bq kg-1226Ra), the IMC-SPCs were subjected to
leaching experiments, which showed their environmental impact to be negligible. The
activity concentration indices for the different radionuclides in the IMC-SPCs containing
10% and 20% ilmenite mud met the demands of international standards for materials
used in the construction of non-residential buildings.

- Contreras Llanes, M., Martin, M. |., Gazquez Gonzalez, M. J., Romero, M., & Bolivar
Raya, J. P. (2014). “Valorisation of ilmenite mud waste in the manufacture of commercial
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Enlace al texto completo del articulo (solo para miembros de la UHU):
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RESUMEN:

This paper reports the results of a study focused on the production of ceramic tiles from
ilmenite mud (MUD), a waste generated by the industry devoted to the TiO, pigment
production. Ceramic tiles were produced from mixtures of a commercial red stoneware
mixture (RSM) with different concentrations of mud (3, 5, 7, 10, 30 and 50 wt.%). The
samples were sintered to simulate a fast-firing process. The sintering behaviour of the
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fired samples was evaluated according to ISO methodologies by linear shrinkage, water
absorption and porosity measurements. Both green powder and fired samples were
characterised by means of X-ray diffraction (XRD), differential scanning calorimetry
(DSC/TG), field emission scanning electron microscopy (FESEM) and bending strength
measurements. Moreover, since this activity isa NORM (Naturally Occurring Radioactive
Material) industry, the radionuclides activity concentrations were measured by both
gamma and alpha spectrometry techniques. Finally, the TCLP leaching test (Toxicity
Characteristic Leaching Procedure, USEPA) was performed to assess the risks of the use
of undissolved mud tiles from an environmental perspective. The results obtained
demonstrated that ilmenite mud can be successfully valorisated in the manufacture of
red stoneware ceramic bodies, with even better technological properties than
commercial ones. The addition of mud as additive (from 3% to 10%) had a beneficial
effect to the sintering processes, improving the bending strength (up to 15%) and
reducing both apparent porosity and water absorption (up to 50%).

- Contreras Llanes, M., Teixeira, S.R., Santos, G.T.A., Gazquez Gonzdlez, M.J., Romero,
M., Bolivar Raya, J.P. (2018). “Influence of the addition of phosphogypsum on some
properties of ceramic tiles”. Construction and Building Materials, vol. 175, pags. 588-
600. https://doi.org/10.1016/j.conbuildmat.2018.04.131

Este articulo aparece en la tesis con el titulo: Manufacturing of red ceramic by using
phosphogypsum waste (Under Review)

Enlace al texto completo del articulo (solo para miembros de la UHU):
https://doi.org/10.1016/j.conbuildmat.2018.04.131

RESUMEN:

Phosphogypsum (PG) is a waste from phosphoric acid production, and this work
evaluates the use of PG as an additive in ceramic manufacturing. Ceramic samples were
produced by adding different concentrations of PG (5, 7.5, and 10 wt%) to natural clay,
and sintering at 950, 1050, and 1150 °C. Technological and mechanical properties of the
obtained ceramics were evaluated. Moreover, the U.S. EPA’s toxicity characteristic
leaching procedure, Index “I”, and the effective radium activity were calculated to
evaluate the environmental risks. The use of PG improves the sintering behaviour and
the bending strength, while also the environmental impact is negligible.
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Enlace al texto completo del articulo (solo para miembros de la UHU):
https://doi.org/10.1016/j.conbuildmat.2016.07.044

RESUMEN:

Construction and demolition waste corresponds to 50% of all urban solid waste, usually
it is dumped in improper places. This work reuses this waste as substitute of natural
aggregate to produce bricks. Lime and cement were used as binding agents and were
pressed using a uniaxial hydraulic press. After 21 days curing were submitted to
compression tests, the probes presented an average resistance greater than 4 MPa,
which is higher than standards. Water absorption, apparent porosity and density were
also determined. The results show that it is possible to produce low-cost bricks with
excellent physical properties using CDW as aggregate and lime or cement as additive.

- Contreras Llanes, M., Pérez Lépez, R., Gazquez Gonzdlez, M.J., Morales Flérez, V.,
Santos, A., Esquivias, L., Bolivar Raya, J.P.: "Fractionation and fluxes of metals and
radionuclides during the recycling process of phosphogypsum wastes applied to
mineral CO2 sequestration". Waste Management. Vol. 45, pags. 412-419, (2015). DOI:
10.1016/j.wasman.2015.06.046

Enlace al texto completo del articulo (solo para miembros de la UHU):
https://doi.org/10.1016/j.conbuildmat.2016.07.044

RESUMEN:

The industry of phosphoric acid produces a calcium-rich by-product known as
phosphogypsum, which is usually stored in large stacks of millions of tons. Up to now,
no commercial application has been widely implemented for its reuse because of the
significant presence of potentially toxic contaminants. This work confirmed that up to
96% of the calcium of phosphogypsum could be recycled for CO; mineral sequestration
by a simple two-step process: alkaline dissolution and aqueous carbonation, under
ambient pressure and temperature. This CO, sequestration process based on recycling
phosphogypsum wastes would help to mitigate greenhouse gasses emissions. Yet this
work goes beyond the validation of the sequestration procedure; it tracks the
contaminants, such as trace metals or radionuclides, during the recycling process in the
phosphogypsum. Thus, most of the contaminants were transferred from raw
phosphogypsum to portlandite, obtained by dissolution of the phosphogypsum in soda,
and from portlandite to calcite during aqueous carbonation. These findings provide
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valuable information for managing phosphogypsum wastes and designing potential
technological applications of the by-products of this environmentally—friendly proposal.
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In this chapter, the general conclusions obtainetis doctoral thesis
work are summarised, being the main objective tierisation of three
inorganic wastes (ilmenite mud, phosphogypsum amtkteuction and
demolition materials). This valorisation was catrieut as additive in
construction materials manufacturing and, on thewohand, a study on
the fluxes of metals and radionuclides during th®. Gequestration
process using phosphogypsum as source of Ca watoged.

Firstly, considering that ilmenite mud and phosplpsym are
materials generated in NORM industries, the implataigon of an action
protocol was necessary, in order to achieve atdaitalorisation of these
hazardous wastes. In addition, an intensive bibdiplgic research has been
done.

A deep characterisation was completed by analystvgral physical
and chemical properties, mineral phases by XRDigbasize distribution,
major metals measured by FRX, trace elements medshy ICP-
MS/OES, and the radiological properties.

The results obtained in this work has allowed wir&w the following
main conclusions:

IImenite Mud Waste (IM)

1. It has been demonstrated that ilmenite mud canubeessfully
used in the manufacture of sulphur polymer cemiCs), and
red stoneware ceramic bodies with similar or evegziteb
technological properties than standard commercgérmals.

2. llmenite mud added up to 5 wt.% in red ceramic adxeneficial
role as agent for the sintering processes, impgptire bending
strength (up to 15 %) respect to the reference cential one, and
reducing both apparent porosity and water absargtip to 50 %).

3. The ceramic tiles containing ilmenite mud cleantgeed bending
strength values required in the standard.
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4. The addition up to 20 wt.% of ilmenite mud in SREPC21-20)
improved the mechanical properties in relationhe teference
material. In addition, water absorption by capitiarin SPCs
containing ilmenite mud were slightly lower thanGGReference,
and much lower than the normal values reportedFortland
cements.

5. The leaching tests showed that the mobility of Adsetand
radionuclides in the SPCs and red ceramic bodieswsay low,
and similar to the references materials. This $hcwed that the
metals and radionuclides are immobilised in theamér and
cementation matrix avoiding their future releasdo irthe
environment.

6. The radon levels and external dose received by pacds in
buildings constructed with these ceramic bodies exmeed the
limit established by the European Union. On theepthand,
although not suitable for the construction of ogedpbuildings,
SPC containing ilmenite mud could be safely usecbincrete for
construction in civil engineering.

Phosphogypsum Waste (PG)

1. The present study has proved that the manufactufirggeramic
tiles by using natural clays and PG as additiuitable.

2. The addition of phosphosgypsum improves the simgeot the tile,
reduces both the water absorption and apparensipgrand, as
consequence, a higher mechanical resistance cothpare¢he
reference samples is obtained. The improvement lod t
technological properties is associated to the ftionaof mullite
above 950 °C, which produces a better sinterisatiothe bulk
material.

3. Linear shrinkage increases with temperature ancedses with the
phosphogypsum percentage, reducing the deformatioithe
material during the firing process.



General Conclusions 209

4. The metals and radionuclides are immobilised in ¢tkeamic

matrix avoiding the biodisponibility in the leachat showing this
fact that the potential environmental impact irufetis negligible.
The radiological index and the radon levels aragreement with
the EU regulations.

5. It has been demonstrated that PG can be used & sdwcalcium

for the CQ sequestration as calcite, where up to 96 % of the
calcium contained in the phosphogypsum could bgcted under
ambient pressure and temperature.

6. Most of the trace metals and radionuclides (up 8 in the
carbonation process are transferred from phosplsogypnto the
calcite, while the liquid phase of the carbonatprocess is free
contaminants, and therefore the final solid sodisoiphate
obtained.

7. Finally, to point out that calcite obtained by th&, sequestration
process is a NORM material according to Spanishlatign.

Construction and Demolition Waste (CDW)

1.

It is possible to produce low-cost bricks for magowalls using
construction and demolition waste (CDW) as substitof natural
aggregate, showing similar or even better technicaperties that
commercial bricks. The binders used were recyadtad br cement.

2. The average CDW composition 50 % ceramic, 20 % rede@nd
30 % mortar is a nice proportion to produce bricks.

3. Bricks containing up to 30 wt.% of CDW and cemestbander
present the best technological properties. Furtbemall the
specimens studied present technological propdrtiagreements
with the Brazilian, European and American regulagio

4. This improving in the mechanical resistance istdube formation
of new minerals phases during the hydration prodgsgxample,
the formation of portlandite and calcite as consege of the
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reaction between the hydrated lime together witmesdnydrated
silicates.
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ARTICLE INFO ABSTRACT

Article history:
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This paper reports the preparation of sulphur polymer cements (SPCs) incorporating waste ilmenite mud
for use in concrete construction works. The ilmenite mud raw material and the mud-containing SPCs
(IMC-SPCs) were characterised physico-chemically and radiologically. The optimal IMC-SPC mixture had
a sulphur/mud ratio (w/w) of 1.05 (mud dose 20 wt%); this cement showed the greatest compressive
strength (64 MPa) and the lowest water absorption coefficient (0.4 g cm~ at 28 days). Since ilmenite

mud is enriched in natural radionuclides, such as radium isotopes (2.0-10° Bq kg~' 2®Ra and

Keywords:

Naturally occurring radioactive materials
(NORM)

Titanium dioxide industry

limenite mud

Sulphur polymer cements

5.0-10¢ Bq kg~ 225Ra), the IMC-SPCs were subjected to leaching experiments, which showed their
environmental impact to be negligible, The activity concentration indices for the different radionuclides
in the IMC-SPCs containing 10% and 20% ilmenite mud met the demands of international standards for
materials used in the construction of non-residential buildings.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The immobilisation/stabilisation of pollutants and the valor-
isation of hazardous industrial wastes is an area of great environ-
mental and economic interest (Chen et al., 2010; Cruz-Yusta et al.,
2011; Puertas et al., 2008; Yan et al,, 2011). This paper describes the
stabilisation and valorisation of waste ilmenite mud, generated in
the titanium dioxide industry, as a component of sulphur polymer
cement (SPC) that could be used in concrete construction works.

TiO; production begins with the mixing of ilmenite and highly
concentrated sulphuric acid (80-95%). The liquor generated is
passed to a clarification tank where the un-attacked solid —
ilmenite mud — is allowed to settle. This mud is finally separated
from the liquor by decantation and filtration (Gdzquez et al., 2011).
It is then neutralised and usually stored in a safe area,

Sulphur polymer cements have advantages over regular Port-
land cement in that they harden in under 24 h, are of high
compressive strength, show resistance to fatigue, are little
permeable to water, show exceptional resistance to acid and salt
(allowing their use in aggressive environments such as sea water,

* Corresponding author. Tel.: +34 959 21 97 98; fax: +34 959 21 97 77.
E-mail address: manuel. gazquez@dfa.uhuwes (M). Gazquez).

0301-4797($ — see front matter @ 2013 Elsevier Ltd. All rights reserved.
http://dx.doiorg/10.1016/jjenvman.2013.06.015

and under all weather conditions), and are recyclable (ACI
Committee 548, 1993; Amo and Gamal, 2009). In addition, SPC
manufacture could make use of large amounts of sulphur waste,
e.g., from oil refineries and the metallurgical industry, SPCs can also
be used as stabilising agents for other kinds of waste (Lopez et al.,
2009, 2011; Mohamed and Gamal, 2007; Sandrolini et al., 2006a,
b), including — potentially — ilmenite mud. Unfortunately, this type
of mud contains relatively large amounts of natural radionuclides
(Gazquez et al., 2011); its immuobilisation in SPCs used in the con-
struction of occupied buildings might therefore put people at risk.
International recommendations exist (Radiation Protection 112,
1999) that propose reference values for natural radionuclide con-
centrations in building materials; Eq. (1) shows how the exposure
risk index (I) is calculated:

o Gas, , Gz, . G (1)
~ 300Bq/kg " 300Bq/kg " 3000Bq/kg

where C(**°Ra), C(***Th) and C(*°K) are the respective activity
concentrations for 2°Ra, 2**Th and “°K in the building material
considered (expressed in Bq kg ). It is recommended that building
material-induced indoor gamma doses do not exceed 1 mSv per
year.
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HIGHLIGHTS

« Environmentally friendly ceramics were manufactured using waste ilmenite mud.

« First time that ceramics are manufactured by using mud from ilmenite.

« The new ceramics present better technological properties than commercial ceramics.
« The use of this waste produces negligible environmental impacts.

ARTICLE INFO ABSTRACT

Article history:

Received 23 March 2014

Received in revised form 14 August 2014
Accepted 27 August 2014

This paper reports the results of a study focused on the production of ceramic tiles from ilmenite mud
(MUD), a waste generated by the industry devoted to the TiO, pigment production. Ceramic tiles were
produced from mixtures of a commercial red stoneware mixture (RSM) with different concentrations
of mud (3, 5, 7, 10, 30 and 50 wt.%). The samples were sintered to simulate a fast-firing process. The sin-
tering behaviour of the fired samples was evaluated according to ISO methodologies by linear shrinkage,
water absorption and porosity measurements. Both green powder and fired samples were characterised

g:":ml;:fiile by means of X-ray diffraction (XRD), differential scanning calorimetry (DSC/TG), field emission scanning
NORM waste electron microscopy (FESEM) and bending strength measurements. Moreover, since this activity is a
lmenite mud NORM (Naturally Occurring Radioactive Material) industry, the radionuclides activity concentrations
Red stoneware were measured by both gamma and alpha spectrometry techniques. Finally, the TCLP leaching test (Tox-
Valorisation icity Characteristic Leaching Procedure, USEPA) was performed to assess the risks of the use of undis-

solved mud tiles from an environmental perspective, The results obtained demonstrated that ilmenite
mud can be successfully valorisated in the manufacture of red stoneware ceramic bodies, with even bet-
ter technological properties than commercial ones. The addition of mud as additive (from 3% to 10%) had
a beneficial effect to the sintering processes, improving the bending strength (up to 15%) and reducing
both apparent porosity and water absorption (up to 50%).

@ 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Because of the depletion of natural resources, increasing green-
house emissions and awareness of the need for sustainable develop-
ment in terms of safe reuse of wastes, the transformation of these

# Corresponding author at: Departamento Quimica, Universidad Técnica
Particular de Loja, Loja, Ecuador.

E-mail address: manuel gazquez@dfa.uhu.es (M.]. Gdzquez).

' Present address: Departamento de Metalurgia Primaria y Reciclado de Materiales,
Centro Nacional de Investigaciones Metaldrgicas, CENIM-CSIC, Grupo de Tecnologias
Ecoinnovadoras aplicadas a Procesos Medioambientales, Reciclado de Materiales y
Aprovechamiento Energético {TecnoEco).

http:|/dx.dor.org(10.1016/j.conbuil dmat.2014.08.091
0950-0618/ 2014 Elsevier Ltd. All rights reserved.

wastes into valuable materials (i.e. valorisation) is emerging as a
strong trend. In this context and taking into account the growing
awareness of the need for protection of health and environment,
the recovery of wastes currently generated in most industrial
processes is the subject of a thorough investigation [ 1-3]. The valo-
risation of wastes as secondary raw materials in the manufacture of
construction materials could allay the problems associated with
both the depletion of natural resources and the disposal of industrial
wastes [4-7]. In this context the protection of health and
environment is of great importance, although the economic benefits
accruing from waste recycling must not be ignored [8,9].
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HIGHLIGHTS

« Low-cost bricks were manufactured using construction and demolition waste (CDW).

« Lime and cement used as binding agents mixed with CDW and water.
« The bricks present better technological properties than standards.

« The use of this waste reduce the raw materials demands and environmental impacts.

ARTICLE INFO ABSTRACT

Article history:

Received 18 February 2016

Received in revised form 21 June 2016
Accepted 15 July 2016

Construction and demolition waste corresponds to 50% of all urban solid waste, usually it is dumped in
improper places. This work reuses this waste as substitute of natural aggregate to produce bricks. Lime
and cement were used as binding agents and were pressed using a uniaxial hydraulic press. After 21 days
curing were submitted to compression tests, the probes presented an average resistance greater than

4 MPa, which is higher than standards. Water absorption, apparent porosity and density were also deter-

Keywords:

Civil engineering
Recycling

Brick

oW

Lime

Cement

mined. The results show that it is possible to produce low-cost bricks with excellent physical properties
using CDW as aggregate and lime or cement as additive.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Construction demolition waste (CDW) is a worldwide problem.
The estimated CDW production in Brazil is higher than 70 Mt/year
(around 500 kgfyear per capita), but this amount is variable and
has correlation with the human development index (HDI). CDW
represents the largest amount of municipal solid waste (in mass).
The illegally dumped waste in urban areas, nearby creeks, roads
and other unprepared places has substantial environmental and
economical impacts resulting in financial problems for the com-
munity and public administration. In the last years, governments
have approved new policies about responsibilities, dumping and
recycling of waste in general. As a result, the situation in the major

# Corresponding author.
E-mail address: manuel.contreras@dfa.uhu.es (M. Contreras).

http:{/dx.doi.org/10.1016/j.conbuildmat 2016.07.044
0950-0618(@ 2016 Elsevier Ltd. All rights reserved.

cities is changing with the implantation of recycling plants, but
nowadays only a small part of the CDW is recovered.

On the other hand, recycling has another environmental and
economic advantages, since it reduces the consumption of natural
resources. 5o, there is a comprehensive array of research on the
social and financial cost, production, characterization and recycling
of this waste [1-4]. CDW recycling plants have been proved to be
economically viable [5,6] as well as having a positive environmen-
tal impact [7,8].

However, it is essential to absorb the output from these plants
by the market. In other words, there is a strong need to diversify
the industrial applications of this waste. CDW materials have been
evaluated and successfully implemented in recent years in several
countries [9,10], and generally, it is used as raw mineral materials
in paving projects [11-14], footpaths [15] and pipe-bedding [16].
Some author have focused in recycling CDW for concrete production
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The industry of phosphoric acid produces a calcium-rich by-product known as phosphogypsum, which is
usually stored in large stacks of millions of tons. Up to now, no commercial application has been widely
implemented for its reuse because of the significant presence of potentially toxic contaminants. This
work confirmed that up to 96% of the calcium of phosphogypsum could be recycled for CO; mineral
sequestration by a simple two-step process: alkaline dissolution and aqueous carbonation, under ambi-
ent pressure and temperature, This CO, sequestration process based on recycling phosphogypsum wastes
would help to mitigate greenhouse gasses emissions. Yet this work goes beyond the validation of the
sequestration procedure; it tracks the contaminants, such as trace metals or radionuclides, during the
recycling process in the phosphogypsum. Thus, most of the contaminants were transferred from raw

Keywords:
Phosphogypsum
€O, sequestration
Industrial waste

Metals phosphogypsum to portlandite, obtained by dissolution of the phosphogypsum in soda, and from port-
Radionuclides landite to calcite during aqueous carbonation. These findings provide valuable information for managing
Calcite phosphogypsum wastes and designing potential technological applications of the by-products of this

environmentally-friendly proposal.
@ 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Industrial production of fertilisers from phosphate rock ore by
the wet process produces a gypsum-rich by-product called phos-
phogypsum (PG, CaS04-2H,0). It is generated in the production of
phosphoric acid (H;P0,) during the acid attack of apatite (mainly
fluorapatite, Cas(POy)sF) with sulphuric acid (H,50,) (Rutherford
et al, 1994). The chemical reaction of the industrial process can
be written as follows:

Cas(POy),F + 5H,50, + 10H,0
— 3H;P04 + 5(CaS0, - 2H,0) + HF (1)

Worldwide phosphogypsum production is estimated to be
around 280 Mt per year (Yang et al., 2009). However, only 15% of
the phosphogypsum is recycled (Kim, 2010) because of existing
contaminants, such as organic substances, metals and other poten-
tially toxic elements and natural radionuclides from the 23*U decay

# Corresponding author,
E-mail address: bolivar@uhu.es (|.P. Bolivar),

http://dx.doi.org/10.1016/j.wasman.2015.06.046
0956-053X/@ 2015 Elsevier Ltd. All rights reserved.

series (Mas et al., 2006; Pérez-Ldpez et al., 2007). The remaining
85% is often stored in large stacks in areas close to fertiliser plants
(Tayibi et al., 2009). Spanish phosphoric acid production began in
the city of Huelva (SW Spain) in 1968, and since then the PG waste
has been slurried with water, pumped out of the fertiliser plant by
a pipe system and then dumped on a nearby disposal site in the
salt-marshes of the Tinto River (1200 ha containing about
120 Mt) without any commercial application (Bolivar et al,
2009z, 1995). The proximity of the waste to Huelva, less than
1 km away, is an important concern because of its alleged implica-
tions for the health of the local population of roughly 150,000
inhabitants. After looking unsuccessfully for sustainable solutions
to the stockpiling of wastes, the fertiliser plant ceased dumping
phosphogypsum in December 2010. However, the waste piles still
remain in the area without an apparent solution, The urgent need
to perform the current study is related to the great social interest
in an action plan proposing solutions to the problem of the phos-
phogypsum stacks.

The main restrictions on reusing PG are related to its relatively
high content of radionuclides and metallic elements, and evidence
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