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Abstract

Alkali-activated binders (AABs) are a new kind of binders. AABs can be produced from
various industrial waste sources, many of which have remained largely unexplored. Several
studies have shown the potential of reusing and valorising mining wastes into alkali-

activated binders in the last few years.

In this research, studies on reusing tungsten mining waste mud (TMWM) as a precursor for
AABs are carried out. The research provides new insights into enhancing the binding
properties and compressive strength of the tungsten mining waste-based alkali-activated
binders. Further, it aims studying the microstructure properties of the developed alkali-
activated binders. These alkali-activated mixtures were prepared by combining tungsten
mining waste mud with other mineral wastes as fine powders. The blended powders
included ground red clay brick waste, ground granulated blast furnace slag, electric arc
furnace slag and metakaolin. In the research study, the TMWM was taken as the primary
precursor for alkali-activation. Other mineral wastes added to the mixtures were considered
as complementary precursors added in lower proportions (0, 10, 20, 30, 40, 50 vt.% or
wt.%).

The effect of different combinations (TMWM with the other mineral wastes) on the novel
binders' characteristics is discussed in depth. The effect of different alkaline activator
solutions and liquid/solid ratios is also analysed. The alkali-activated binders’ properties
studied comprise the following main tests: compressive strength development,
microstructure description, reaction products formed, thermal analysis, FT-IR absorbance
spectra, porosity determination and pore characterisation. This study's primary focus is the
strength development and microstructural properties, as evidence of binding properties of
the obtained alkali-activated binders based on TMWM.

In this research, several novel contributions can be listed. The different mineral wastes
blended with TMWM were considered to provide an additional source of reactive silica,
alumina, and calcium contributing to the formation of more reaction products such as C-S-
H, N-A-S-H, C-A-S-H and (N, C)-A-S-H hardened structures. Moreover, adding reactive
alumina-silicate rich materials in the blended systems prevents efflorescence phenomena
by generating more alkaline activation reaction products. Furthermore, combining TMWM
with other mineral wastes reduces the total porosity, the average pore diameter, and the
critical pore diameter, resulting in a refinement of the pore structure and an enhancement

of the compressive strength development of the alkali-activated binders. Finally, for the
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AABs with a low liquid/solid ratio investigated in this research (the blend of TMWM and
electric arc furnace slag) a positive correlation between the initial compaction pressure and
the compressive strength gain was found. However, regardless of the initial compaction

pressure applied, this type of binder can develop significant compressive strength over time.

Keywords

Mining waste, Mineral wastes, Alumina-silicate, Alkaline-activation, Compressive

strength, Microstructure, Reaction products.
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Resumo

Os ligantes de ativagdo-alcalina (AABs) sdo um novo tipo de ligantes, considerados como
sendo ligantes de terceira geracao, depois da cal e do cimento Portland. Estes podem ser
produzidos a partir de varias fontes de residuos industriais, muitas das quais permanecem
praticamente inexploradas. Varios estudos publicados jaA demonstraram o potencial de
reutilizacio e valorizacao de residuos de minas para obtencao de ligantes de ativacao-

alcalina.

Nesta investigacao, sdo realizados estudos sobre a reutilizacdo de lamas residuais de minas
de tungsténio (TMWM) como precursor para AABs. A investigacdo fornece novos
conhecimentos sobre a melhoria das propriedades de ligacao e resisténcia a compressao dos
ligantes de ativacao alcalina de residuos de minas de tungsténio. Além disso, visa estudar
as propriedades de microestrutura dos aglomerantes alcalinos desenvolvidos. Estas
misturas de ativacao alcalina foram preparadas combinando lamas de residuos de minas de
tungsténio com outros residuos minerais em pos finos. Os pés misturados incluem residuos
de tijolo de argila vermelha moida, escoria de alto-forno granulada moida, escéria de forno
de arco elétrico e metacaulino. No estudo de investigacdo, as TMWM foram tomadas como
o precursor primario para a ativacao alcalina. Outros residuos minerais adicionados as
misturas foram considerados como precursores complementares, que foram adicionados

em proporcoes inferiores (0, 10, 20, 30, 40, 50 vt.% ou wt.%).

O efeito de diferentes combinacoes (TMWM com os outros residuos minerais) nas
caracteristicas dos novos aglutinantes é discutido em profundidade. E também analisado o
efeito de diferentes solucoes de ativadores alcalinos e racios liquido/s6lido. As propriedades
dos ligantes alcalinos estudados compreendem os seguintes testes principais:
desenvolvimento da resisténcia a compressao, descricao da microestrutura, determinacao
dos produtos de reacao formados, analise termogravimétrica, analise de espectros de
absorcao FT-IR, determinac@o da porosidade e caracterizagio da distribuicao de poros. O
foco principal deste estudo é o desenvolvimento da resisténcia mecanica e propriedades
microestruturais, como evidéncia das propriedades de aglutinacdo dos ligantes alcalinos
obtidos com base nas TMWM.

Nesta investigacao, varias contribuicées inovadoras podem ser enumeradas. Os residuos
minerais misturados com TMWM foram considerados para fornecer uma fonte adicional de
silica reativa, alumina, e célcio, contribuindo para a formag¢ao de mais produtos de reacao,
tais como, estruturas de C-S-H, N-A-S-H, C-A-S-H e (N, C)-A-S-H. Além disso, a adicao de



materiais ricos em silicato de aluminio reativo nos sistemas misturados previnem
fendmenos de eflorescéncia, ao gerar mais produtos de reacao de ativagao alcalina. Além
disso, a combinacao das TMWM com outros residuos minerais reduz a porosidade total, o
didametro médio dos poros, e o didmetro critico dos poros, resultando num refinamento da
microestrutura e numa melhoria do desenvolvimento da resisténcia a compressao dos
ligantes de ativacao alcalina. Finalmente, nos AABs com uma baixa relacao liquido/s6lido
investigados nesta pesquisa (caso mistura de TMWM e escoria de forno de arco elétrico) foi
encontrada uma correlacdo positiva entre a pressao inicial de compactacao e o ganho de
resisténcia a compressao. Contudo, independentemente da pressao inicial de compactacao
aplicada, este tipo de ligante pode desenvolver uma resisténcia compressiva significativa,

ao longo do tempo.

Palavras-chave

Residuos de minas, Residuos minerais, Alumino-silicatos, Ativacao-alcalina, Resisténcia a

compressao, Microestrutura, Produtos de reacao.
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1. Introduction and aims

1.1. Background

Portland cement is the most widely used material in the construction industry nowadays.
However, the cement industry faces challenges related to improving its production
processes and reducing the environmental impact generated during the manufacturing of
Ordinary Portland Cement (OPC). The Portland cement manufacturing is an energy-
intensive process due to limestone combustion at elevated temperatures at around 1450 °C.
The Portland cement manufacturing by limestone combustion resulting in significant
emissions of several greenhouse gases into the environment. The cement production
represents 5-7% of CO. emissions worldwide caused mainly by the decarbonisation or
decomposition of limestone. For reducing CO. emissions and energy consumption, the
alkaline activation technology has been extensively studied in the past decades as an
alternative binder to Portland cement. The formation of alkali-activated materials uses
alkaline activators (such as sodium silicate, sodium hydroxide and potassium hydroxide) to
activate precursors (alumina-silicate rich materials, in the form of powders) at room or
moderate elevated temperatures. Besides the environmental benefits, AAMs are used as
alternative materials with similar, and better physical and mechanical properties to

Portland cement [1].

The construction sector industries will benefit by employing waste materials as resource to
develop value-added products due to increasing cost and shortage of virgin raw materials.
Reuse of industrial by-products to generate value-added products is one of the promising
ways to attain green and sustainable development. Alkali-activated materials are essential
for construction manufacturing sectors by enabling using waste generated from different
sectors, especially those coming from mining activities and industrial (like different types
of slags, brick waste, fly ash, and others). The alkaline activation of waste materials is a
chemical process that transforms glassy structures (partially or amorphous or metastable)

into very compact well-cemented composites [2].

According to the European Union (Eurostat) statistical office, mining and quarrying in
Europe generate a high amount of mine tailings, approximately 55% of the total industrial
wastes [3]. The mining activity produces an enormous quantity of solid waste materials
during mining's lifetime, disposed of in the open air, which causes several environmental

issues during waste management. The waste generated from mining and quarrying



industries accumulated in large deposits present a potential risk of environmental pollution
and cause severe landscape impacts.

Recent research studies and applications proved alkaline activation as an innovative waste-
recovery technology. These recent studies have focused on reusing mineral waste such as
red clay brick waste, different mining waste types, ground waste glass and mineral wools.
The chemical compositions of this mineral wastes are rich in alumina, silica, and calcium,
which are the main needed elements for the alkaline activation technology. Many studies
pertinent to recycling waste and the production of eco-friendly binders have been carried
out. In those, a promising alternative for mining waste management appears to be alkaline
activation to produce secondary materials [4]. Different mine tailings from various mining
operations around the world have been investigated regarding their potential for alkaline

activation [5-8].

The Panasqueira mine is located in the Central Iberian Zone of the Palaeozoic Iberian
Massif in Portugal, which is one of the most important metallogenic provinces of Europe.
Panasqueira is one of the largest operating tungsten mines in the Market Economy
Countries and is considered a world-class Tungsten-Tin-Copper vein-type deposit. The
tungsten concentrates have a Tungsten trioxide (WO3) content of 74 — 75%, one of the
highest grades available in the market. The Panasqueira mine mines an iron-rich tungstate
termed ferberite. Currently about 85,000 - 95,000 MTU (1 MTU - metric tonne unit - is
equal to 10 kg) of the WO; concentrate generated annually [9]. During the production
process of the principal metal of tungsten and by-products of copper, silver and tin, a
significant amount of wastes is also generated. In Panasqueira mine, three categories of
wastes are generated and classified as follow: the mining activities and the hydro cyclone
heavy media separation generates contaminated water containing arsenic, phosphorus, tin
and copper. Quartz and schist come from the ore's crushing, and the tailings (tungsten

mining waste mud) are received from the water-treatment plant.

Tungsten mining waste mud is a mine tailing leftover from the ore processing conveyed and
stored as a slurry in the dump area. The mining waste mud dump poses an environmental
risk, by causing contamination of the soil, pollution of the water and air in the surrounding
areas [10]. The tungsten processing industries lead to possible adverse health effects for
humans because tungsten and some of its compounds have low solubility [11]. According to
Castro-Gomes et al. [12], the mineralogy of tailings from Panasqueira tungsten mining
waste was found to be mainly quartz and muscovite. TMWM have shown the possibility of
being a precursor to produce alkali-activated materials. Pacheco-Torgal et al. [13], in their

initial study, reused TMWM as a precursor in the alkaline activation by subjecting the



precursor (TMWM) to a thermal treatment at 950°C for two hours. The calcinated TMWM
was mixed with (Sodium Hydroxide and Sodium Silicate) solutions and minor quantities of
calcium hydroxide. In their study they obtained alkali-activated concrete. It was a mixture
of limestone aggregates and the alkali-activated binder (aggregate/binder ratio =1.5). In
turn, the alkali-activated binder consisted of a mix of the precursor and 10 % of calcium
hydroxide (Ca(OH).) combined with sodium hydroxide solution (NaOH 20 M). For this
combination, the resulted alkali-activated concrete reached a compressive strength of fc(se)

= 65.3 MPa at 56 days of curing.

The present thesis has been conducted to reuse TMWM in its natural state (without
calcination), by blending TMWM with other alumina-silicate rich materials, such as
metakaolin and other mineral wastes (red clay brick waste, blast furnace slag and ground
waste glass). It aimed to improve the compressive strength and the microstructure

properties of the tungsten mining waste-based alkali-activated binder system.

To improve the compressive strength and the microstructure properties of tungsten mining
waste-based alkali-activated binder, the (TMWM) precursor was first blended in various
proportion with (RCBW). The investigation conducted with red clay brick waste is
presented in Paper II. In the literature, RCBW was used as a precursor to making alkali-
activated binder. The binder prepared by RCBW generating an excellent compressive
strength and microstructure properties, due to its chemical and mineralogical composition.
The blend of RCBW with TMWM increases the compressive strength results, generates

more reaction products, and enhances the binder's porosity and pore structure.

Paper III investigated the effect of different combinations of alkaline activator solutions,
the activators' concentration (sodium hydroxide and potassium hydroxide), and the
solid/liquid ratio on the binder's properties. The precursors in the study were 9o vt. %
TMWM blended with 10 vt. % GGBFS; the use of 10 vt. % of GGBFS was to incorporate Ca
into the mixtures. In this study, different types of alkaline activators were used. One of the
binders developed in Paper III used an alkaline activator solution containing more soluble
silicate. The alkaline activator solutions were prepared by dissolving glass waste into NaOH.
The objective was to add more alkali metal silicates, which play an important role in the
polymerisation reaction [14]. The alkaline activator potassium hydroxide has shown good

results.

The blend of TMWM and EAF-Slag was studied in Paper IV. These precursors were

blended in different ratios and mixed with the activator solution (SS+ Potassium hydroxide)



to get TMWM-EAF-Slag alkali-activated binders. The study was conducted to determine the
effect of different dosages of EAF-Slag on the compressive strength, reaction products,

porosity, and pore structure of the TMWM-EAF-Slag alkali-activated binders.

In Paper V the TMWM was mixed with a minor proportion of GGBFS and MK; 10 wt.% of
each precursor. Since GGBFS is a calcium-rich material it was incorporated into the
admixtures to increase its calcium content, while MK was the alumina-silicate-rich source
material. These precursors (MK and GGBFS) were used to yield silicon, calcium, and

aluminium for the alkaline activation reaction.

The study in Paper VI was focused on decreasing the content of the activator solution in
the system by reducing the liquid/solid ratio. For this purpose, samples of TMWM and EAF-
Slag were submitted to different pressure compaction before activation. The combination
between the low liquid/solid (L/S) ratio and compaction pressure enhances the

compressive strength and the resulting binders' microstructure properties.

In Papers IV and V, the different reaction products formed in the tungsten mining waste-
based alkali-activated binder were studied. The main reaction products developed in the
binder after the alkaline activation are C-S-H and N-A-S-H hardened structures. The
presence of needles found in the scanning electron microscopy (SEM) images of tungsten
mining waste-based alkali-activated binder after the alkaline activation may correspond to
the formation of natrite (Na.COj3) needles due to the low reactivity of TMWM, where Na in
the mixture remained unreactive. During the curing time, the Na reacted with the CO, in
the atmosphere and formed Na,CO;, causing the efflorescence phenomena. As expected, the
presence of unreacted potassium (in a system with K as an activator) under the efflorescence

phenomena may form potassium carbonate (K.COs) [15].

1.2. Approach and aims of the thesis

This investigation aims to complement the knowledge in the reusing and valorising mining
waste and other industrial wastes by alkaline activation in a general context. Furthermore,
it aims developing a new category of alkali-activated materials based mainly on mining

waste and industrial wastes instead of Portland cement-based binders.

The research was mainly focused on enhancing the compressive strength results and
studying the tungsten mining waste-based alkali-activated binders' microstructure

properties by combining mining waste with other mineral wastes. The objective of the



research was to improve the properties (microstructure and compressive strength) of
TMWM-AABEs; for this, in all the studies conducted in this research, the TMWM powder
was the primary precursor blended with other mineral wastes in minor proportion (other

wastes content were 0, 10, 20, 30, 40, 50 vt.% or wt.%).

The general target of this research was to enhance the reactivity of TMWM without
calcination. It was also targeted to improve the tungsten mining waste-based alkali-
activated materials' different properties by blending TMWM blended with various mineral
waste (RCBW, GGBFS, EAF-Slag) and also with a minor proportion of alumina-silicate

source material (MK).

The individual objectives of the research are the following;:

1. To develop a new alkali-activated binder based on tungsten mining waste mud
blended with other different alumina-silicate rich materials and by-product wastes.

2. Develop a new hybrid alkaline binder based on tungsten mining waste blended with
granulated grounded blast furnace slag using different alkaline activator solutions.

3. To research the possibility of enhancing the binders' compressive strengths and
improving the binders' durability by decreasing the total porosity and pore size distribution.
4. Study the different reaction products generated when TMWM was partially replaced
by other by-product wastes or alumina-silicate source materials.

5. To control the formation of efflorescence (white crystalline sodium carbonate) in the
tungsten mining waste-based alkali-activated binders by improving the mix design. The

efflorescence may be accompanied by further degradation of the alkali-activated binders.

Prior to the laboratory research carried on this thesis, a literature review on alkali-activated
materials state-of-the-art was carried on, as presented in Paper I. This review was essential
to better understand the research gaps needed to be studied, in particularly, the approach
on combining wastes with complementary chemical elements and reactive potential, for

enhancing waste-based alkali activated binders.

The alkaline activation of tungsten mining waste mud was studied in Papers II, III, IV, V
and VL. In Paper II being on the alkaline activation of TMWM blended with RCBW, the
study investigated the effect of RCBW dosages that replaced the TMWM in the mixtures on
the compressive strength and the microstructure properties of the resulted binders.
Simultaneously, the impact of various alkaline activator solutions on the compressive

strength and the microstructure properties of the hybrid alkaline binders produced based



on tungsten mining waste mud and ground granulated blast furnace slag which was

investigated in Paper III.

In Paper IV and VI, the tungsten mining waste mud was blended with electric arc furnace
slag in various proportions, where the EAF-Slag was partially replaced the TMWM in the
AABs mixtures with variable dosages in Paper IV, to improve the performance of the
tungsten mining waste mud and electric arc furnace slag-based alkali-activated binders.
However, in Paper VI, the ratio of the precursors TMWM/EAF-Slag was fixed as 50-50 wt.

% and the compacting pressures were increasing from 20 MPa to 100 MPa.

1.3. Outline of the thesis

This thesis is organised into 5 chapters. The 15t Chapter provides an introduction to the
topic. The 2md Chapter describes the state-of-the-art, which reviews the literature on
alkali-activated materials, the history of alkali activation as cementitious material, and the
recent advances in the development of binders obtained from mineral wastes. It lists the
mineral waste that can be used to produce alkali-activated binders, and the reaction
products of alkali-activated binders. Besides, it described the chemical activators that can
be effectively utilised in the alkaline activation technology. The materials and methods used
in this work are introduced in the 3r4 Chapter. The results and Discussion are presented
in the 4t Chapter. Finally, the conclusions to be drawn from the research and

recommendations for further research are set out in the 5th Chapter



2.State-of-the-art

2.1. Mining waste

The mining industry produces large amounts of solid waste which is composed of coarse
aggregates or fine particles. In 2010, the mining industry was the world's largest waste
producer with 65 billion tons of waste rock and 14 billion tons of mining tailings [16]. The
European mining industry is responsible for 55% of mining total industrial wastes [3],
where about 4.9% is incinerated, 43% is recovered, and 51% is adequately landfilled of all
the generated mining waste [17]. The generated mining waste has different chemical and
physical properties depending on the mined ore's mineralogy and the methods used to

produce valuable metals [18].

To promote sustainability practices in the mining industry, various mining wastes have
been used as source materials to make alkali-activated materials as shown in Fig. 1. The
major mining wastes currently studied and reused as a precursor for alkali-activated
materials are red mud; tungsten mining waste and kaolin mining waste [19]. For example,
Demir and Derun have used Gold mine tailings as precursor blended with Al.O5 as an
additive due to low Al,O5 content of gold mine tailings. The precursor was mixed with the
alkaline activator solutions (sodium hydroxide and sodium silicate) to make an alkali-
activated binder. The study shows positive results regarding reusing mining waste as a raw
material for the alkaline activation-synthesis. Moreover, the optimum alkali-activated

binder sample shows a positive adsorption efficiency [20].

2.1.1. Tungsten mining waste

Tungsten mining waste mud is a mine tailing leftover from the ore processing conveyed and
stored as a slurry in the dump area. The mining waste mud dump poses an environmental
risk, by causing contamination of the soil, pollution of the water and air in the surrounding
areas [10]. The tungsten processing industries lead to possible adverse health effects for
humans because tungsten and some of its compounds have low solubility [11]. Tungsten
mining wastes work very well as complementary precursors in alkali activated cement,
mainly when this cement is used for pH buffering, due to its high alkalinity. Furthermore,
the high alkalinity of this type of waste slightly increases the intrinsic alkalinity of the
reactions. When used together with other more reactive wastes, it enhances the dissolution
of ionic species and generating higher binding gel volumes [19]. The earliest use of mining

waste mud as a precursor for the alkaline activation was preliminarily investigated by



Pacheco-Torgal et al., in 2005 [21]. The mining waste mud was subjected to heat treatment
to achieve the dehydroxylated state. In 2007 and by subjecting the precursor (TMWM) to a
thermal treatment at 950°C for 2 h, the calcinated TMWM was mixed with alkaline
activators (Sodium Hydroxide and Sodium Silicate) solution and minor quantities of
calcium hydroxide. In their study they obtained and alkaline activated binder and concrete.
The alkali-activated concrete was produced with limestone aggregates (aggregate/binder
ratio =1.5). In turn, the alkali-activated binder consisted of a mix of the precursor and 10 %
of calcium hydroxide (Ca(OH).) with sodium hydroxide solution (NaOH 20 M). For this
combination, the resulted alkali-activated concrete reached a compressive strength of fc(se)

= 65.3 MPa at 56 days of curing [13].

Panasqueira mine
(mud lagoon)

Mining waste
to alkali-
activated
binder
circular
approach

Tungsten mining waste-based
alkali-activated binder

Collecting of mining
waste mud

e

rocessing of mining waste
mud

Alkaline activator ( drying, crushing and sieving)

solutions

Mining waste mud powder

Fig. 1. Reusing of mining waste into alkali-activated binder - circular approach

Later, G. Kastiukas et al. [22] replaced 40 wt.% of tungsten mining waste mud with waste
ground glass, to improve tungsten mining properties waste-based alkali-activated binder,
They used sodium silicate with sodium hydroxide as alkaline activator solution. The study
has shown that the addition of waste glass to the mixtures was a very sustainable and
practical method of improving TMWM degree of amorphic without calcination treatments

of TMWM. Where up to 40 wt.% of waste glass, with a mean particle size of 39.6 um, it can



be successfully blended with TMWM to increase the amorphous nature of the binary blend
by 21%. In other investigation, G. Kastiukas and X. Zhou successfully blended tungsten
mining waste mud with ground waste glass and cured the alkali-activated paste primarily
at room temperature and evaluated it to have a low activating solution demand. After the
cure for 28-day, the AAB's compressive strength result was above 42 MPa when an

activator/precursor ratio was maintained < 0.28 [23].

2.2. Alkali-activated materials

Alkali-activated materials are known as potential alternatives to OPC to limit CO, emissions
and beneficiate several mineral wastes into useful products. Nowadays, there is broad global
research and industrial interest in alkali-activated materials as ecologically and technically
suitable binders [24]. The alkaline activation of aluminosilicate minerals and industrial by-
products has been a considerable study topic over the past decades. Such alkali-activated
binders are produced by a chemical reaction between an alumina-silicate precursor (solid
powder) and an alkaline activator (solution) to form a hardened stable system.
Furthermore, AABs demonstrate similar engineering properties to ordinary Portland
cement (OPC) mixtures and may even have a lower CO, footprint than their performance
equivalent ordinary Portland cement formulations. However, the properties of AABs vary
significantly depending on the nature of solid precursor powders (e.g. mining wastes,
RCBW, fly ash, metakaolin, slags, etc.), their reactivity, and the alkaline activator used (e.g.
NaOH, KOH and/or Na,SiO;), which in turn alters the balances of product phases formed

in the alkali-activated materials in the hardened state [25].

The development of alkali-activated materials can be traced back recently to the beginning
of the last century. Paper I give a brief outlook of the historical background about the
essential events in developing the alkali-activated materials. The German chemist Kiihl was
the first one who uses alkalis as a component in cement-based materials and publishes work
related to alkali-activated materials back to 1908 [26]. He studied the setting of basic blast
furnace slag blended with potassium hydroxide solution (KOH). Since then, many studies
have been conducted to analyse the role of alkalis plays in cementitious systems. However,
only decades later did this type of cementitious material receive significant attention. The
investigations undertaken by Feret (1939) and Purdon (1940) were considered the earliest
studies on activated slag. In 1940 the first milestone happened, when a detailed study
published by the British chemist Purdon about the clinker free cement consisting of slag
and sodium hydroxide [27], later turning them into a commercial product under the name

'Purdocement’. Structures built in the 1950s using Purdocement still exist and have been



surveyed in a recent publication in 2015 by Buchwald et al. [28], concluding that the

structures were even fit for the purpose their respective service life.

The main research progress in alkaline activation technology for the next several decades
came from a Ukrainian research group initially led by Glukhovsky and later by Krivenko.
Although not until 1959 an important breakthrough was made by Glukhovsky using reactive
alumino-silicates source materials, and alkalis metal solutions to be understanding and
development of binders. Glukhovsky published work about the theoretical basis of alkaline
cement called "soil silicates". However, there was a substantial difference between the "soil
silicates", and a previous study by Krivenko in 1994, as the alkali in soil silicates acts as a
structure-forming element. Through the efforts of Glukhovsky and Krivenko, they
developed alkali-activated mixes based on a wide range of precursor and activator
chemistries, including both low and high calcium binder systems. The alkali-activated
materials were adopted in a wide range of applications [29]. Further, Krivenko categorised
the alkaline cement depending on the starting materials into two groups. The first group is

the alkaline binding system Me,0-Me,0,-Si0,-H,0, and the second group is the alkaline-
alkali earth system Me,O-MeO-Me,0,-SiO,- H,O.

The next few years have seen exponential growth in research, by the 1970s, following a series
of frequent fires in France, the scientists had to develop a material that was able to resist
such attack, the French scientist and engineer Prof. Joseph Davidovits developed a class of
solid materials similar to the alkaline binding system, using sintering products of kaolinite
and limestone or dolomite as the alumina-silicate constituents. In 1991 Davidovits adopted
the term "Geopolymer" for various alkali-alumina-silicate binder systems and is now widely
recognised as a generic term for alkali-activated binder systems. Geopolymers also
generated some trademarks, the most famous one was Pyrament, but alkali-activated
binders have begun to acquire real technological significance in later ages. In 1999 Palomo
et al. [2], published the first article under the title: "Alkali-activated fly ashes: A cement for
the future", investigating the possibility of producing new cement using fly ash the waste
generating from coal-fired power plants. From nearly 2000 until now, key researchers such
as Palomo, Van Van Deventer, Roy and Provis made some fundamental and systematic
studies, and provide a more fundamental science base to this technology. C. Shi in
conjunction with P. Krivenko and D. Roy in 2006 published the first book which reviewed
and summarised worldwide research advances in alkali-activated cement and concrete.
Therefore, in 2014 J. Provis and J.Van Deventer, presented a state-of-the art report about
AAMs. The report had been prepared by the RILEM Technical Committee on Alkali-
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Activated Materials (TC 224-AAM). Now the alkaline activation technology is well accepted

from science, but still not widely accepted in the industry.

2.3.Alkaline activator solutions

The alkaline activation process requires chemical alkaline activators, at least one, to initiate
the reaction. In general, alkali silicates and hydroxides at high pH values, are needed to start
the dissolution phase. Sodium hydroxide (NaOH) and sodium silicate (nSiO.Na-0O) are the
most frequent activators used individually or as a solution mixture. However, potassium
hydroxide (KOH) and potassium water glass (nSiO.K-0) are also used to some extent [14].
The different types of alkaline activators and their use in alkaline activation technology are

briefly described in the literature review Paper 1.

2.4.Reaction products of alkali-activated materials

The reaction, structure and properties of the AAMs are controlled by several factors,
including the chemical composition and the nature of the alumina-silicate source materials,
the types and concentrations of the alkaline activator solutions and curing conditions. In
the alkaline activation, two kinds of alkali-activated binders' reaction mechanism can be
established [2]. The first mechanism involves the alkaline activation of precursors with low-
calcium (calcium-free raw materials) like metakaolin using a medium to high alkaline
activator solutions, leading to a polymeric network formation of sodium alumina-silicate
hydrates (N-A-S-H) phases as reaction products. The second system involves the alkaline
activation of calcium-rich precursors like granulated grounded blast furnace slags, with a
high content of Ca atoms. This precursor's alkaline activation is realised using moderate
alkaline solutions leading to calcium silicate hydrates (C-S-H) gel with a lower Ca/Si ratio,
and calcium alumina-silicate hydrates (C-A-S-H) phases as reaction products. The resulted
alkali-activated binders generated high mechanical strength similar to ordinary Portland

cement.

Many investigations conducted in the microstructural understanding of AAMs focus on
reaction product phases compatibility and phase compositions in the blended alkali-
activated systems. In the alkaline activation of composite systems like TMWM/Slag, the raw
materials composition plays a more complex role. It is difficult to determine the exact
phases formed because of the systems' high chemical complexity due to varying parameters
like the precursor's chemical compositions, the alkaline activating solutions, and the used

liquid/solid ratio. The alkaline activation of blended precursor contains low calcium
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alumina-silicates; the reaction leads to form sodium alumina-silicate hydrates (N-A-S-H)
gels. While the precursor has calcium-rich alumina-silicates leads to the formation of
calcium alumina-silicate hydrate (C-A-S-H) gels. In the blended precursor systems, both
coexistence and interactions occur between C-A-S-H and N-A-S-H type gels [30]. Both
typical reaction product phases can form simultaneously within one blended precursor
system [31]; the presence of calcium leads to the formation of C-A-S-H type gels and
destroys the N-A-S-H gel structure to some degree by partially replacing sodium with
calcium to form (N,C)-A-S-H gels [32]. Simultaneously, the increased availability of
aluminates strongly influences the calcium silicate hydrates (C-S-H) gel composition and
structure [33]. Also, a higher degree of crosslinking within the reaction products is achieved
[34]. The alkaline activation of low calcium alumina-silicates leads to the formation of so-
called N-A-S-H gels. Furthermore, in high pH conditions, aqueous aluminate and aqueous
calcium modify N-A-S-H gels leading to the partial substitution of sodium with calcium to
form (N,C)-A-S-H gels [35]. Different precursors' silicate may exhibit different
depolymerisation rates and availability under various conditions such as curing

temperature and alkaline activator solution concentration.

2.5.Advances in binder development: non-conventional

mineral wastes

An alkaline activation is an approach for the non-fired or low-temperature cement
production from various natural and technogenic alumina-silicate materials, whose
properties are comparable to Portland cement. Recently alkaline activation technology has
gained increasing appeal from the standpoints of theoretical research and practical
development. Progress in this area has also been derived from a constant expansion of the
raw materials base, the possibility of using a wide range of natural and reusing of waste
alumina-silicate rich source materials, and ways to improve the different performances of
AAMs through the introduction of mineral additions and chemical additives including
various fibres [36]. An extensive range of mostly low value or waste materials can be
valorised and reused to produce cementitious materials using alkaline activation
technology. More recently, however, research studies and applications of alkali-activated
materials have become more innovative with the types of raw materials used for alkaline
activation and have demonstrated the potential of using more non-conventional materials
such as mining waste, waste grounded glass, incineration products obtained from sewage
sludge, and mineral wools. The chemical composition of novel precursors used in the

production of alkali-activated materials is rich in alumina or silicates, which are the main
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compounds in such type of materials. Researchers also study the methods of the alkaline

activation of each and their availability.

Large quantities of waste resulting during the production process are disposed of in the
open air causing a severe environmental impact. Thus, their investigation about how to
reuse this type of waste in the building and construction industry is required. The
availability and predominant elements of essential waste materials, and the physical
characteristics of novel precursors and the materials derived from them are described in
Paper 1. These novel precursors are ordered in terms of the amount generated (from the

highest to the lowest quantity) as it shows in Table 1.

2.5.1. Alkali-activated of combining industrial wastes

Blending calcium-rich materials with low-calcium raw materials has become an
increasingly relevant research area for alkaline activation technology. Using reactive
calcium-rich sources provides a balance between strength and durability. The blending of
calcium-rich materials and alumina-silicate waste materials with low reactivity may reuse
this waste and produce an alkali-activated material with high properties. In 2015
Rakhimova and Rakhimov investigated the influence of several variables on the production
of alkali-activated materials made from ground granulated blast furnace slag (GGBFS) and
different red clay brick waste types. Their study sought to explore the influence of blending
two other waste materials, in varying percentages, on the final characteristics of alkali-
activated materials. They also experimented with the concentration and type of alkaline
activator solution, and the curing condition and time. This study offers an excellent
overview of the complex variables that drive alkali-activated cement development. The
research shows that the strength characteristics of the alkali-activated material are
dependent firstly on the type of alkaline activator solution, secondly by the dosages of red
clay brick added to the admixtures, followed by the precursors grinding method, curing
method, and, lastly, on the chemical and mineralogical composition and origin of the red

clay brick used [37].
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Table 1. Alkali-activated materials from novel precursors versus availability, main chemical composition and provenance/country.

Types of waste Process of production Amount generated Predominant | Mineralogy | Provenance/Country | Sour
(tonnes/year) elements (%) ces
Minera | Coal gangue Excavation and washing of the coal 2 X 101 Si0-(39,08) Predominantly | China [38]
1 mine crystalline
Proces | Red mud Residue of alumina production 120 X 106 Fe203 (30.9) Predominantly | Worldwide [39]
sing process (Bayer process) amorphous
tailings | Mine Iron Ore Waste from Iron ore mine tailings 632x106 Si0.(57.31) ™*) Western [40]
tailin production Australia
gs Copper The mining and processing of copper | 0.58 x 106 ™ ™ Kilembe area (Western [41]
Uganda)
Tungsten Mineral extraction and processing 0.37X10 Si0:(53.48) Predominantly | Panasqueira/ [42]
produce crystalline Portugal
Chromite Ore The high lime process 0.06x10 6 CaO (34.27) Predominantly | China [43]
amorphous
Vanadium Tailing of vanadium extracting 1 tonne of V.O; generates Si0: (64.17) Predominantly | China [44]
extraction from stone coal 120-150 tonnes of tailing crystalline
Incinerator bottom ash (IBA) Incineration municipal solid waste 1012 ™*) *) Taiwan [45]
Waste glass Disposed solid waste 14 X106 SiO- (60-80) Amorphous Worldwide [46]
Palm oil fuel ash Cooking and food processing 10x10 6 Si0. (61.33) Predominantly | Malaysia [47]
crystalline
Coffee waste Treatment of coffee powders with 6x106 *) *) worldwide [48]
hot water
Incineration Wastepaper sludge | Effluent treatment processes 4.5X106 TiO- (13.2) ™*) Europe [49]
products of Sludges resulting Waste by-product from the water 11 X 10 4 tons/wet S 25.6 X 10 4tons/ SiO- (58.99) *) Thailand [50]
sludges from WT treatment pr
process sec
Mineral wools Rock Produced at high 2.3 X 106 Si02(62.4) Amorphous Worldwide [51]
Glass temperatures by melting quartz Si0.(40.4) Amorphous
sand, basalt)
Fluid catalytic cracking Petroleum refining processes 0.2X10° Al:05(48.40) Semi- Worldwide [52]
Crystalline
Rice husk bark ash Biomass power plants 0.16 X 106 Si0O. (81.36) Amorphous The power Plant [53]
company providing
RHBA
Silico-manganese (SiMn) slag Electric arc furnace technology 0.15X10°6 Si02(42,6) Crystalline Spain [54]
Ceramic waste Red clay brick Industry and the construction sector | 3-7 % by weight of total Production. Si02(50.9) (@) European ceramic [551
Porcelain Si0.(71.3) ©) industry.

(*) Not provided by the authors
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2.5.2. Upcycling mining waste and other industrial waste by alkaline activation

The recycling and reuse of mining wastes is, therefore, a significant environmental
challenge. At the same time, the low reactivity of mining waste mud decreases its recycling
capacity into alkali-activated materials. Many researchers have utilised poorly reactive mine
tailings as raw materials with reactive co-binder (mainly metakaolin or blast furnace slag)
in alkali activation. Additionally, the reactivity of the mine tailings can be improved by
different treatments [56]. However, other researchers were using the mining waste without
treatment but combined with other mineral wastes such as the study conducted by J.
Kiventeri et al. [5], to investigate the possibility of immobilising several heavy metals from
gold mine tailings by alkaline activation. Their research blended 40-50 wt% gold mine
tailings with metakaolin and blast furnace slag as precursor mixed with alkaline activator
solution (sodium hydroxide and sodium silicate). The resulted alkali-activated samples
were cured at room temperature. They found out that various elements (Cr, Cu, Ni, Zn and
Mn) from gold mine tailings can immobilise almost completely by alkaline activation with
a suitable co-binder material. The immobilisation efficiency was highly improved with more
extended curing period also for the problematic elements As, V, Sb and B. Moreover, by
investigating the influence of alkaline activator solution and blend proportions they
developed an alkali-activated binder from a blend of sulphidic mine tailings and GGBFS. By
experimenting with the sodium hydroxide (NaOH) concentration and GGBFS content, the
alkali-activated binder's compressive strength was increased from 1.8 to 25 MPa when 25
wt.% of sulphidic tailings from gold mine was replaced by GGBFS. This study demonstrated
that good mechanical properties could be obtained from the alkali-activated binders
produced by blending mine tailings and GGBFS; however, the environmental consequences
need to be studied to determine whether the mine tailings can be immobilised in the

geopolymer.

Other studies that have conducted leachate analyses have shown some promising results in
this area [6]. H. Paiva et al. [57] studied the feasibility of reusing high sulfidic tailings as a
raw material in the manufacture of alkali-activated materials. The mine tailing was used as
a fine aggregate along with metakaolin and blast furnace slag as a precursor, to investigate
the effects of the precursor type, the influence of the dosages of mine tailing added to the
admixtures, the impact of temperature and curing conditions. They found that the high
sulfidic tailings did not react due to its composition; however, the blended high sulfidic
tailings and metakaolin generated better compressive strength results (>20MPa) and a
faster reactive nature compared to the binder prepared with blended blast furnace slag and

high sulfidic mine tailing. Jiao et al. [58] used vanadium mining tailings blended with
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metakaolin as an aluminium source using solid sodium hydroxide for the alkaline
activation-synthesis. Results showed that adding 30% of metakaolin to vanadium mining
tailings improved the compressive strength and formed more reaction product phases. The
compressive strength of the binder achieved 55.7 MPa after 7 days of curing. In another
study, vanadium mine tailings were blended with fly ash as precursors and solid sodium
silicate as an alkaline activator to produce an alkali-activated binder. The paste was cured
at room temperature (28 °C). These authors suggested that the vanadium tailings possessed

the potential to synthesise fire-resistant alkali-activated products [44].
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3.Materials and methods

3.1. Materials

3.1.1. Precursors

The precursors used in this research were based on tungsten mining waste mud as the
primary precursor blended, with different percentual ratios, with other waste by-products:
namely, red clay brick, granulated grounded blast furnace slag or electric arc furnace slag,
or with alumina-silicate rich material (Metakaolin). The steps followed to reuse and valorise

the other wastes to be used as precursors for the alkaline activation are described in Fig. 2.

E Precursor Production ‘ E
! | Raw materials Valorisation E
E Tungsten . — E
i1 mining Collection from Transport Drying || Grinding | | Sieving i
E waste | (TM) Landfill 1 to site process process process i
E mud < 500pum i
L (TMWM) | :
i Washing | || Drying | | Grinding | | Sieving , | Homogenizatio E
' 1 Red clay - process process process process n process !
! brick |_, Collection from | | Transport !
L waste (Brick) Landfill to site < 250pm ;
LIl (RCBW) i
[ S Crushing | || Grinding | | Sieving !
! - process process process !
E Electric < 125pm E
\ arc Collection from T !
Uil furnace || manufacture of |—» ansport i
E slag (EAF- crude steel to site v i E
pi_Stg) TMWM/EAF-Slag TMWM/RCBW ;
| precursor precursor !
E Raw material storage storage E
1 i1 Grounded Valorisation E
i ilgranulated! | Collection from - :
: blast | Cementplant |, | Transport As recel\{ed from the cement Homogenization TMWM/GGBFS E
! furnace Ain El Kebira to site plant (sieved grounded and | process precursor :
! slag (Algeria) sieved under 63 pm) storage '
i1 (GGBFS) _ i

Fig. 2. Processing stages diagram of different wastes used to produce other alkali-activated binders.

3.1.1.1. Tungsten mining waste mud

The main raw material used in this research consisted of tungsten mining waste mud
(TMWM); the mining waste was derived as a mix of powder, and coagulation particles form
from the Panasqueira tungsten mine in Covilh3, Castelo Branco, Portugal (the "Panasqueira
Mine"). The TMWM was dried in the oven at a temperature of 100 °C for 24 h. Afterwards,
the dried TMWM was placed into a crush machine and milled to separate the coagulated

particles. Finally, the TMWM powder was sieved under 500 um to be used as the precursor.
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In term of chemical composition, TMWM mainly consists of Si (22.3 wt. %), Al (9.8 wt. %),
K (3.8 wt. %) and Ca (2.7 wt. %).

3.1.1.2. Red clay brick waste

Red clay brick waste (RCBW) was used as a precursor blended with TMWM in different
proportions by volumetric ratios (TMWM/RCBW: 9o0/10, 80/20, 70/30, 60/40, 50/50 Vt.
%). The study is presented in Paper II. RCBW is one of the different types of ceramic waste
used to develop alkali-activated binders [59]. Many studies and research have been carried
out to develop either AAMs or hybrid cement using red clay brick waste as a source of
alumina-silicate materials and other minerals. Regarding the RCBW the following
processing procedures were adopted: initially, the coarse brick waste was submitted to
washing process to remove and separate the contaminations and some other construction
impurities (mortar, sand, varnish); the next step was to place it in the oven at a temperature
of 60 °C, for 24 h for complete drying; finally, the coarse brick waste was crushed using a
crushing device and was sieved to obtain particles of sizes under 250 um. The chemical

composition of RCBW mainly consists of Si (27.9 wt. %), Al (13.3 wt. %) and K (2.44 wt. %).

3.1.1.3. Granulated grounded blast furnace slag

The slag used in Papers III and V was a ground granulated blast-furnace slag (GGBFS)
by-product resulting from the separation of the metal from the ore at the metallurgic unit
of El Hadjar located in the north-east of Algeria. The slag is grounded and sieved under 63
um to be used as a cement additive. The GGBFS has the following chemical compositions:
Ca (32.8 wt.%), Si (13.7 wt.%) and Al (3.2 wt.%). The GGBFS has a quality factor K = (CaO +
MgO + Al;03) / (Si0; + TiO,;) and a coefficient of basicity Kb = (CaO + Mg0) / (Si0, +
Al,05) of 1.79 and 1.35, respectively classifying it as a neutral slag.

3.1.1.4. Electric arc furnace slag

The second type of slag used in Papers IV and VI was an electric arc furnace slag received
in aggregates from the national steel industry in Maia and Aldeia de Paio Pires, Seixal. The
EAF-Slag was first dried for 24 hours in the oven at a temperature of 60°C; later, the EAF-
Slag aggregates were crushed to transform the EAF-Slag into a powder; finally, the EAF-
Slag powder was sieved to get EAF-Slag particle sizes under 125 um. For EAF-Slag the main
oxide compositions are (CaO; 33.3 wt.%), (Fe.Os; 30.5 wt.%), (SiO.; 15 wt.%) and (Al,Os;
10.1 wt.%). The basicity coefficient Ky=(CaO+MgO+MnO)/(SiO.+Al,O;) determined for
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EAF-Slag was equal to 1.64 [60, 61]. Additionally, the hydraulic modulus (HM) also defined
as HM=(CaO+MgO+Al.03)/SiO, [62] suggested that the HM of the slag materials should
exceed 1.40 to ensure sound hydration property. In the current study, the HM of electric arc
furnace slag used is equal to 3.19, reflecting the better hydration properties of electric arc

furnace slag.

3.1.1.5. Metakaolin

Metakaolin used in the research was supplied by the chemical company BASF Catalysts
LLC. Commercial Metakaolin MetaMAX is a high reactivity metakaolin (HRM) pozzolan
produced by thermal activation of high purity kaolin clay within a specific temperature
range. MetaMax is a high purity white mineral admixture that meets or exceeds all ASTM
C-618 Class N pozzolans specifications and meets the strength activity index as per ASTM
C-1240. In Paper V, the metakaolin was used as aluminosilicate-rich source material, with
10 wt.% addition, to increase the ternary alkali-activated binder mixture's reactivity. The
chemical compositions of MK were calculated in terms of the oxides, which mainly contains
Si0. (49.75) wt. %), Al,O; (46.54 wt. %), TiO. (3.04 wt. %) and Fe.O5 (0.67 wt. %).

Table 2 and Table 3, shows the chemical composition of TMWM and other precursors used

in this research work.

3.1.2. Physical characterisation of the precursors

The chemical compositions of raw materials were evaluated by Scanning Electron
Microscopy with Energy Dispersive Spectroscopy (SEM-EDS) microanalysis, using
HITACHI S-3400N microscope equipment. Loss on ignition (LOI) was performed in the
temperature range from 25 to 1000°C with a heating rate 10°C min— in a Helium
atmosphere using thermo-gravimetric analysis SDT Q-50 (TA Instrument). The LOI was
performed in the temperature range from 25 to 1000°C with a heating rate of 10°C min—*in
a Helium atmosphere. Tested powders consisted of about 7 to 10 mg taken from the waste
materials and sieved under 75 um. The particle size distribution of all precursors used in
this research is shown in Fig. 3. The particle size distribution of the precursor's powders was
determined using laser diffraction (CILAS 1190 apparatus). The precursors' bulk powder
densities were determined using a gas displacement pycnometer (model. AccuPyc1340,
Micromeritics, Norcross, Georgia apparatus). The Blaine fineness of the different powders
was determined according to EN 196-6 (2019) [91], using Blaine air permeability (model.
ACMEL LABO BSA1 apparatus).
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Table 2. Chemical composition (element), LOI, density, Blaine specific area,
and mean particle size of the precursors (TMWM, RCBW and GGBFS).

Component TMWM (w.%) RCBW (w.%) GGBFS (w.%)
(0] 47.61 48.11 45.34
Si 22.32 27.85 13.68
Al 9.78 13.31 3.24
Ti 0.4 0.62 0.28
S 1.95 0.15 0.34
K 3.76 2.44 0.4
Ca 2.73 0.58 32.81
Fe 7.1 5.61 0.21
Mg 0.79 0.89 2.57
Na 0.93 0.38 0.26
P - 0.06 -
Zn 0.4 - -
Cu 0.2 - 0.26
As 1.98 - -
Mn 0.05 - 0.8
LOI* 11.6 3.88 2.37
Density (g/cms3) 3.0319 2.7339 2.9266
Blaine specific area (cm2/g) 1017 3379 2940
Particle size Dso (um) 152.4 40.3 10.91

Table 3. Chemical composition (Oxides), LOI, density, Blaine specific area,

and mean particle size of the precursor EAF-Slag and MK.

Component EAF-Slag (wt. %) MK (wt.%)
AlO3 10.08 46.54
Si0- 15 49.75
TiO- 0.82 3.04
SO3 0.19 -
K-0O - -
CaO 33.29 -
Fe20s3 30.48 0.67
MgO 4.54 N
Na.O 0.13 -
MnO 3.23 -
Cr 2.08 -
Zn0O - -
LOTI* - -
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Density (g/cms3) 3.703 260
Blaine specific area (cm2/g) 1360

Particle size Dso (um) 13.01 3.8

MK

100 i

Cumulative Volume (%)

0 5 O S e i o s = I I |
0.01 0.1 1 10 100 1000
Diameter (um)

Fig. 3. Particle size distribution of all the precursors used
in the research (TMWM, RCBW, GGBFS, EAF-Slag and MK).

3.1.3. Alkaline activator solutions

Sodium silicate (Na,SiO;), sodium hydroxide (NaOH), potassium hydroxide (KOH) and
dissolved ground glass in sodium hydroxide were used as alkaline activator solutions for the

preparation of the binder samples in Papers II, ITI, IV, V and VI (Table 4).

Sodium silicate presented the following chemical composition: (8.60 wt.% Na.O, 27.79
wt.% SiO,, 63.19 wt.% H.,O, and 0.4 wt.% Al,O5;). The modulus of a silicate solution is
defined as the molar ratio SiO./M.O, where M is an alkali metal. For the sodium silicate
solution, the alkali metal is Na then the modulus of sodium silicate solution is SiO,/Na,O
equal to 3.23. It was supplied by Solvay SA, P6voa de Santa Iria, Portugal (ref. D40), which
cost 0.38 €/Kg. Sodium silicate was used as an alkaline activator in all the study. It was
mixed with other activators (SH, Potassium hydroxide and dissolved ground glass in
NaOH).

Sodium hydroxide flakes of 98,6% purity were supplied by DOS SANTOS, LDA Portugal,
which cost 7.63 €/Kg. Potassium hydroxide flakes of 98% purity were obtained from
Quimialmel Chemical Minerals Ltd., Portugal which cost 15.50 €/Kg. The sodium hydroxide

and potassium hydroxide solutions were prepared by dissolving NaOH or KOH pellets in
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distilled water and cooling 24 hours before use. Sodium hydroxide and potassium hydroxide
were dissolved in distilled water to provide the alkaline solutions' required concentration in
the alkali-activated mixtures. Sodium hydroxide solution in Papers II and VI was
prepared with the concentration of 10M; however, the concentration of the sodium
hydroxide in Paper V was 8M. In contrast, the second alkaline activator solution used

besides the sodium silicate in Paper IV was KOH with the concentration 8M.

The Paper III investigation's main objective was to evaluate the effect of the different type
of alkaline activator solutions. The activator concentration on the compressive strength and
the microstructure of the hybrid alkaline binders, the alkaline activator solutions used in
the investigation were divided into three main groups (A, B and C) as follows: the alkaline
activators group A are a combination of solutions: (66.66 wt.%) Sodium Silicate (SS) (D40)
and (33.33 wt.%) 8M Sodium Hydroxide "NaOH". The alkaline activators group B (B1 and
B2): are a combination of solutions: (66.66 wt.%) sodium silicate (SS) (D40) and (33.33
wt.%) potassium hydroxide "KOH" for B1 the molarity of KOH is 8M, and for B2 the
molarity is 10M. The alkaline activators group C: are a combination between (66.66 wt.%)
Sodium Silicate (D40) and dissolved waste glass powder into sodium hydroxide (33.33
wt.%), i.e. [sodium hydroxide (0.29 wt.%) as a solvent and waste glass powder as solute
(0.04 wt.%)] to increase the modulus of alkali silicate solution. The waste glass powder that
dissolved in the NaOH solution is a waste glass obtained from ground flint glass bottles
using the crushing machine. After, the milled glass powder was sieved, and the particle size
was maintained below 45 um. The chemical composition of glass powder: (12.52% by weight
Na.O, 68.13% by weight SiO,, and 2.8% by weight Al.O;). The dissolution of the glass
powder into sodium hydroxide by applying heat and stirring the solution as follows: Sieved
the solute (waste glass powder) under 45 um to obtain a greater surface area, there can be
more contact between the particles of the solute (waste glass powder) and the solvent
(NaOH 8M). The sodium hydroxide solution and (5 Wt,%) waste glass powder were mixed
using Magnetic stirrers "agimatic e selecta”" for a period of 48 H at 700 rpm, and a 40 °C
temperature to increase dissolvability. The waste glass powder was slowly added to the

activator solution (sodium hydroxide).

Table 4. The list of alkaline activator solutions used in this research.

SS + SH+
. . SS+ SH SS+ SH .
Alkaline Solutions SS+ KOH (8M) dissolved Glass
(10M) (8M) .
in SH
Papers 11, 111
Paper(s) Papers I and V Papers III and IV Paper 111

and VI
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SS-Sodium silicate
SH-Sodium hydroxide
KOH-Potassium hydroxide

3.2.Methodology

3.2.1. Mixtures design, moulding and curing treatment

Several types of mixtures were studied in the current research to produce binding pastes,
based on a combination of TMWM with other mineral wastes, such as RCBW, GGBFS, EAF-
Slag and Metakaolin, with different combinations, different types of alkaline activator
solutions, and different solid/liquid ratios, as it is shown in Fig. 4. These mixtures were
designed to study its influence on the compressive strength results and the microstructure

properties of the developed alkali-activated binders.

Alkali-
activated
binders

Precursors

100%TMWM

Alkaline
activators

Na,SiO,

NaOH or KOH

Mixing
and
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Mixing
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from
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bags at

ambient
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under a
pressing
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Curing
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<9

100TM-AAB

7

Ternary-AAB

Fig. 4. Mixtures design of the different alkali-activated binders.

3.2.1.1. Alkali-activated binders based on Tungsten mining waste and red clay

brick waste

In Paper II, the mixtures' precursors were TMWM and RCBW. The ratios between the
precursors and the liquid/solid ratio alkaline activator solutions used are presented in Table
5. The initial theoretical Al/Si, Ca/Si, Na/Si and K/Si weight ratios of the alkali-activated
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admixtures are shown in Table 6. The initial theoretical ratios are changed with the change

of the RCBW content in the mixtures.

Table 5. Formulation of the alkali-activated binders based on Tungsten mining waste (TMWM)
and red clay brick waste (RCBW) activated by Sodium silicate (SS) and sodium hydroxide (SH).

Precursors Alkaline Solutions  Solid/liquid

Paper II TMWM (Vt. %) RCBW (Vt. %) SS(D40) SH (10M) massratios
RCBWo01TMWMo9 90 10 2 1 3
RCBW02TMWMo08 80 20 2 1 3
RCBWo3TMWMo7 70 30 2 1 3
RCBW04TMWMo06 60 40 2 1 3
RCBWo5TMWMos5 50 50 2 1 3

Table 6. The initial theoretical Al/Si, Ca/Si, Na/Si and K/Si weight ratios
of the alkali-activated binders based on Tungsten mining waste (TMWM) and red clay brick waste (RCBW).

Ratios

Paper I1 . _ _ _
Al/Si Ca/Si Na/Si K/Si
RCBWo01TMWMo9 0.462 0.018 0.191 0.098
RCBWo02TMWMo08 0.51 0.019 0.204 0.104
RCBWo3TMWMo7 0.568 0.021 0.22 0.11
RCBW0o4TMWMOo06 0.641 0.023 0.24 0.117
RCBWo5TMWMo35 0.734 0.025 0.266 0.127

3.2.1.2. Hybrid alkaline binder based on tungsten mining waste and granulated

grounded blast furnace slag

Paper III focus was to investigate the effect of the different type of the alkaline activators,
the molarity of the activators, and the solid to liquid ratios on the compressive strength
development and the microstructure properties of the hybrid alkaline binders. The
Precursors used in Paper III were TMWM/GGBFS in a fixed ratio (9o/10 Vt. %) using
different alkaline activator solutions, various combinations of activators and different S/L
ratios, as it is shown in Table 7. The initial theoretical Al/Si, Ca/Si, Na/Si and K/Si weight

ratios of the different hybrid alkaline binder mixtures are given in Table 8.

Table 7. Formulation of the alkali-activated binders based on Tungsten mining waste (TMWM)
and grounded granulated blast furnace slag activated by Sodium silicate (SS), sodium hydroxide (SH),
potassium hydroxide (KOH) and dissolved glass in SH with Solid/liquid mass ratios.

Precursors Ratio of activators combination (wt.%)
Waste Solid/liquid
Paper III TMWM GGBFS SH KOH KOH .
SS glass massratios
(Vt. %) (Vt. %) SM SM 10M

powder
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HAB1 90 10 0.67 0.33 - - - 3
HAB2 90 10 0.67 0.33 - - - 4
HAB3 90 10 0.67 - 0.33 - - 3
HAB4 90 10 0.67 - 0.33 - - 4
HABj5 90 10 0.67 - - 0.33 - 4
HAB6 90 10 0.67 0.29 - - 0.04 3
Table 8. The initial theoretical Al/Si, Ca/Si, Na/Si and K/Si weight ratios
of the hybrid alkaline binders activated by different alkaline activator solutions.
Paper I11 Ratios

Al/Si Ca/Si Na/Si K/Si

HAB1 0.482 0.119 0.211 0.104

HAB2 0.454 0.112 0.214 0.098

HAB3 0.452 0.112 0.118 0.077

HAB4 0.465 0.115 0.104 0.059

HABj5 0.452 0.112 0.118 0.068

HAB6 0.452 0.112 0.198 0.098

3.2.1.3. Alkali-activated binders based on Tungsten mining waste and electric arc

furnace slag

The formulation of the mixtures prepared in Paper IV is presented in Table 9. The alkali-
activated mixtures were prepared using TMWM and EAF-Slag as precursors. The blended
EAF-Slag with TMWM in different proportion was to investigate the effect of different
dosages of EAF-Slag on the compressive strength development and microstructure
properties of the tungsten mining waste-based alkali-activated binder. The EAF-Slag was
added to the TMWM mixtures in increasing proportions (10, 20, 30, 40 and 50 Vt. %). The
powders mixtures (TMWM and EAF-Slag) were mixed with the alkaline activator solutions
with S/L ratio 3. The initial theoretical Al/Si, Ca/Si, Na/Si and K/Si weight ratios of the

tungsten mining waste and electric arc furnace slag are given in Table 10.

Table 9. Formulation of the alkali-activated binders based on Tungsten mining waste (TMWM)
and electric arc furnace slag (EAF-Slag) activated by sodium silicate (SS) and potassium hydroxide (KOH).

Precursors Alkaline Solutions
Solid/liquid mass
Paper IV TMWM EAF-Slag SS KOH ratios
(Vt. %) (Vt. %) (D40) (8M)

100TMWM 100 0 2 1 3
10EAF-SlaggoTMWM 90 10 2 1 3
20EAF-Slag8oOTMWM 80 20 2 1 3
30EAF-Slag7oTMWM 70 30 2 1 3
40EAF-Slag6o0TMWM 60 40 2 1 3
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50EAF-SlagsoTMWM 50 50 2 1

100EAF-Slag 0 100 2 1

Table 10. The initial theoretical Al/Si, Ca/Si, Na/Si and, K/Si weight ratios
of the TMWM and EAF-Slag-based alkali-activated binders

Ratios
Paper IV

Al/Si Ca/Si Na/Si K/Si

100TMWM 0.457 0.018 0.128 0.044
10EAF-SlaggoTMWM 0.437 0.125 0.127 0.045
20EAF-Slag80TMWM 0.416 0.235 0.125 0.046
30EAF-Slag70TMWM 0.395 0.349 0.123 0.048
40EAF-SlagooTMWM 0.372 0.465 0.121 0.049
50EAF-Slag5oTMWM 0.349 0.586 0.118 0.05
100EAF-Slag 0.223 1.25 0.107 0.058

3.2.1.4. Ternary alkali-activated binder based on tungsten mining waste,

granulated grounded blast furnace slag and metakaolin

Three types of materials were used to formulate the Ternary-AAB (80 wt.% TMWM + 10
wt.% GGBFS + 10 wt.% MK) in Paper V. The ternary precursors were mixed in a container
and agitated to ensure the homogeneity of the precursor. After that, the precursors were
activated with the alkaline activator solution (2/3 sodium silicate + 1/3 NaOH 8M), using a
solid/liquid ratio of 2.5. The formulation of the alkali-activated binders based on tungsten
mining waste (and the ternary alkali-activated binder are given in Table 11. The initial
theoretical Si/Al, Ca/Si, K/Al and Na/Si weight ratios of the tungsten mining waste-based

alkali-activated binder and the ternary alkali-activated binder are given in Table 12.

Table 11. Formulation of the alkali-activated binder based

on Tungsten mining waste (TMWM-AAB) and ternary alkali-activated binder (Ternary-AAB).

Precursors Alkaline Solutions
Solid/liquid
Paper V TMWM GGBFS MK .
SS (D40) SH (10M) mass ratios
(wt. %) (wt. %) (wt. %)
TMWM-AAB 100 0 0 2/3 1/3 2.5
Ternary-AAB 80 10 10 2/3 1/3 2.5

Table 12. The initial theoretical Si/Al, Ca/Si, Na/Si and K/Al weight ratios of the alkali-activated binders based
on Tungsten mining waste (TMWM-AAB) and the ternary alkali-activated binder (Ternary-AAB).

Ratios
Si/Al Ca/Si K/Al Na/Si
TMWM-AAB 2.719 0.014 0.311 0.171

Paper V
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Ternary-AAB 2,122 0.123 0.239 0.391

3.2.1.5. Low liquid to solid binary alkali-activated binder

For the low liquid-to-solid alkali-activated binder studied in Paper VI, the alkali-activated
binder samples' preparation was as follows: 50 Vt. % of TMWM powder blended with
another 50 Vt. % of EAF-Slag. The low liquid-to-solid binary TMWM-EAF-Slag alkali-
activated material mixtures were made by mixing the raw powders with an alkaline activator
solution (12.5% alkaline activator solution calculated from the total weight of the
precursors). The liquid to solid ratio (L/S) was about 11.11% of the mixture's total weight
(Table 13). The initial theoretical Al/Si, Ca/Si, Na/Si and, K/Si weight ratios of the low liquid

to solid alkali-activated binder are shown in Table 14.

Table 13. Formulation of the low L/S ratio alkali-activated binder based on tungsten mining waste and electric

arc furnace slag activated by Sodium silicate (SS) and sodium hydroxide (SH) using low L/S ratio.

Precursors Alkaline Solutions /
L/S
Paper VI TMWM EAF-Slag .
SS (D40) SH (10M) mass ratio
(Vt. %) (Vt. %)
Mix 50 50 2/3 1/3 0.125
Table 14. The initial theoretical Al/Si, Ca/Si, Na/Si and, K/Si weight ratios
of the low L/S ratio alkaline activated binder.
Ratios
Paper VI
Al/Si Ca/Si Na/Si K/Si
Pressed AABs 0.566 0.957 0.162 0.101

The following steps prepared the alkali-activated formulations studied in Papers II, III,
IV, and V: All the alkali-activated mixes were prepared at room temperature. First, the
precursors were dry mixed together in a container and agitated to get a homogeneous
powder. Then, the alkaline activator solution was blended with the precursors' powder with
different L/S ratios. The resulting mixtures of the precursor and the alkaline activator
solution were mechanically stirred together using a Hobart mixer with a mixing time of five
minutes (about 3 minutes at low speed followed by 2 minutes at high speed). The alkali-
activated pastes were poured into the curing moulds (with the dimensions 150 x 25 x
25 mm) by gravity. Afterwards, the moulds were hand vibrated for 2 minutes. After mixing
and moulding, the filled moulds were stored in an oven at a temperature of 60 °C for 24 h.
For synthesis and to avoid water evaporation of the AABs during curing, the filled moulds

were wrapped with plastic film during the oven curing synthesis. After the initial 24 hours
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oven curing period, the specimens were de-moulded and were left to cure in laboratory
condition (open-air and about 20 °C) and were placed inside sealed plastic bags, until being
tested after (1, 3, 7, 14, 28, 56 and 90 days). The hardened binder samples were cut to have
a cubic dimension (25 cubic mm) using a masonry block saw with a small disc diameter to

avoid micro-cracks.

For the low liquid-to-solid alkali-activated binder studied in Paper VI, the alkali-activated
binder samples' preparation was as follows: the blended powders were hand-blended for 60
seconds to get homogeneous powder. The mixture powder blended with the alkaline
activator solution for about 180 seconds to obtain a low liquid-to-solid binary TMWM-EAF-
Slag alkali-activated mixture. The obtained mixture was cast into 20 mmx 20 mmx 20 mm
lubricated cubic-shaped steel moulds, vibrated for compaction, and pressed under a
pressing pressure ranging 20, 40, 60, 80, 100 MPa, and then sealed with a plastic sheet as
to minimise loss of evaporable water. Afterwards, the samples were left to cure undisturbed
at 60 oC for 24 h, and then air-cured at room temperature up to 7, 14 and 28 days and then

exposed to compressive strength measurements.

In the current research the different initial theoretical aluminium/silicon (Al/Si),
calcium/silicon (Ca/Si), sodium/silicon (Na/Si) and potassium/silicon (K/Si) atomic
weight ratios, are investigated in all the papers. These atomic weight ratios were calculated
by including the mixtures' chemical composition containing both precursors and activator
solutions. This approach implicitly assumed the total dissolution of the starting precursors.
The ratios include the chemical composition of the precursors and the chemical
composition of the alkaline activator solutions. But in fact, the precursors were not fully
dissolved (existence of unreacted particles) which is observed in the (SEM-EDX) images in
Papers II, II1, IV and V. The variation of initial theoretical ratios affects the compressive

strength and the microstructure properties of all types of binders developed in this research.
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3.3.Analytical techniques
3.3.1. Compressive strength development

The specimens' compressive strength was determined using a 3000 kN electro-hydraulic
mechanical testing machine "ADR Touch 3000 BS EN Compression Machine with Digital
Readout and Self Centring Platens", with a loading rate of 0.05 kN/Second.

The compressive strength tests were performed on 25 cubic mm-sized samples in Papers
II, III, IV and V. However, in Paper VI, the compressive strength data were collected
using 20 mm cubic-sized specimens. For each period and paste type, five specimens were
tested, and the results were averaged. The samples were tested after 1, 3, 7, 14 and 28 days
of curing in Paper II. In the hybrid alkaline binders, the samples were tested after 7, 14, 28
and 90 days of curing in Paper III. For the Papers IV and VI the samples were tested

after 7, 14 and 28 days of curing.

3.3.2. TG-DTG analyses

Thermogravimetric (TG) and Differential Thermogravimetric (DTG) analyses were carried
out on an SDT Q-50 (TA Instrument). In Papers II and III, all the TG-DTG experiments
were performed in the temperature range from 25 to 1000°C with a heating rate of 10°C
min— in a Helium atmosphere. Tested specimens consisted of about 7 to 10 mg of the
powdered specimen collected from the remains of the crushed specimens on which the
compressive strength tests were applied. After milling, the powder to be tested was sieved
under 75 um. For testing purposes, the specimens were placed in a platinum crucible and

heated from ambient temperature to 1000°C.

3.3.3. X-ray diffraction analyses

The crystalline phases of the powdered precursors (TMWM, RCBW, GGBFS and EAF-Slag)
and the resulted AABs specimens were identified by XRD using a Rigaku model D-Max
III/C equipment, with Cu tube and K-a radiation (40 kV, 40 mA). The 20 operational range
was from 5° to 90°. In Paper II the calculation of crystallinity of the precursors (TMWM
and RCBW) by XRD was based on the presumption that the broad peak comes from
amorphous phases; the sharp peak comes from crystal phases. The software (MDI jade 6.5)
calculates the degree of crystallinity using the equation (1):
Total area of crystalline peaks+100)

CryStallinity () = o ettt bttt e s e s ae s (0

Total area of all peaks
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The X-Ray Diffraction (XRD) analysis was chosen to analyse the raw materials, and the
alkali-activated binders in Papers II, IIT and IV. The alkali-activated powders were
selected from the crushed AABs samples (AABs were smashed using marble rod). Both
powders (raw materials and AABs) were sieved under 75 um before testing. The XRD
sample preparation was as follows: first, the samples were extremely finely grained to
achieve adequate signal to noise ratio (and avoid fluctuation in intensity). After, the powder
(ground sample) was spread in the sample holder. Then, a microscope glass was used to
press in the powder. After that, a Stanley knife or glass plat was used to remove the surplus
of powder. Finally, the samples showed a smooth and flat sample surface. The qualitative
analysis was assessed using the "MDI jade 6.5" software and the Powder Diffraction File
(PDF-2) database.

3.3.4. Microstructural analysis

The Scanning Electron Microscopy (SEM) for the chemical analysis of the raw materials and
all the binders was carried out using a Hitachi S-4800 microscope instrument at an
accelerating voltage of 15 kV. In Paper II, SEM analysis was performed in a backscattered
mode (BSE). The 28 days alkali-activated samples were epoxy impregnated and polished
before testing, for the characterisation and analysis of the surface morphology and
microstructure the binders made in Paper I1. The EDS (Energy Dispersive X-ray) analyses
were carried out using a Bruker Xflash 5010 Cooled by Peltier with a resolution of <129 eV
of the Mn Detector EDS instrument. Papers II and III presented the SEM-EDS analysis
of tungsten mining waste mud, red clay brick waste and grounded granulated blast furnace
slag powders. In the current research, the specimens examined by (SEM-EDS) were selected
from cleaned small fractured pieces of the binders taken from the original 28 days samples
to use under the back-scattered electron detector (BSE). The Tested binders' specimens
were coated with gold before the SEM-EDS examination to improve the samples' imaging
at the SEM. The microstructural analyses were performed to see and compare the reaction
products, and the matrix structures of the different binders paste in Papers II, III, IV,
and V.

3.3.5. Fourier Transform Infra-Red analyses

Fourier transform infrared (FT-IR) spectroscopy data were obtained to examine the
precursors used in this research and the local structure of the reaction products in each
alkali-activated binder samples of Papers II, III, IV, V, and VI. The FT-IR analyses
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spectra were recorded from 600 to 4000 cm™ using Nicolet iS10 FT-IR Spectrometer

(Thermo Scientific), Smart iTR accessory instrument by diamond HATR crystal.

3.3.6. Mercury Intrusion Porosimetry analyses

Mercury intrusion porosimetry (MIP) analysis method was used to investigate the binders'
pore structure resulting in Papers II, IIT and IV. This research MIP analysis was
performed using Micromeritics AutoPore IV 9500 V1.07 with maximum and minimum
applied pressures of 413.7 MPa and 3.63 kPa, corresponding to a minimum pore size of 5
nm and maximum pore size of 345 um. For MIP testing, a specimen with a weight of (1.5-
2.5 g) was taken from the original sample using metal chisel after 28 days of cure. The
samples were left in a glass desiccator containing silica gel to ensure the removal of the

samples' moisture.
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4.Results and discussion

4.1. Characterisation of the raw materials

4.1.1. Mineralogical analyses

The XRD analysis of the powdered precursors (TMWM, RCBW, GGBFS, EAF-Slag) studied

in this investigation were shown in Papers II, III and IV.

To determine the influence the degree of crystallinity has on the activation of the precursor,
a series of XRD tests were conducted on raw materials (TMWM, RCBW). The XRD analyses
show that both powders (TMWM and RCBW) had almost the same crystallinity degree (85%
and 89%). The XRD patterns of TMWM shown in Fig. 5-a indicate their crystalline nature
and consist mainly of Muscovite and Quartz (SiO.), which were identified by their
characteristic, as follows: muscovite (Ref. PDF#46—1409), quartz (Ref. PDF#46-1045) and
clinochlore (ref. PDF#29—0701). Muscovite is a dioctahedral layered structure in which a
sheet of octahedral Al ions is sandwiched between two sheets of linked SiO, tetrahedral with
a general formula KAl,(Si;Al)O.0(OH)s.

The X-ray diffractogram spectra of RCBW, as presented in Fig. 5-b indicates the semi-
crystalline degree of the waste material and the presence of Quartz SiO. (Ref. PDF#46—
1045) as the main phase. Besides the quartz, there are other main crystalline phases in the
RCBW: Illite, Muscovite, Hematite and Mullite. The absence of other crystalline phases in
RCBW is possibly due to the low firing temperature of the recycled brick used in the
investigation. According to Ahmad et al.[63], the absence of some crystalline phases in the
samples investigated in their studies was also because of the low firing (under 1000 °C) of
the bricks tested.

To increase the reactivity of the admixtures studied in Papers III and IV, GGBFS was
blended with TMWM as precursors. The GGBFS is predominantly amorphous. Indicated by
a wide and diffusive reflection in the interval of 05-90° angles 20 (Fig. 5-c), consist of Quartz
(Ref. PDF#46-1045), Gehlenite (Ca,Al[AlSiO;]) (Ref. PDF#87-0968), Akermanite
(CaoMg[Si,O;]) (Ref. PDF#35-0592), Calcite (CaCO;) (Ref. PDF#47-1743) and
depolymerised calcium silicate glasses. Meanwhile, the dispersion peaks between 15° and
50° are the characteristic peaks for the glass phases of GGBFS. For the X-ray diffraction
(XRD) analysis of the EAF-Slag used as a precursor in Papers IV and VI, the EAF-Slag

present very complex XRD spectra as shown in Fig. 5-d. Different mineral phases with
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distinct peaks of high intensities and some overlapping peaks of low intensities were
detected. The slow cooling conditions of the EAF-Slag allows the formation of various
crystalline phases [64]. The primary ones being: Magnetite (Ref. PDF#08-0479), Calcite
(Ref. PDF#86-2339), Siderite (Ref. PDF#83-1764), Gehlenite (Ref. PDF#87-0968), Wustie
(Ref. PDF#06-0615) and Calcium Silicate (Ref. PDF#20-0237).

- Q: Quartz
a) TMWM M: Muscovite
C: Clinochlore

<0

-b) RCBW Q: Quartz ; M: Muscovite
I: Illite ; H: Hematite
R: Rutile ; Mu: Multite

<O

% MiQRQQq
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Fig. 5. X-ray diffractograms of: a)-TMWM; b)- RCBW, c)- GGBFS, and d)-EAF-Slag.

4.1.2. TG-DTG analyses

Thermogravimetric and Differential thermogravimetric results show different trends in the
precursors' weight loss (TMWM, RCBW and GGBFS) as reported in Fig. 6. The increase of
the heating temperature-induced slight reductions in the weight of the precursor powders.
The TG-DTG analysis of TMWM, RCBW and GGBFS powders were demonstrated in
Papers II and ITI. The TMWM sample lost 7.31% from its total weight during the heating
analysis. The curves show different weight loss stages, which start with the first
temperatures ranging from 30°C up to 400°C only minor mass changes loss were identified
in TMWM sample about 0.24%. This mass loss can be attributed to water loss via
evaporation. The most significant mass changes observed took place between 450 °C and

1000 °C. A significantly mass reduction was 2.96% at the temperature range between 475°C
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and 650 °C, the DTG peak at the temperature of 499 °C due to the dehydroxylation and de-
ammoniation [loss of NH, or decomposition of NH, of muscovite content in the raw
TMWM; the dehydroxylated phase has larger unit-cell parameters and the coordination of
Al atoms changes from 6 to 5]. The dehydroxylation process is expected to be described by
the reaction 2(OH)— H,0+O (residual oxygen); moreover, the dehydroxylation of
muscovite is complex and affected by heating rates, temperature, pressure, grain size,
chemical composition, defects, and other factors [65]. The mass loss observed in Fig. 6a
between 400 °C and 650 °C also belongs to partial clinochlore decomposition by interlayer
dehydroxylation [66]. The sample shows a loss of 0.94% between the temperatures range
(900 °C-985 °C) which is possibly related to the effect of K,O and Na,O constituents fluxes
when the TMWM started to react around 900 °C [67]. While the TG-DTG of the precursor
(RCBW) was studied in Paper I1, the RCBW powder loss 3.88% of its total weight. The first
0.50% decrease in the mass occurred between 490 and 525 °C and between 570 to 612 °C
range which may be due to the removal of chemical water. The highest weight loss (2,80%)
was detected between 677 to 900 °C, which is possibly related with the dihydroxylation of
'illite' content in the RCBW sample [68, 69]. It is also due to the loss of the combined water
in clay minerals, which causes the breakdown of the crystalline clay network [70]. The loss
of 0.58% between 900 to 985 °C is possibly related to the effect of K.O and Na,O
constituents fluxes, such as in TMWM [ 69, 71].

The TG-DTG curve of GGBFS powder in Paper III shows that the GGBFS powder sample
lost 3.37% from its total weight. However, the first mass reduction was 0.66% from the
ambient temperature up to 500 °C, which is related to removing the sample's moisture and
evaporable water content. Also, the only intense peak shown in the DTG curve was at the
temperature of 595 °C located at temperatures range of 300°C -750°C corresponding to the
decomposition of carbonate species of 300°C-750°C which might correspond to the
decomposition of calcite [72, 73]. Moreover, the TGA curve shows a complex pattern of mass
changes with slight increase outcome from the mass gain caused by oxidation of sulfides
phenomena at the temperatures range (888°C to 1000°C) where the formation of gases (H.S

and SO;) and solids (e.g. CaSO,) from sulfides present in the raw GGBFS [74].
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4.2.Characterisation of the developed binders

4.2.1. Compressive strength development of the binders

Tungsten mining waste mud in its natural state (without calcination) is a low reactive
material under the influence of an alkaline medium condition and need to blend with
reactive materials (alumina-silicate rich source materials) to produce an hardened matrix.
The compressive strength of the samples prepared with 100% TMWM were studied in
Papers IV and V. The blended of TMWM with other mineral waste samples were studied
in Papers II, III, IV and V. The focus in Paper VI was to study the effect of the different
compressing pressure on the compressive strengths of the low liquid to solid alkali-

activated binders.

4.2.1.1. Compressive strength of tungsten mining waste based-alkali-activated

binders

The compressive strength of the alkali-activated binders results shows that the samples
prepared with 100% TMWM exhibit a very low compressive strength results compared to

those prepared with blended precursors at any tested ages.

The alkaline activation of 100% TMWM powder in this research was investigated using two
different alkaline activator solutions (SS and KOH 8M and SS+ NaOH 8M). In both
tungsten mining waste-based alkali-activated binders the results of the compressive
strength reach a low value. For the 100-TMWM-AAB samples activated by SS and KOH 8M
in Paper IV, the AAB samples' compressive strength at 28 days reached 11.2 MPa.
However, in Paper V the mixture 100% TMWM activated with SS and NaOH 8M the
compressive strength of the AAB samples at 28 days reached 10.7 MPa (Fig. 7).

4.2.1.2. Compressive strength of blended TMWM with other mineral wastes-based

alkali-activated binders

This research aimed to enhance the compressive strength results of the tungsten mining
waste-based alkali-activated binder. Therefore, the tungsten mining waste mud powder was
blended with different types of alumina-silicate rich materials such as red clay brick waste,
granulated grounded blast furnace slag, electric arc furnace slag and metakaolin. It was
noted that there was an enhancement in the compressive strength results when the TMWM
powder was blended with the alumina-silicate rich material powders in different

proportion. In Paper ITI and IV, greater compressive strength results were obtained when
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the second waste materials (RCBW and EAF-Slag) content increased in the precursor

admixtures.

For the study in Paper II, when the TMWM powder was blended with RCBW powder, the
compressive strength of the binders increased with the increase of RCBW powder content
in the mixtures. The sample containing the highest proportion of RCBW (50 Vt. %) exhibits
the highest compressive strength at 28 days with 58 MPa. In Paper IV the TMWM was
blended with EAF-Slag in different proportions to improve the AAB samples' compressive
strength. The compressive strength of the sample prepared with 50 Vt. % EAF-Slag was

obtained at 28 curing days.

For the ternary mixture (80 wt.% TMWM powder was blended with 10 wt. % of GGBFS and
10 wt. %) studied in Paper V, the development of the compressive strength of the binder
are shown in Fig. 7. The compressive strength results of the ternary alkali-activated binder
demonstrate a highest compressive strength value of 50.8 MPa at 28 days curing age,
compared to the compressive strength of the samples prepared with 100% TMWM which

reach compressive strength value of 10.7 MPa at 28 days curing age.
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Fig. 7. Compressive strength development of Tungsten mining waste-based alkali-activated binder

and the ternary-alkali-activated binders over time.

Paper III focused on the effect of the alkaline activator solutions, the activators' molarity,
and the S/L ratio on the binders’ compressive strength results development. In the study,
the precursors were fixed as 9o Vt. % TMWM blended with 10 Vt. % of GGBFS to increase
the mixtures' reactivity. The samples made with solid/liquid ratio= 4, and alkaline activator

SS+NaOH 8M gained the highest compressive strength (25 MPa) in early ages (before 28
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days), but surpassed by those samples made with the alkaline activator solutions (SS+KOH
8M or 10M and SS+ NaOH 8M+ dissolved Glass in NaOH 8M) with compressive strengths
of 29.6 MPa and 33.05 MPa, at 90 days. It was noticed that the compressive strength does
not variate so much in the samples made with the same type of activator (sodium silicate
and potassium hydroxide) and the same solid/ liquid ratio (4) and different molarity (8 M
and 10 M).

To reduce the alkaline activator solutions in the AAB admixtures (low liquid to solid ratio),
the AAB samples were prepared with 50 vt. % of TMWM blended with 50 Vt. % EAF-Slag
and exposed to different compressing pression (Paper VI). The compressive strength
results of the low liquid to solid alkali-activated binder shown a good result in producing
these types of materials. The compressive strength increases with the increase of the
compressing pressure applied to the samples. A greater compressive strength result of 50.6
MPa was obtained after 28 curing days, for the samples subjected to a compressing pressure
of 100 MPa. The compressive strengths of all the developed binders in this research are

presented in Fig. 8.
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Fig. 8. Compressive strengths development of Tungsten mining waste-based alkali-activated binder
and all the blended alkali-activated binders' systems at curing time of 28 days.
4.2.2. Thermogravimetric and differential thermal analyses

The simultaneous thermogravimetric and differential thermal analyses of the TMWM-
RCBW alkali-activated and the hybrid alkaline binder specimens were studied in Papers
IT and III.
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The specimens' TG-DTG analyses show a general idea about the unreacted compositions
and the hydration products formed in the matrix after the precursors' alkaline activation.
The TG-DTG analysis represent different rates of mass losses in the AAB specimens. The
effect of the different dosages of RCBW in the mixtures was investigated in Paper II. The
TG-DTG analyses represent different rates of mass losses in the binder specimens. The
effect of the different types and molarity of alkaline activators and the L/S ratios were
studied in Paper III. In the TG-DTG analyses of the developed binders in Papers II and
II1, it was difficult to estimate the quantities of the reaction product phases formed in the
different blended tungsten mining waste mud and other mineral wastes-based alkali-
activated binder samples. The estimation formed reaction product phases was based on the
weight losses, because the dehydration and decomposition of the alkaline activation gel
products are in the same loss of temperature range of the adsorbed free water or evaporable

water present on the surface and porosity, and also might due to the chemical bond water.

4.2.3. Microstructure analysis of the binders

The microstructure study was undertaken to observe the matrix structure of the different
binder specimens, including the effect of varying mix formulation on the microstructure in
Papers II, IV and V. The impact of the types and the molarity of the activators and the L./S
ratios on the microstructure are presented in Paper IIL. Scanning Electron Microscopy
(SEM) was used to record micrographs while energy dispersive X-ray spectroscopy (EDS)
was an additional tool for the semi-quantitative analysis. The results obtained from EDS
analysis in this research were the atomic percentage of each element. Only the major

elements are shown together with the calculated Ca/Si, Al/Si and Al/Ca ratios.

4.2.3.1. Microstructure analysis of tungsten mining waste-based alkali-activated
binder

The microstructure of the tungsten mining waste-based alkali-activated binder (sample
prepared with 100 %TMWM and SS+KOH 8M as activator solutions) is presented in Paper
IV. The SEM image in Fig. 9 shows the three main features in all the alkali-activated
samples: (1) Unreacted particles, (2) Reaction products and (3) Micro-cracks. The 100TM-
AAB had relatively poor surface conditions with a high quantity of unreacted particles
(irregular shape geometry) embedded in the matrix and partially covered by reaction
products and small needle-like phase dispersed on the matrix's surface. The presence of the
needles in the 100TM-AAB sample after the alkaline activation may correspond to the

formation of carbonates (such as potassium carbonate (K.CO;) and sodium carbonate
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(Na,COg)). The existence of a high quantity of unreacted particles was due to the low
reactivity of TMWM precursor (its natural crystalline mineralogy). After the alkaline
activation kinetics of TMWM, SEM-EDS analyses confirmed the formation of two types of
reaction product phases, i.e., sodium alumina-silicate hydrates (N-A-S-H) and (sodium,
calcium)-alumina-silicate hydrates (N, C)-A-S-H. The formation of (N-A-S-H) due to the
high content of the elements (Si, Al, Na) in the mixture.

Moreover, the formation of hybrid reaction product phases (sodium, calcium)- alumino-
silicate hydrates (N, C)-A-S-H, corresponded to a different gel obtained for the mixtures
with low Ca content in the precursor. The presence of the needles in the 100TM-AAB after
the alkaline activation may correspond to the formation of Natrite (Na,CO;) needles due to
the low reactivity of TMWM, while part of Na content in the mixture remained unreactive.
During the curing time, the Na reacted with the CO. in the atmosphere and formed Na,CO,
under the efflorescence phenomena. Also, the presence of unreacted potassium (in a system
with potassium as an activator) under the efflorescence phenomena form potassium
carbonate (K.COs) [15].

The tungsten mining waste-based alkali-activated binder (sample prepared with 100
%TMWM and SS+NaOH 8M as activator solutions) was studied in Paper V. The TMWM
particles were well embedded and connected to the matrix. Some particles are partly
covered with needle-like phase. After the alkaline activation, the needles in the 100TM-AAB
may correspond to the formation of natrite (Na.COj3) needles. The low reactivity of TMWM
cause the formation of natrite (Na,CO;), were the Na* cation in the mixture remained
unreacted. During the curing time, the 2Na* reacted with the CO,3 and formed Na.CO,

under the efflorescence phenomena, as shown in equation (2) and (3).

COxz(g) + 20H (a)—CO> " 3(aq) + H20 (2)
2Na* (g + CO23(q + 7H.0—Na.CO3.7H.O) (3)

According to Zhang et al [75], this is therefore a partial neutralization for alkaline activation
under natural carbonation conditions, as dissolved CO. acts as an acid and consumes
hydroxides. The main reason for efflorescence in these materials is the availability of mobile

Na+ and OH-, which remains as unreacted from the alkaline activator solutions.
Although the different type of the alkaline activator used to make the alkaline activation of

the TMWM precursor, there were needles in both microstructures of the TMWM-AAB

matrix.
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The EDS analyses of the TMWM-AAB samples showed that the major elements in the pastes
are Silicon (Si), Sodium (Na), Aluminium (Al), and Calcium (Ca). The reaction product of
the tungsten mining waste-based alkali-activated mixture had the chemical compositions:
Si= 51.74%, Na= 16.4%, Al= 14.0 % and Ca= 13.67%, with Al/Si, Ca/Si and Al/Ca ratios
equal to 0.27, 0.26 and 1.03, respectively. These values and ratios indicate the formation of
a gel richer in Na and Al and poorer in Ca corresponding to sodium aluminium-silicate
hydrate (N-A-S-H) gel. The low Ca/Si ratio exhibited by this gel was consistent with the

presence of tetrahedral aluminium (AlO4) together with sodium ions (Na*) in the mix; the

reaction product phases take up substantial amounts of tetrahedral aluminium in their
structure to form (N, C)-A-S-H gel [76].

Fig. 9. Scanning electron microscope images of the TMWM-based alkali-activated binder:
a)-activated by SS+NaOH 8M; b)-activated by SS+KOH 8M.

4.2.3.2. Microstructure analysis of the blended TMWM with other mineral wastes-

based alkali-activated binders

The SEM images of the blended red clay brick waste and tungsten mining waste mud-based
alkali-activated binder samples show a matrix with low cohesion/connection between the
precursor’s particles, due to the partially dissolution of the powder in the alkaline medium.
These unreactive particles do not contribute to the compressive strength of the resulting
binders. Besides, SEM images present both crystalline and amorphous phases. Some large
particles embedded in the matrix indicate that the particle size distribution has the main
role in completing the alkaline activation process. However, smaller particles reacted and
dissolved during the alkaline activation process [77]. The increase of RCBW in the matrix is
offset by the rise in smaller particles that dissolved and produced more reaction product
phases. The SEM micrographs of the five AABs prepared in Paper II, indicate that the
specimens which contained higher dosages of RCBW presented a denser and homogeneous

gel when compared with the specimens containing fewer dosages of RCBW. These, in turn,
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exhibit low microstructural particle cohesion and lower mechanical strength. The unreacted
particles reduced the compressive strength. It can be concluded that microstructural

observations are in good accordance with the mechanical properties.

The EDX analysis confirmed the coexistence of unreacted particles surrounded by alkaline
activation reaction products. Various phases form as reaction products in the blended AABs,
the formation of N-A-S-H and K-A-S-H and the combination (N, K)-A-S-H gels. These
reaction product phases possess high ratios of Al/Si, Na/Si, and K/Si with the value of 0.371,
0.124), and 0.173 respectively, and a low Ca/Si ratio of 0.006. Furthermore, phase
characterisation becomes more complicated for alkali-activated binders made from
precursors (alumina-silicate sources) with some calcium [78]. The formation of K-A-S-H
gels due to Al/Si and K/Si ratios and N-A-S-H gels' formation is due to the Al/Si and Na/Si.
However, the presence of tetrahedral aluminium (AlO,) together with sodium ions (Na*) in
the mixes, and with the low Ca/Si content the gels take up substantial amounts of
tetrahedral aluminium in their structure to form (N,C)-A-S-H gels in these types of AABs
[76]. The presence of calcium and the higher Ca/Si ratio modifies N-A-S-H gels' structure
by replacing part of the sodium with calcium to form (N,C)-A-S-H gels [79].

In Paper III, the SEM images showed an important structure with a compact and
homogeneous morphology. A large proportion of unreacted particles of TMWM and GGBFS
grains (inner product) was evident. Moreover, the formation of different types of reaction
products (outer products) surrounding the unreacted particles is shown. It is seen that
similar types of reaction products are formed in all the binder specimens illustrated from
SEM-EDX analysis. The microstructure observation reveals that outer reaction products
(N-A-S-H, C-A-S-H, K-A-S-H, and (C, M)-A-S-H gels M = K, Na) and inner reaction
products grow successively around the reacting TMWM and GGBFS grains.

The SEM analysis for the AABs prepared with blended EAF-Slag, and TMWM in Paper IV
showed that the morphology has changed and became denser upon the increase of the EAF-
Slag content in the mixtures microstructure due to higher reactivity of the EAF-Slag. In the
AABs samples, there was a formation of different reaction products ((N, C)-A-S-H and C-A-
S-H phases) with a globular morphology. The increase of the alumina-silicate reaction
products in the sample was able to cause an increase in compressive strength. However, the
N-A-S-H decreased with the increase of EAF-Slag content in the mixtures. The EAF-Slag
alkali-activated binder sample's microstructure shows the presence of some EAF-Slag

particles that have not reacted with the alkaline activator solution yet.
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Moreover, different microstructures were developed because of the reactive nature of the
EAF-Slag. The alkaline activation of EAF-Slag provided a large amount of irregular shape
(amorphous) morphology due to C-A-S-H formation and (N, C)-A-S-H. Still, the formation
of N-A-S-H was observed in a lower quantity. The EDS results indicated that the Ca:Si and
Ca:(Al + Si) ratios were significant to the compressive strength performance of the blended
(TMWM + EAF-Slag) alkali-activated specimens. The Ca:Si ratio changed from 0.33 and 1.6
and the Ca:(Al + Si) changed from 0.26 and 1.19 when the EAF-Slag content in the mixtures
increased from 10 to 50 vt.%, which revealed that the increase of the Ca:Si and Ca:(Al + Si)

ratios resulted in the increasing strength of the binary alkali-activated specimens.

The SEM analyses of the alkali-activated blended ternary precursors (TMWM, GGBFS and
MK) was investigated in Paper V; it is shown that the microstructure of the ternary AAB
was different compared to the sample prepared using 100% TMWM. The matrix formation
process in TMWM-AAB is different from that seen in the Ternary-AAB, which results in
different reaction products. In the Ternary-AAB sample, the formation of structure gel was
observed. In general, three major morphological features were observed, crystalline
particles (such as quartz or muscovite or illite) with tabular type particles with no sharp
geometric outline (unreacted particles), coated by the reaction product on the surface where
it could not be asserted whether in these mixtures coexisted C-A-S-H and N-A-S-H phases
or one hybrid (M,C)-A-S-H gel where M is Na or K. The SEM images of the blended binders

are shown in Fig. 10 above.
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Fig. 10. SEM images of the different blended binders:
(a) TMWM and RCBW; (b)-TMWM and GGBFS; (¢c) TMWM and EAF-Slag; (d)- TMWM, GGBFS and
MK.

4.2.4. X-ray Diffraction analyses of the binders

The XRD analyses were conducted on the binders in Paper III and IV, to identify the
phases that remained unreacted, and the reaction products formed after the alkaline
activation process. The unreacted crystalline phases and the alkaline activation reaction
products formed in all the binders developed in this research are summarised in Table 15.

All the blended binders that were included in this research show that the quartz, muscovite
and illite remained as unreactive products, which are the main crystalline phases that
constitute the raw TMWM. There were also unreacted crystalline phases from each
precursor blended with the TMWM due to the second blended precursor's crystalline
nature. The XRD analysis of the blended AABs noticed that similar reaction products were
detected in all developed binders such as C-S-H, N-A-S-H, and C-A-S-H gels addition to
(N,C)-A-S-H gel. Although the AABs generate the same reaction products, the different
reaction products were variate in the matrixes as it is shown in Table 15. The alkali-activated

samples that contain more reaction product phases yielded more compressive strength.
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Table 15. The main reaction products formed in the different binders after the alkaline activation.

Paper (s) Binders Alkaline reaction Products
Paper IV 100TMWM C-S-H, C-A-S-H, N-A-S-H and (N, C)-A-S-H gels
Paper III HABs C-S-H, C-A-S-H, N-A-S-H and (N, C)-A-S-H gels
Paper IV TMWM+EAF-Slag C-S-H, C-A-S-H, N-A-S-H and (N, C)-A-S-H gels

4.2.5. Fourier Transform Infra-Red analyses of the binders

Fourier Transforms Infra-Red (FT-IR) spectroscopy tests were carried out to determine the
reaction products and their relative intensities according to the measured absorbance in
Papers II, III, IV, V and VI. The recorded spectra of the different binders (tungsten
mining waste-based alkali-activated binder and blended binders) are investigated in this

research.

The FT-IR spectra of all binders' specimens show a different absorption due to either the
precursors' composition, which remained unreacted or the reaction products formed. The
shift of the peaks and the bands absorption coefficient depends on the consumption of some
compositions and new products' formation. The absorption bands that are shifted from one
specimen to another depends on the reaction products formed in the matrix after the
alkaline activation. All the binders show main absorbance spectra [(a): Symmetric
stretching vibration (Si-O-Si), (b): Asymmetric stretching vibration (T-O-Si, T= Si or Al),
(c): Stretching vibration of CO,, (d): Bound water molecules (H-O-H), (e): Stretching
vibration of O-H bond).

The FT-IR spectra of the 100% tungsten mining waste-based alkali-activated binder is
investigated in Paper V. In addition to the bonds related to unreacted composition and the
reaction products, there were important bonds related to the stretching vibration of O-C-O
bond at approximately 1450-1410 cm indicating the presence of carbonate mineral which
has occurred by the atmospheric carbonation, and the coexist of calcite (CaCO;) as
unreacted particles from GGBFS. Moreover, the presence of natrite (Na.CO3) may due to
the carbonation of the large amounts of Na carried to the surface. The TMWM-AAB formed
more sodium carbonate due to the unreacted sodium content in the mixture then the
unreacted sodium forming sodium carbonate with CO. of the atmosphere. Also, a broad
band at wavenumber 1436 cm appeared only in the TMWM-AAB which corresponded to
sodium carbonate Na.CO; (Natrite) [79] and disappeared in the ternary-AAB. The starting
materials means that natrite (Na,CO;) formed only in TMWM-AAB after the alkaline

activation.
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In Papers II and IV, the FT-IR spectra study was about the effect of the different dosages
of other mineral wastes in the blended precursor's systems. All the FT-IR spectra showed
bands corresponding to the unreacted compositions like quartz, mullite and muscovite from
TMWM, and unreacted compositions from RCBW EAF-Slag such as quartz and calcite.
However, there was a change in the bands' intensity and the appearance of new bands
related to the formation of new components in the blended binder systems. The amorphous
alkali-activated structure reaches maximum intensity with the increasing of other mineral
wastes (RCBW or EAF-Slag) dosages in the AABs system. The higher intensity corresponds
to higher compressive strength. By contrast, the lowest intensity corresponds to a decrease

in the compressive strength.

In Paper III, the FT-IR analysis was conducted to investigate the effect of the different
alkaline activators, the activator's concentration, and the liquid/solid ratios. It showed
different bands corresponding to the unreacted composition from TMWM and GGBFS or

the reaction products formed after the alkaline activation.

The FT-IR spectra investigated in Paper V have shown similar bands to the previously
blended binders developed in this research, which had FT-IR bands for unreacted
compositions and formation of new alkaline activation products. A special broad band at
wavenumber 1436 cm™' appeared only in the blended AAB which corresponded to sodium
carbonate Na,CO, (Natrite) and disappeared in the ternary-AAB. The starting materials
means that natrite (Na2C03) formed only in 100-TMWM-AAB system. However, the
blended AAB that does not show this band means that the natrite is not formed in the
blended binders, and all the soluble sodium contained in the activator are reacted with the
precursors. Furthermore, in Paper VI, the FT-IR analysis showed similar wavenumber
bands corresponding to the unreacted composition and the reaction products formed. The
intensity of reaction products bands increases with the intensification of compression

pressure.

4.2.6. Pore structure of the binders
4.2.6.1. Porosity

The total intruded volume of mercury allows the measurement of the porosity accessible to
mercury at maximum applied pressure. Although it has been suggested that the pressure

range close to the maximum applied pressure may crush pore walls, the total intruded
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volume remains a useful index for comparing pore structure between different mixture
designs [80, 81]. The total porosity is the total intruded Hg volume in the sample, and

graphically the total porosity represents the maximum value on the intrusion curve [82].

In this research, the porosity of the alkali-activated binders in Papers II, III and IV was
determined by MIP. In Papers II and IV, the first observation shows that the partial
replacement of TMWM by other mineral waste in the mixtures has a determinant influence
on the total porosity. Although the total porosity decreased with the increase of the other
mineral wastes dosages in the mixtures, the experimental results show that the total
porosity and compressive strength are directly correlated: the higher the binders'
compressive strength, the lower the total porosity. Moreover, there is a positive correlation
between the total porosity and compressive strength affected by the added mineral waste
powder's content in the mixtures. Therefore, the mineral waste powder content increased
in the mixtures' offset by lower total porosity in the samples, thus positively affecting and
enhancing the blended binders' compressive strength. In Paper III, the porosity was
affected by the change in the type of the alkaline activator, the activator concentrations, and

solid/liquid ratios.

4.2.6.2. Pore-Size distribution

To gain more insight into the pore size distribution of the AABs with the partial replacement
of other mineral wastes content in the mixtures, the measured pore distribution is divided
into four size ranges according to the International Union of Pure and Applied Chemistry
(IUPAC) system [83]. Pores in the cementitious materials can be classified as micropores
(d < 2 nm), mesopores (2 nm < d < 50 nm), macropores (50 nm < d < 10 um) and voids and
micro-cracks (d > 10 um). The micropores (ranges d < 2 nm) cannot be measured using the
MIP technique because the data given is limited and only a minimum pore diameter of
0.005 um (5 nm) can be evaluated. However, it is possible to measure the mesopores,
macropores, and voids and microcrack. It is noticed that the pore ranges change
significantly in the samples with a higher content of other mineral wastes (RCBW and EAF-

Slag powders) when compared to the original sample containing 100% TMWM.

The pore size distribution of the tungsten mining waste based-alkali-activated binder (100%
TMWM as a precursor) activated with potassium hydroxide 8M was studied in Paper IV.
The dominant range is the range of air voids/cracks (65.44%) followed by macropores
(30.89%) and a small range of mesopores (3.67%). However, for the blended binders'

samples studied in Papers II and IV, it was clear that when the content of added dosages
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of other mineral wastes in the mixtures increases, the pore size distribution curves shifts to

smaller pore sizes, indicating a denser microstructure of the blended AABs samples.

In this research, the effect of the alkaline activators' types, the activators' concentration, and
the solid/liquid ratios on the pore size distribution were also investigated in Paper III. It
was noticed that the pore size distribution was changed and affected by the change in the

types of the activator, the activator concentrations, and the liquid/solid ratios.

4.2.6.3. Average pore diameter

The average pore diameter or mean pore diameter was calculated using pore volume and
the surface area by the ratio between 4 times the total pore volume and the pore surface
area (4V/A). This average value simplifies the real pore structure by a cylindrical tube with
its equivalent diameter. The average pore diameter of the different binders was determined
in Papers II, III and IV. It was observed in Papers II and IV that the average pore
diameter decreased proportionally when the content of the other mineral wastes dosages in
the mixtures increased. However, the effect of the types of alkaline activator, the
concentrations of the alkaline activator, and the solid/liquid ratios on the average pore
diameter are discussed in Paper III. There is a correlation between the average pore
diameter and compressive strength of the blended binders. The compressive strengths tend
to increase as the average diameters of pores decreased. According to Moon et al. [84], the

average pore diameter significantly influences chloride diffusivity.

4.2.6.4. Critical pore diameter

The pore diameter corresponding to the highest rate of mercury intrusion per change in
pressure is known as the characteristic of continuous pore diameter (size), "critical," or
"percolation" pore diameter [85—87]. From the Differential Pore Size Distributions (DPSD)
curve, the highest point on the corresponding logarithmic differential pore volume curve
corresponds to the critical pore (size) diameter. The critical pore (size) diameter was
measured at the curve's steepest slope from the cumulative porosity curve. It is considered
that all pore sizes refer to the percolation of mercury into the size pore diameter in an
interconnected structure. The critical pore diameter provides an index to compare pore
structures between different alkali-activated mix designs [82, 88, 89]. Though the critical
pore diameter may provide a better indicator of material durability, it has an important
influence on the binders' permeability and diffusion characteristics [89, 90]. However,

there is no relation between the critical pore diameter and the degree of the alkaline
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activation or the related gel/space. The pore structure depends on the quantity of the
reaction products formed and how they are packed in the pore space [88].

The study about the critical pore diameter of the blended alkali-activated binders in Papers
IT and IV showed that the critical pore diameter gradually decreased with the increase of
the mineral wastes' dosages in the blended binder mixtures. The critical pore diameter
significantly decreased when TMWM and other mineral wastes are blended, which
influences the blended alkali-activated binders' permeability and diffusion characteristics.
It is seen that a higher critical pore diameter can be a factor of reduction of compressive
strength. In Paper III the critical pore diameter showed that the largest fraction of
interconnected pores is included in the binder samples prepared with solid/liquid ratio 3,
compared to those samples prepared with the solid/liquid ratio 4 that have a greater
diameter. Due to the unreacted and evaporated free water, where the water content in the
samples prepared with solid/liquid ratio is 3 more than those prepared with solid/liquid

ratio 4, the critical pore size does evolve with the increase of solid/liquid ratios.
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5.Conclusions and future research

5.1. Conclusions

The mining activity generates millions of tons of solid waste materials during mining's
lifetime, disposed of in the open air, which causes several environmental issues during
waste management. The mining waste accumulated in large deposits present a potential
risk of environmental pollution and cause severe landscape impacts. The low reactivity of
tungsten mining waste mud can serve as a favourable waste alumina-silicate source material
for synthesising alkali-activated binders, to realise the goal of converting zero value waste
materials into valuable construction materials. Although using different alkaline activator
solutions to prepare an alkali-activated binder based on tungsten mining waste mud powder
as a precursor, a low reactivity during alkaline activation was found in tungsten mining

waste mud studied.

Relatively high compressive strength could be obtained by blending tungsten mining waste
mud with other mineral wastes (like red clay brick waste, ground granulated blast furnace
slag and electric arc furnace slag) and Metakaolin. The blended binders' compressive
strengths were further increased by increasing the other mineral wastes content in the
composite precursor systems. Higher compressive strengths were obtained when the
blended binder systems contained higher dosages of other mineral wastes (50 wt or vt.%).
Also, high compressive strength was obtained when replacing 20 wt.% of TMWM with 10
wt.% of GGBFS and 10 wt.% MK in the tungsten mining waste-based alkali-activated binder

mixture due to the increase of reactive silicate, aluminium, and calcium content in the mix.

The microstructure analysis (XRD, FT-IR, TG-DTG and SEM-EDS) on the blended binders
developed in this research shown the presence of unreacted species such as quartz,
muscovite, calcite, and illite from all the raw materials. These analyses also showed the
formation of new reaction products due to alkaline activation. After the alkaline activation,
the SEM analyses of tungsten mining waste-based alkali-activated binder shown that
needles-like phase shape occurred as a reaction product of the fluorescence phenomena.
The presence of these needles was identified in the FT-IR spectra as stretching vibration of
O-C-0. The formation of needles (natrite) was due to the low reactivity of TMWM, where
the Na content in the mixture remained unreacted. During the curing time, the Na reacted

with the CO, in the atmosphere and formed Na.CO;, causing the efflorescence phenomena.
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The alkaline activation of the tungsten mining waste-based binder by the alkaline activator
solutions formed sodium alumina-silicate hydrates (N-A-S-H) as the main phase due to the
presence of the (Si, Al and Na) elements in high content. Also, the formation of (N,C)-A-S-
H gel as secondary phase occurred. The formation of this reaction product phases is
attributed to the massive amount of available silicate, aluminium, sodium and low content
of calcium in the binder admixture. The alkaline activation of the blended precursors with
alkaline activator solutions formed different reaction products depending on the second
mineral wastes blended with the primary tungsten mining waste mud precursor. C-A-S-H
and N-A-S-H gels were formed as main reaction products phases, with C-S-H, K-A-S-H, and
(C, M)-A-S-H gels (where M = K, Na) as secondary phases. The amounts of these reaction
product phases in the blended binders were depended to the dosages of other mineral

wastes content in the blended precursor systems.

The presence of the needles in the tungsten mining waste-based alkali-activated binder
sample after the alkaline activation may correspond to the formation of carbonates (such as
potassium carbonate (K.COs) and sodium carbonate (Na.COj3)). The presence of the needles
in the 100TM-AAB after the alkaline activation may correspond to the formation of natrite
(Na,CO3) needles due to the low reactivity of TMWM. At the same time, the Na content in
the mixture remained unreactive. During the curing time, the Na reacted with the CO. in
the atmosphere and formed Na,CO; under the efflorescence phenomena. Also, the presence
of unreacted potassium (in a system with potassium as an activator) under the efflorescence
phenomena form potassium carbonate (K.CO5). The addition of reactive precursor powders
into the tungsten mining waste-based alkali-activated mixtures solve the problem
efflorescence phenomena that tungsten mining waste-based alkali-activated binder suffer,
which may enhance the durability and avoid further degradation caused by the occurrence

of efflorescence’s on alkali-activated binders.

The suitability of reusing waste glass powder as an alkaline activator by dissolving waste
glass powder in sodium hydroxide is also discussed to have a clear impression on the
compressive strength development and the microstructure properties. The dissolving of
waste glass powder in sodium hydroxide slightly increased the compressive strength and
improved the binders' microstructure properties by forming more reaction products. The
dissolved waste glass powder in sodium hydroxide slightly increased the sodium silicate
solution SiO./Na,O in the blended binder mixture. The use of dissolved waste glass powder
had a positive effect on the critical pore size diameter and reduced the critical pore diameter
by 44%. The reduction of the critical pore size diameter was due to reaction product phases

formation, which means that more reaction product phases are formed with more silicate
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in the dissolved waste glass powder, which was observed using the FT-IR technique. A
higher formation of reaction product phases implies an increase in the cohesion between

unreacted particles, decreasing the critical pore diameter.

The suitability of using two solid wastes powders (i.e. TMWM and GGBFS) blended with an
alumino-silicate source rich material (MK) in alkali-activated binders is investigated.
Important physical and chemical properties of the applied GGBFS and MK thoroughly
characterised. It is not surprising that the addition of GGBFS and MK are positively affects
the compressive strength results and microstructure properties of the blended binder
because of the mineralogical nature of GGBFS and MK (amorphous mineralogy) and
chemical compositions of MK which is rich in reactive silicate and aluminium and GGBFS
rich in silicate and calcium. Clarifying the effect of precursors (GGBFs and MK) on reaction
kinetics is necessary since the potential reactivity is highly related to the TMWM. The use
of GGBFS and MK into tungsten mining wasted-based alkali-activated binders system

shows advantages in sustainable development.

The investigation into the pore structure of binders showed that the pore size distribution
of the blended binders matrix reduced as the other mineral wastes content in the blended
precursor's systems increased. However, a range of voids/microcracks was found in
tungsten mining waste-based alkali-activated binder and blended binders' specimens. It
seemed that the range of voids/microcracks reduce as the other mineral wastes content in
the blended precursor's systems increased. The average and critical pore diameters also
decreased with increasing the other mineral wastes in the blended mixture systems,
providing a better indicator of material durability. It has an important influence on the
permeability and diffusion characteristics of the blended binder pastes. The decrease of
average and critical pore diameters of the blended binders can also affect progressing
compressive strength. The research shows that the alkaline activation of the blended
TMWM with other minerals waste (alumina-silicate rich materials) is highly beneficial
because it increases the AABs' compressive strengths, reduces the porosity and the

development of a denser microstructure, which will result in better durability properties.

The intensification of the compression pressures applied on the mixtures made by (50 wt.%
TMWM and EAF-Slag) and low liquid to solid ratio in cubic molds, enhances the
compressive strength results of the compressed binders. A positive correlation between the
compression pressure and the compressive strength gain was found. Using high-pressure

loads in producing low liquid to solid blended binder for engineering stone-like materials
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from 60 to 100 MPa can efficiently make a valuable binder with superior advantages in low

production costs and higher durability.

5.2. Future research

For optimising the production of alkali-activated binders based on tungsten mining waste

mud as a sustainable alternative binder to Portland cement, and for developing a deeper

and more thorough understanding of the microstructure properties and the compressive

strength development of the tungsten mining waste-based alkali-activated binders, there is

still several future research that needs to be investigated:

The use of other mineral wastes as a source of alumino-silicate source materials and
alternative alkaline activator solutions might also have the merits of improving the
tungsten mining waste-based properties alkali-activated binders. Based on the
knowledge obtained from this study, it would be important to emphasise the
importance of the mineralogy of the precursors and the chemical compositions of
the binder mixtures when investigating different precursors and different alkaline

activators.

It will be valuable to investigate the formation of different types of reaction products
formed after the alkaline activation of the precursors using other advanced test
methods such as nuclear magnetic resonance (NMR) and XRD (Area Ratio Method
(ARM) and Partial or No Known Crystal Structure (PONCKS) methods), in addition
to those utilised in this study.

With the data collected and the alkali-activated binder obtain from this study, a life

cycle assessment and leaching of heavy metals should be carried on.
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