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Summary

With growing concern for global warming, the electricity industry is actively promoting
the transition from coal to renewable energy sources. Due to the carbon neutrality of wood
biomass energy, it has become one of the most popular options of renewable energy sources.
However, the by-products resulting from biomass combustion, particularly wood biomass fly
ash (WBFA), have not received sufficient attention. Direct disposal of WBFA poses
environmental threats and causes pollution. From the perspective of the construction
industry, the energy transition has led to a scarcity of coal fly ash (CFA) that is intensively used
as supplementary cementitious materials (SCMs) in construction industry. With the increasing
demand for raw materials in construction industry, it is of great interest to explore whether
WBFA can be integrated as a new material in construction industry. This motivates the
initiative of this research, driven by significant industry demand.

This thesis aims to enlarge the utilization efficiency of WBFA by recirculating WBFA as a
valuable mineral to develop sustainable low-carbon cementitious materials. Prior to the
experiment, a literature review on the properties of WBFA and current WBFA utilization
methodologies in cementitious materials are summarized. An application-oriented WBFA
classification was proposed, providing a guideline for the utilization of WBFA in preparing
cementitious materials.

For the experimental research, three types of WBFA were initially characterized and
screened based on their physicochemical properties, i.e., the content of unfavoured metallic
aluminum and reactive components. One type of WBFA with representative properties was
selected as the most suitable candidate for further investigation. To remove the metallic
aluminum in WBFA, a two-step pretreatment method is proposed. The feasibility of WBFA for
binder formulation was then evaluated through dissolution tests.

Based on the characteristics of WBFA, two types of binders were proposed. In chapter 4,
considering the high alkalinity of WBFA, WBFA was used to enhance the reaction of
aluminosilicates. An innovative clinker-free binary binder with WBFA and blast furnace slag
(BFS) was developed. The effects of different WBFA to BFS ratios on reaction kinetics,
hydration products, and microstructure evolution were studied. Following this, WBFA was
further used as a mineral additive for BFS replacement in BFS blended cement. The effects of
WBFA on both BFS and cement reactions were comprehensively studied using different
characterization techniques. These two chapters together provide new solutions for the
valorization of WBFA in novel binder formulations.

The carbonation of WBFA-containing binders investigated in chapter 4 and 5 was studied
in chapter 6. The carbonation kinetics of pastes were calculated based on the carbonation
depth development. It was found that in WBFA-BFS binary pastes, mixture with 50% of WBFA
and 50% of BFS showed the best carbonation resistance, although the carbonation coefficient
was much larger than cement pastes. When WBFA was introduced in BFS blended cement, it
was observed that there was a decreased carbonation resistance in pastes with more WBFA.



VIl|Page Summary

By analysing the microstructure evolution, it was concluded that pore connectivity played the
key role in governing the carbonation process of pastes. Further grinding of WBFA to reduce
its porous structure was recommended to reduce the pore connectivity and improve the
carbonation resistance of pastes with WBFA.

The environmental impact evaluation is of great significance for waste utilization in the
construction industry, as it can, to a certain extent, help quantify the sustainability of specific
products. In chapter 7, bio-ash bricks and bio-ash composite cement were developed based
on the mixtures studied in Chapters 4 and 5, respectively. A cradle-to-gate life cycle analysis
(LCA) was conducted to evaluate the contribution of integrating WBFA for the production of
these construction products. Possible improvements regarding further reducing the
environmental impact of these products are discussed.

In summary, this thesis offers novel options for the utilization of WBFA in the
construction sector as a binder component. Binary paste containing up to 70% WBFA
demonstrates satisfactory mechanical properties for low-strength applications. In BFS-
blended cement, substituting up to 30% of BFS with WBFA enhances early compressive
strength, only a 7.67% reduction in compressive strength after 90 days. These findings indicate
high utilization efficiency for WBFA. The investigations in the reaction kinetics and
microstructure evolution of pastes with different WBFA to BFS ratios in the binders yield
valuable insights into the function of WBFA in binder reaction. This knowledge can serve as a
valuable reference for engineering practitioners seeking to customize the properties of these
binders. The development of building products such as bio-ash bricks and bio-ash cement
exemplifies the conversion of WBFA into construction materials. This emphasizes the notable
ecological advantages of WBFA as a resource for the construction sector, highlighting the
academic and industrial interests in utilizing WBFA for the development of sustainable low-
carbon cementitious materials.



Samenvatting

Vanwege de toenemende bezorgdheid over klimaatverandering, stimuleert de
elektriciteitssector actief de overgang van kolen naar hernieuwbare energiebronnen. Dankzij
de koolstof neutrale aard van houtbiomassa-energie is het een van de populairste opties voor
hernieuwbare energie geworden. Echter hebben de bijproducten die vrijkomen bij
biomassaverbranding, met name houtbiomassa-vliegas (WBFA), nog niet voldoende aandacht
gekregen, hoewel de directe afvoer van WBFA milieuproblemen oplevert en vervuiling
veroorzaakt. Vanuit het perspectief van de bouwsector heeft de energietransitie geleid tot
een schaarste aan kolenvliegas (CFA), dat intensief wordt gebruikt als cementachtig
toeslagmateriaal (SCMs) in de bouwsector. Met de toenemende vraag naar grondstoffen in
de bouwsector is het van groot belang om te onderzoeken of WBFA kan worden geintegreerd
als nieuw SCM in de bouwsector. Dit motiveert ook het initiatief van dit onderzoek, gedreven
door een aanzienlijke vraag vanuit de industrie.

Dit proefschrift heeft als doel de toepassingsefficiéntie van WBFA te vergroten door
WBFA toe te passen als een waardevol mineraal om zo duurzame, koolstofarme
cementachtige materialen te ontwikkelen. Voorafgaand aan het experiment is een
literatuuronderzoek uitgevoerd naar de eigenschappen van WBFA en de huidige methoden
voor de inzet van WBFA in cementachtige materialen. Een toepassingsgerichte classificatie
van WBFA werd voorgesteld, die richtlijnen biedt voor het gebruik van WBFA bij de bereiding
van cementachtige materialen.

Voor het experimentele onderzoek werden aanvankelijk drie soorten WBFA
gekarakteriseerd en geselecteerd op basis van hun fysisch-chemische eigenschappen,
namelijk het gehalte aan ongewenst metaalaluminium en reactieve componenten. Eén type
WBFA met representatieve eigenschappen werd geselecteerd als de meest geschikte
kandidaat voor verder onderzoek. Om het metaalaluminium in WBFA te verwijderen, wordt
een twee-staps voorbehandelmethode voorgesteld. De toepasbaarheid van WBFA in
bindmiddelen werd vervolgens geévalueerd door middel van oplosbaarheid experimenten.

Op basis van de eigenschappen van WBFA werden twee soorten bindmiddelen
voorgesteld. In hoofdstuk 4, rekening houdend met de hoge alkaliteit van WBFA, werd WBFA
toegepast om de reactie van aluminosilicaat te verbeteren. Een innovatief klinkervrij binair
bindmiddel met WBFA en hoogoven Slak (BFS) werd ontwikkeld. De effecten van verschillende
WBFA- tot BFS verhoudingen op de reactiekinetica, de hydratatieproducten en de
microstructuurontwikkeling werden bestudeerd. Vervolgens werd WBFA verder toegepast als
mineraal toeslagmateriaal ter vervanging van BFS in BFS-gebonden cement. De effecten van
WBFA op zowel BFS- als cementreacties werden uitgebreid bestudeerd met verschillende
karakteriseringstechnieken. Deze twee hoofdstukken bieden samen nieuwe oplossingen voor
de valorisatie van WBFA in nieuwe bindmiddelen.

De carbonatie van WBFA-bevattende bindmiddelen die in hoofdstuk 4 en 5 zijn
onderzocht, werd bestudeerd in hoofdstuk 6. De carbonatie kinetica van pasta's werden
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berekend op basis van de ontwikkeling van de carbonatiediepte. Het werd vastgesteld dat in
WBFA-BFS-binaire pasta's de mengsels met 50% WBFA en 50% BFS de beste
carbonatieweerstand vertoonden, hoewel de carbonatiecoéfficiént veel groter was dan die
van cementpasta's. Wanneer WBFA werd geintroduceerd in BFS-gebonden cement, werd
geobserveerd dat er een verlaagde carbonatieweerstand was in pasta's met een hogere
hoeveelheid WBFA. Door de microstructuurontwikkeling te analyseren, werd geconcludeerd
dat porieconnectiviteit een bepalende rol speelde bij het bepalen van het carbonatieproces
van de pasta's. Het verder fijnmalen van WBFA om de poreuze structuur te verlagen werd
aanbevolen, om zo de porieconnectiviteit te verminderen en de carbonatieweerstand van
pasta's met WBFA te verbeteren.

De beoordeling van de milieu-impact is van groot belang voor het verwerken van
afvalstromen in de bouwsector, aangezien het tot op zekere hoogte kan helpen de
duurzaamheid van specifieke producten te kwantificeren. In hoofdstuk 7 werden bio-as
betonstenen en bio-as composietcement ontwikkeld op basis van de mengsels die in
hoofdstukken 4 en 5 zijn bestudeerd. Een cradle-to-gate levenscyclusanalyse (LCA) werd
uitgevoerd om de invloed van de integratie van WBFA voor de productie van deze
bouwproducten te evalueren. Mogelijke verbeteringen om de milieu-impact van deze
producten verder te verminderen worden behandeld.

Kort samengevat biedt dit proefschrift nieuwe opties voor de inzet van WBFA in de
bouwsector als bindmiddelcomponent. Binaire pasta's die tot 70% WBFA bevatten, tonen
gunstige mechanische eigenschappen voor lage sterkte toepassingen. In BFS-gebonden
cement verbetert het vervangen van tot 30% van BFS door WBFA de vroege druksterkte,
terwijl de druksterkte na 90 dagen slechts met 7,67% afneemt. Deze bevindingen wijzen op
een hoge toepassingsefficiéntie voor WBFA. Het onderzoek naar de reactiekinetica en
microstructuurontwikkeling van pasta's met verschillende WBFA- en BFS-verhoudingen biedt
waardevolle inzichten in de rol van WBFA in de bindmiddelreactie. Deze kennis kan dienen als
een waardevolle referentie voor ingenieurs die de eigenschappen van deze bindmiddelen
willen aanpassen. De ontwikkeling van bouwproducten zoals bio-as bakstenen en bio-as
cement is een voorbeeld van de toepassing van WBFA in bouwmaterialen. Dit benadrukt de
aanzienlijke ecologische voordelen van WBFA als grondstof voor de bouwsector en benadrukt
de academische en industriéle belangen bij het gebruik van WBFA voor de ontwikkeling van
duurzame, koolstofarme cementachtige materialen.



Chapter 1

Introduction

1.1 Research background

Global warming is to date one of the most pressing challenges worldwide. This is
primarily due to the substantial emissions of greenhouse gases (GHG), especially CO,, with
the escalating industrial production [1]. Statistical results show that approximately 30-40% of
CO, emissions originate from the energy sector (referring to Figure 1.1). This should be
predominantly attributed to the combustion of fossil fuels, particularly coal, for electricity
generation [2]. Efforts aimed at reducing carbon emissions in the energy sector have led to a
shift from fossil fuels to renewable energy sources. An illustrative instance is the European
energy industry, which launched the coal phase-out initiative in 2015, proposing the closure
of all coal-fired electricity plants by 2030 while promoting the development of renewable
energy sources [3,4].

Similar strategies have been adopted in the Netherlands, where there has been a notable
increase in the development of renewable energy sources. As depicted in Figure 1.2, the
percentages of renewable energy sources have progressively risen in recent decades in the
Netherlands, with biomass energy accounting for the largest share. This trend is echoed in
other countries, where biomass energy holds a significant position and is widely utilized [5].
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Figure 1.1 Global CO2 emissions by sector from 2019 to 2022 (adapted from [2])
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Figure 1.2 Renewable energy consumption and shares in the Netherlands (retrieved from CBS [6], with respect
to the total energy from both renewable and non-renewable energy)

With the wide sources of biomass in the energy sector, wood biomass has emerged as
the primary source of biomass energy and has been largely promoted in the last decades [7].
One of the main advantages of wood biomass energy is its carbon-neutral characteristic. It is
recognized that with sustainable forest management, energy produced from wood biomass
can achieve net-zero carbon emissions, as carbon circulates within the wood growth through
the photosynthesis process [8]. In addition, biomass combustion techniques have been well
developed, enabling their integration into existing coal-fired plants after proper retrofitting.
This facilitates a seamless transition for the energy industry towards bioenergy orientation
without extra costs and overhauls, which is a privilege from an industrial perspective. Based
on these advantages, a prospective development of the wood biomass energy industry can
be anticipated. An estimation of wood biomass-derived energy can reach about 18% of total
energy consumption by 2050 [9].

While the carbon neutrality of wood biomass energy greatly benefits the
decarbonization of energy sectors, there are critical issues worth attention, particularly in the
post-biomass electricity production stage. Similar to coal combustion, it is inevitable for the
generation of by-products after biomass incineration. As illustrated in Figure 1.3, two types
of by-products, namely bottom ash and fly ash, are generated. The weight proportions
between biomass bottom ash and fly ash vary depending on the incineration techniques and
feedstocks. For example, grate boilers tend to yield larger amounts of biomass bottom ash
than fly ash, while fluidized bed incineration techniques lead to higher shares of biomass fly
ash. In the Netherlands, the issues with fly ash are much more severe, as it constitutes the
main by-product in biomass energy production. The annual biomass fly ash generation is
reported to be 146,000 tons in 2018, compared to 23,000 tons of bottom ash [10]. Currently,
most of the biomass fly ash is under improper management. The landfilling or disposal of
biomass fly ash becomes problematic as this will lead to secondary pollution of the
environment. Given the rapid development of the biomass energy industry, a surge in
biomass fly ash generation is anticipated. Thus, there is an urgent need to implement effective
utilization methods for biomass fly ash to integrate the sustainability of biomass energy.
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Figure 1.3 Schematic figure of biomass combustion and ash collection

The construction industry has become a preferred destination for a wide range of
industrial by-products recycling [11-15], mainly due to its imperative to reduce carbon
footprints and the high demand for raw materials. For now, the construction sector accounts
for about 8-10% of global CO, emissions, primarily due to the carbon-intensive production
process of Portland cement, which involves limestone decomposition, clinkering at high
temperatures, and grinding [16]. Thus, there are considerable interests in scientific research
and engineering practices to diminish the carbon footprint in the construction sector. Viable
solutions, such as the partial substitution of cement clinker with industrial by-products, often
referred to as secondary or supplementary cementitious materials (SCMs), and the
formulation of new alternative binders, have been proposed in recent decades, integrating
industrial by-products to fulfil the raw material needs of the construction sector. Previous
successes in utilizing blast furnace slag and pulverized coal fly ash have established these by-
products as valuable mineral sources [17]. However, given the increasing demand for raw
materials and the depletion of those ‘well-studied’ minerals, there is a pressing need to
explore mineral sources from other industries. Wood biomass fly ash, on the other hand,
emerges as a potential candidate in this regard.

As of now, the use of wood biomass fly ash is in its infancy in both research and industrial
practice, which is mainly because of the less attention it has received. Besides, it is reported
that in most cases, wood biomass fly ash shows limited pozzolanic reactivity [18-20],
rendering it less favourable for direct use as SCMs to replace cement. The negative impact of
wood biomass fly ash on the performance of cementitious materials, such as reduced strength
and weakened durability [21-23], diminishes its attractiveness for integration into the
construction industry. To effectively utilize wood biomass fly ash in cementitious materials,
further investigations into alternative solutions are urgently needed. However, there is
currently a lack of systematic research in this regard.



4|Page Chapter 1

1.2 Research goal and objectives

The aim of this research is to propose innovative approaches for valorizing wood biomass
fly ash (WBFA) as a mineral resource in cementitious materials, thereby enhancing its
utilization efficiency as a value-added mineral. To accomplish this goal, the following
objectives should be achieved:

e To study the properties of WBFA, further evaluate the feasibility and potential of
WBFA in developing cementitious materials.

e To develop low-carbon cementitious materials with WBFA, further understand the
roles of wood biomass fly ash in the reaction kinetics and microstructure evolution
of cementitious materials.

e To extend the understanding of WBFA-containing binders from a durability
perspective. Since carbonation is an inevitable process during the service life of
binders, the effects of carbonation on the properties of binders containing WBFA are
specifically investigated.

e To evaluate the environmental impact of construction products developed by the
WBFA-containing binders, further compare them with the commercially available
products.

1.3 Research scope and strategy

Firstly, a literature review on WBFA in regards to its properties and up-to-date utilization
approaches for the development of cementitious materials are conducted. Based on these
knowledge, the research gaps are identified accordingly.

Three types of WBFA are initially collected and characterized. Following an assessment
of their physicochemical properties, one specific type of WBFA, characterized with
representative chemical and mineral compositions, and displaying the most promising
potential, was selected for an in-depth study throughout this thesis.

Raw materials include WBFA, blast furnace slag (BFS), and Portland cement for binder
development. The research is conducted at the paste level to facilitate an understanding of
hydration kinetics and microstructure characterization. The effects of WBFA on hydration and
microstructure evolution are comprehensively studied using multiple experimental
techniques such as X-ray diffraction (XRD), mercury intrusion porosimetry (MIP),
backscattered electron microscopy (BSE) etc. Based on the experimental results, the reaction
kinetics of binders is calculated with the help of empirical equations. The phase evolutions
during the reaction process are further calculated based on thermodynamic modelling,
enabling a comprehensive understanding of the reaction mechanisms of these binders.

Accelerated carbonation with a CO, concentration of 3% and 20 °C, following the
guidelines of EN 12390-12 [24], was conducted on the carbonation research. The research is
conducted at the paste level to better compare the results of the carbonated sample with
pastes hydrated for 28 days.

Based on the properties of the binders investigated, an upscale for product
manufacturing is finally conducted. A cradle-to-gate life cycle analysis is conducted,
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comparing market-available products with those produced using the studied binders in this
thesis.

1.4 Outline of this thesis

The thesis comprises eight chapters in total and can be divided into five parts, as outlined
in Figure 1.4.

The first two chapters provide the background information for this thesis. Specifically,
Chapter 1 presents the research motivation, objectives, and scopes to convey the purpose,
focus, and structure of the thesis. Chapter 2 provides a literature review of the most up-to-
date research regarding the characteristics of WBFA and its application in the development
of cementitious materials.

The second part is Chapter 3, which investigates the characteristics of wood biomass fly
ash, pretreatment, and evaluating the potential to be used as a binder component. This serves
as the fundamental basis for further studies in developing cementitious materials.

The third part includes Chapters 4 to 6, which are mainly focused on the binder
formulation and extending the knowledge of cementitious materials in the carbonation
aspect.

In Chapter 4, a clinker-free binary binder is formulated with wood biomass fly ash and
blast furnace slag. The reaction mechanism, microstructure evolution, and mechanical
properties of binders are comprehensively investigated, enabling an understanding of how
wood biomass fly ash contributes to the reaction, providing suggestive information for
mixture formulation.

Chapter 5 investigates the wood biomass fly ash in the blast furnace slag blended cement
pastes as slag substitution. The experimental research covers reaction kinetics,
microstructure development, and mechanical properties.

In the context of the inevitable carbonation process during the service life of materials,
Chapter 6 studies the carbonation behaviour of the WBFA-containing cementitious materials
from Chapters 4 and 5. The carbonation depth and strength evolution are measured, and their
correlation to the microstructure alteration after carbonation is discussed.

The fourth part is Chapter 7, which quantifies the environmental benefits of utilizing
wood biomass fly ash as construction materials by LCA. The mixtures studied in previous
chapters are upscaled to mortars so as to prepare construction products. A cradle-to-gate LCA
is conducted to compare these products with conventional products, highlighting the
environmental benefits of the construction products with the integration of wood biomass fly
ash.

The last part involves Chapter 8, which draws the conclusions and prospects of this work.
Recommendations on the valorization of wood biomass fly ash in industrial applications are
given.



6|Page Chapter 1

Products environmental evaluation

Chapter 7 Utilization of wood biomass fly ash as a construction material and environmental assessment
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Figure 1.4 Outline of this thesis




Chapter 2

Literature review on the valorization of WBFA for the
development of cementitious materials

2.1 Introduction

Chapter 1 clarifies the significant challenges and urgency of the management of wood
biomass fly ash (WBFA). Additionally, the valorization of WBFA in construction material
production holds substantial advantages due to the immense demand for raw materials in
the construction sector, enabling significant ash consumption. This chapter aims to provide a
comprehensive literature review of WBFA, with a specific focus on its physicochemical
properties, pretreatment, and functional role in developing cementitious materials. This work
serves as a foundational step to highlight the advancements made in the understanding of
WBFA and to identify existing research gaps that warrant further investigation.

2.2 Fuels type, incineration techniques and ash collection

The variable properties of WBFA are dependent on multiple factors, including fuel
feedstocks, incineration techniques, and ash collection methods [25]. This section provides
information on these three aspects, associating these factors with the properties of WBFA.
This information can facilitate the understanding of WBFA generation and how these factors
can affect its valorization for developing cementitious materials.

The sources of wood biomass can be one of the main factors affecting the properties of
WBFA, particularly in terms of chemical composition. For instance, WBFA derived from poplar
and eucalyptus was normally reported to contain a high amount of calcium, while WBFA from
spruce wood and wood residuals was found to contain a higher proportion of silica [26,27].
Vassilev et al. [27] compared the chemical compositions of wood ash from 28 types of wood
resources. Despite the large variations in wood biomass sources, a general trend in element
enrichment follows the orders: Ca0>Si0,>K,0>MgO>Al,03>P,0s. Still, conflicting reports on
element distribution can be found in different research studies, indicating the diversity of
wood biomass sources contributing to the complexity of WBFA chemical compositions.

In addition to the sources of wood biomass, combustion techniques can also influence
the properties of WBFA. To date, there are mainly three types of incinerators used in
electricity production, as summarized below:

e Grate furnace: This is one of the most commonly used combustors for biomass
energy generation. It is feasible for small-scale biomass energy plants, showing high
adaptability to a variety of biomass fuels in terms of size and moisture contents [28].
However, this combustion technique shows low burning efficiency, thus ashes
generated from the grate furnace comes with high carbon contents [29]. In the
context of by-products produced, bottom ash comprises a substantial portion,

Parts of this chapter has been published in:
Journal of Building Engineering. 97 (2024). 110927.
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ranging from 60% to 90% of the total weight fraction, while fly ash constitutes the
minor by-products in this combustion technique [30].

e Fluidized bed incinerator: Compared with the grate furnace, the fluidized bed
incinerator shows the advantage of high burning efficiency. As a result, ashes from
the fluidized bed incinerator typically tend to have lower carbon contents in
comparison to those from grate furnaces. In this type of combustor, fly ash becomes
the main residual, in contrast to the dominance of bottom ash in a grate furnace
[31,32]. Moreover, the fluidized bed incinerator is considered a more
environmentally friendly option for biomass combustion compared to the grate
furnace [33]. Therefore, the fluidized bed incinerator has become the more prevalent
option for the newly developed biomass energy plants.

e Pulverized firing system: By pulverizing fuels into powders (typically with a size
smaller than 0.1 mm [28]), this combustion method shows the advantages of having
the highest burning efficiency among the three techniques. However, it is not
applicable for the direct use of wood biomass as the main fuel, due to the challenges
associated with fuel preparation and the potential corrosion of the combustor by
inorganic salts from wood biomass [34,35]. Pulverized firing is typically used for the
co-combustion process, where large proportions of coal are combusted alongside
additional wood biomass (<20% wt.). The co-fired fly ash from a pulverized firing
system is within the scope of fly ash used for concrete, with great similarity to coal
fly ash [36]. Consequently, it is not further discussed in the following review.

During biomass combustion, fly ash particles are carried by the flue gas through ash
collection devices before being released into the air, as depicted in Figure 1.3. Common
devices for collecting WBFA include cyclones, bag filters, and electrostatic precipitators (ESP)
[28]. Different ash collection methods initially determine the particle size of the WBFA.
Among these systems, cyclones are normally used as the first step for ash filtering, and are
reported to have the lowest ash collection capacity among the three [37]. WBFA collected
from cyclones mostly consists of coarse fly ash, while WBFA collected from bag filters and ESP
tends to have a relatively smaller particle size [38]. Additionally, the ash collection methods
affect the carbon content. Since unburnt carbon normally presents in lightweights with large-
size particles, WBFA with larger particle sizes is more likely to contain higher amounts of
unburnt carbon. Cyclone WBFA is, therefore, observed to have higher carbon contents than
those collected from ESP and bag filters [39].

2.3 Characteristics of WBFA

Despite the complicated influencing factors on the physicochemical properties of WBFA,
as discussed in earlier sections, it remains feasible to deduce these properties from the
available literature. Summarizing the physicochemical properties of WBFA is advantageous
for better ash classification, which, in turn, aids in proposing a systematic valorization
approach for WBFA in the development of cementitious materials.
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2.3.1 Physical properties

The physical properties of WBFA include its particle size, morphology, texture, etc. The
colour of WBFA can be an indicator of unburnt carbon content, as it turns darker with an
increase in unburnt carbon contents. Relating the appearance of WBFA to the combustion
techniques, it is normally reported that WBFA from a fluidized bed tends to show a lighter
colour compared with the ones from grate [39], due to the normally higher contents of
unburnt carbon in grate-fired WBFA.

The particle size of WBFA is largely dependent on the ash collection techniques, as
previously illustrated in Section 2.2. Although the particle size of WBFA largely varied case by
case, most of the particles maintain sizes within 300 um [38,40,41], assuring the feasibility of
WBFA being used as a binder component for developing cementitious materials. Figure 2.1
shows the representative scanning electron microscope (SEM) image of WBFA. Unlike coal fly
ash (CFA) that is mostly spherical in shape, most of the WBFA particles are angular, with only
a small fraction being spherical. This distinction arises from the lower burning temperature of
wood biomass (normally below 1000 °C) compared to coal combustion (above 1200 °C). The
low combustion temperature of wood biomass is less effective in melting the solids and
subsequent condensation into spheres [42]. The lignocellulosic nature of wood biomass
contributes to the formation of fibrous particles with large porous structures [43]. The
heterogeneity and porous structure of WBFA particles lead to large variations in density and
specific surface area ranges, with a range of 2.20-2.70 g/cm? [23,44] and 8-40 cm?/g [41],
respectively.

Figure 2.1 Morphology of WBFA determined by SEM (picture from [45])
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2.3.2 Chemical compositions
2.3.2.1 Major elements

To date, the supply of forest residues (e.g., barks and branches), waste woods (e.g.,
discarded furniture and demolished wood constructions), as well as wood-based by-products
from the pulp and paper industry, has become the main stream for wood biomass energy
[46]. Thus, the diversified feedstocks of wood biomass contribute significantly to the
considerable variation in the chemical compositions of the WBFA. Figure 2.2 presents the
boxplots of the chemical compositions of WBFA from the literatures including 97 types of
WBFA. Although wide variations are reported for these elements, a general trend for the
major elements follows the order: CaO > SiOz> K,0> MgO= Al;03= SO3= P,0s= Fe;0s.

Despite coal being considered the fossilized form of biomass, this biological relationship
between these two fuels does not translate into similarity in their ashes regarding chemical
compositions. It is well known that CFA in cementitious materials is mainly rich in
aluminosilicates. Even for high-calcium CFA, the sum of silica, alumina, and iron oxide is
normally greater than 50% of the total weight [47]. Comparatively, as shown in Figure 2.2,
WBFA contains a high amount of calcium and magnesium while having a relatively low
content of aluminosilicates. The medium values of silica and alumina in WBFA are only 19.30%
and 3.74%, respectively. This information suggests the possible latent hydraulic properties
and low pozzolanic reactivity of WBFA. However, the high availability of calcium and
magnesium also raises concerns about the cracking potential of cementitious materials if they
are in the form of free lime or free MgO.
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Figure 2.2 Boxplots of chemical compositions of 97 types of WBFA with data collected from literature [20—
23,26,39,40,44,45,48-87]
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Figure 2.3 pH values of WBFA vs. their equivalent alkalis content
(data collected from [51,68,76], equivalent alkalis content = Na20 wt.% + 0.658 K20 wt.%)

Due to its high alkali content, WBFA is normally reported to be alkaline in nature, with a
pH value ranging from 9 to 13.5 [88]. However, when measuring the pH value of WBFA,
different water-to-ash ratios are normally employed in various studies. This renders it
inappropriate to directly compare the pH values of WBFA across various studies. Figure 2.3
plots the measured pH values of WBFA from three research articles, along with their
corresponding equivalent alkali contents. It is interesting to note that the pH values and
equivalent alkali content in WBFA are not linearly correlated; WBFA with higher alkali
contents may potentially display lower pH values. This phenomenon may be attributed to the
presence of alkalis in the form of insoluble salts or in amorphous phases that are less
susceptible to dissolve in water. Additionally, the elevated pH values in WBFA can also be
influenced by the presence of free lime in the ashes, increasing the complexity of relating the
alkalinity of WBFA to their chemical compositions.

Chloride is a potential threat to steel bar corrosion in reinforced concrete. Hence, the
chloride content in cementitious materials must be strictly controlled. However, in WBFA,
chloride content is typically reported to be high due to the wood feedstock. As indicated in
Figure 2.2, the median chloride content is 0.70%, with the highest content reaching about
9.50%, which is much larger than the required maximum chloride content (0.40%) in
cementitious materials [89]. This elevated chloride content would present a limiting factor for
the use of WBFA in structural concrete.

To assimilate the chemical compositions of WBFA into cementitious materials, the
classical normalized Ca0O-SiO»-Al,03 ternary diagram is employed to compare the composition
of 97 types of WBFA (illustrated as black dots) with conventional cementitious materials,
including Portland cement, BFS, class C (C) and class F (F) CFA, and natural pozzolans, as shown
in Figure 2.4. The distribution of WBFA in the diagram is identical to the results found by
Carevic et al. [51]. It is evident that the representative area for WBFA covers a significant
expanse, implying its inherent heterogeneity in chemical compositions. In addition, there are
observable overlaps between WBFA and both Portland cement and BFS. This suggests that
WBFA may possess latent hydraulic properties and possibly limited pozzolanic properties.
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Figure 2.4 Ca0-SiO2-Al;03 ternary diagram of WBFA (data collected from [21-23,39,40,44,45,48-62,64—68,70—
87,90]) with comparison of conventional cementitious materials [91]

In summary, WBFA exhibits distinct major chemical compositions from CFA. It is,
therefore, not applicable to directly adopt the valorization methodology of CFA in
cementitious materials. Instead, new strategies are needed for the valorization of WBFA.

2.3.2.2 Heavy metals

The heavy metals in WBFA are largely influenced by the types and sources of wood
biomass. As wood biomass grows, it absorbs heavy metals from the soil, which subsequently
remain in the WBFA following wood combustion. In addition, heavy metals can also originate
during the service life of wood. Demolition wood, for instance, is reported to contain high
amounts of Pb and Cd due to its coating with paints [85,92].

Table 2.1 provides a concise overview of the findings from several studies regarding the
measurement of heavy metals in WBFA. While the leaching results may vary depending on
the experimental conditions and deviations in wood biomass, Cr, Cd, Pb, and Zn were
consistently identified as the most commonly reported heavy metals in WBFA. It is essential
to note that the evaluation criteria for heavy metals also differ in different countries.
Currently, there is a lack of standardized requirements to evaluate the hazardous leaching
potential of WBFA as a construction material. Nevertheless, it is encouraging that several
studies have addressed the positive outcomes of using WBFA in cementitious materials in
relation to heavy metal leaching [39,76,93,94]. This is because, on the one hand, the heavy
metal leaching potential decreases with aging as a result of the formation of new mineral
phases that reduce the mobility of heavy metals [95]. On the other hand, the implementation
of WBFA in cementitious materials can significantly immobilize heavy metals through
hydration products and a condensed microstructure [96]. Consequently, the monolithic
leaching of cementitious materials containing WBFA has a limited leaching potential [76,94].
As such, further highlighting the use of WBFA in cementitious materials is advantageous from
an environmental perspective.
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Table 2.1 Main conclusions about heavy metals from WBFA

Ref Measured heavy Employed standards Heavy m'eta?ls Results remarks
metals beyond limit
The heavy metal levels in WBFA
Ti, Pb, Cr, Ni, Cd, As, Fertilizers Regulation met the regulatory standard,
[38] . None . .
Hg Act in Japan satisfying the requirements for
fertilizer production
Measured according to Cannot be used for construction
Sbh, As, Ba, Cd, Cr, Hg, | EN 12457; .
[39] ; . Cr, Pb material due to the exceeded
Pb, Mo, Ni, Se, Zn Evaluation based on o
upper limits for Cr and Pb
SQD
Measured according to
EN ISO 16968:2015 and
ASTM D 6722-11;
Zn, Cd, Cr, Ni, Pb, Mn, Evaluation based-or.1 . The !eachlng of Cd surpassgd the
[51] Co. Ba Bi Sr. Cu H European Commission: | Zn, Ni, Cd, Pb maximum allowable value in all
» 53, Bl 5r, LU, He Heavy metals and 10 categories of WBFA.
organic compounds
from wastes used as
organic fertilisers
Measured according to WBFA blended with cement
[94] | Cd, Cr, Cu, Ni, Pb, Zn NEN 7345; Evaluation None showed good environmental
based on SQD stability
Carbonation and hydration
duce th
[95] | cd, Cr, Cu, Ni, Pb, Zn | US EPA 3015A n/a processes can recuice the
leaching of heavy metals in
WBFA

2.3.3 Mineral compositions

The mineral compositions in WBFA are closely relevant to its chemical compositions.
Therefore, it can be anticipated that the major mineral phases are rich in calcium and alkalis,
given the high content of these elements in WBFA, as indicated in Figure 2.2. Vassilev et al.
[97] have provided a comprehensive list of minerals reported in biomass ash. However, the
data encompasses a broad range of biomass sources without further distinguishing WBFA.

In light of the complexity of mineral compositions in WBFA due to the variation of wood
sources as well as the limited availability of quantitative phase analysis in WBFA, it is
unjustified to compare the abundance of minerals in WBFA. Nevertheless, a frequency
analysis of different mineral phases reported in WBFA was conducted to better specify the
most likely present mineral in WBFA. This was conducted by analysing the mineral phases in
70 types of WBFA from 27 research papers. The frequency was calculated according to
Equation 2.1,

Times of mineral i being reported

M; (%) = x 100% (2.1)

Numbers of WBFA samples
where M;is the reported frequency of mineral phase i, and the numbers of WBFA samples are
70, which is collected from 27 research papers. The reporting frequencies of the prevalent
phases in WBFA are presented in Figure 2.5.
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Figure 2.5 Minerals in WBFA reported from literature and their reported frequency (data collected from
[20,22,39,45,48,50-55,57,59,60,63-65,67,68,72,74,78,81,83,86,87,98])

It is evident that calcium-bearing phases are frequently reported in WBFA, with calcite,
portlandite, and lime being the most commonly observed. Additionally, quartz is the primary
silicon crystalline phase in WBFA. Due to the abundance of sulfate, potassium, and chloride,
minerals such as sylvite, anhydrite, and arcanite are also commonly noted in the literature
[68,74,87]. These phases contribute to the primary crystalline minerals in WBFA.

In addition to crystalline phases, the amorphous phase is another important component
in WBFA. Amorphous phase is more prone to react in an alkaline environment compared to
crystalline phases, thus indicating the reactivity of WBFA to a certain extent [99,100]. Since
the combustion temperature of wood biomass is mostly within 1000 °C, which is insufficient
for melting the ash particles to form a high content of amorphous phases, a generally low
content of amorphous phases can be expected. This can be supported by the X-ray diffraction
(XRD) patterns of WBFA, as shown in Figure 2.6. Materials with high amorphous content often
exhibit a hump in their XRD patterns, whereas the XRD patterns of WBFA typically show highly
crystalline features with flat patterns. Quantified phase analysis, although with limited data
available from the literature, has shown a low amorphous content in WBFA. For instance, the
amorphous content in WBFA was reported to be 27.6% in [101] and a range of 24-61% in [87]
from QXRD analysis, and 11% from acid attack dissolution test [102].

Vitreous phase yy xgp =not determined

XRD analysis:

Q — Quartz (Si0,)

C — Calcite (CaCO;)
Q 5 P — Portlandite (Ca(OH),)
CS — Wollastonite (CaSiO;)
T T T T T T T T 1 L —Lime (CaO)

Figure 2.6 XRD patterns of WBFA (picture adopted from [102])
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2.4 Pretreatment of WBFA

The purpose of pretreatment is to improve the feasibility of materials for developing
cementitious materials, where sieving and washing were the most commonly adopted
pretreatment techniques for WBFA.

Sieving is normally employed to remove coarse particles and especially unburnt carbon
in WBFA [19,45,103]. Usually, particles above 300 um are removed, and these particles
constitute only a small weight proportion. As unburnt carbon with a great specific surface
area would greatly increase the water demand in cementitious materials, this process can
help with the workability when using WBFA in cementitious materials.

The purpose of washing is to eliminate soluble salts that could be detrimental to
cementitious materials. Berra et al. [52] applied washing to remove alkalis, sulfate, and
chloride in WBFA. Since these elements exist primarily as soluble salts, as previously
demonstrated in Figure 2.5, such as sylvite and arcanite, washing is efficient in improving the
quality of ash to meet the requirements of chemical compositions in fly ash used for concrete.
Meanwhile, washing can also reduce the concentration of heavy metals [39]. However, it is
important to note that washing only transfers the contaminating substances from WBFA into
water. This means that further actions should be taken for waste water management;
otherwise, secondary pollution may occur after the washing process, which is also
unfavourable from an environmental perspective. However, there is limited information
provided on wastewater management after washing WBFA.

2.5 Valorization of WBFA in cementitious materials

2.5.1 Clinker production

As presented in Figure 2.4, the normalized Ca0-SiO;-Al;03 ternary chemical
compositions of WBFA have a large overlap with Portland cement. This brings up the
possibility of WBFA as one of the raw materials for cement clinker production. The benefits
of applying WBFA as a raw material for clinker production can be concluded as follows:

1) Reducing the need for limestone quarrying, considering the abundance of calcium in
WBFA;

2) Decreasing energy costs associated with raw material grinding, considering the
particle size and grindability of WBFA compared to that of limestone;

3) Lowering the CO2 emission during clinkering, given that portlandite and lime are part
of the main calcium-bearing phases.
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Figure 2.7 Distribution of LSF and their occurrence frequency in 88 types of WBFA from literature (data
collected from [21-23,40,44,45,48-61,64-68,70-87,90])

To obtain high quality cement clinker, several factors should be considered when
designing mixtures of raw materials. The lime saturating factor (LSF), as defined in equation
2.2, is one of the pivotal parameters. It is recommended to maintain a range of 0.92-0.98 in
LSF for Portland cement to enlarge the amount of C3S without yielding free lime [104]. Based
on the chemical compositions of WBFA in the literature, the LSF of WBFA from 88 samples is
calculated in this review. The distribution of LSF values and the frequency analysis are plotted
in Figure 2.7. It can be seen that the LSF in WBFA exhibits a large variation. By comparing the
recommended LSF values for Portland cement clinker production (plotted in grey area) with
the distribution of LSF in WBFA, it is noticed that most of WBFA falls outside the
recommended LSF range. Therefore, it is impractical to apply WBFA as the main component
for Portland cement clinker production. Instead, it can only be used in a smaller quantity as a
partial replacement for calcium and silicon sources, depending on the chemical compositions.

Cao
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Besides the major elements, the trace chemicals in WBFA should also be addressed. For
instance, potassium, sulfur, and chloride, as indicated in Figure 2.2 with a moderate
concentration in WBFA may lead to the corrosion of kilns [105] further negatively influencing
the properties of clinker. It is, therefore, necessary to assess these elements before applying
WBFA to clinker production.

Experimental research on the implementation of WBFA for clinker production is so far
limited. Tosti et al. [106] conducted a feasibility analysis regarding WBFA for clinker
production. They emphasized the significance of controlling the properties of biomass ash
with desirable CaO/SiO; ratios to satisfy the requirements for clinker production. However,
as shown in Figure 2.7, it is difficult to maintain the parameters in a stable condition. Instead
of producing Portland cement, Carr [107] directly fired WBFA in order to obtain mineral
phases with hydraulic properties. By subjecting WBFA to high temperatures at about 1200 °C,
wollastonite and B-C>S were formed, imparting hydraulic properties to the ash. The hydraulic
property can be further enhanced by fixing the mixture designs to produce more hydraulic
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phases. Carr extended this work by introducing pure chemicals to generate more alite and
belite at the lab scale. Another study by Buruberri et al. [108] adopted other industrial wastes
to fix the mixtures and produce belite clinker at about 1390 °C. Still, the compressive strength
of the waste-derived cement was less satisfactory, reaching only about 10 MPa at 28 days.

To date, it is still challenging to apply WBFA to clinker production. One reason is
attributed to the large variations in chemical compositions, and imbalanced chemical
compositions from a raw material design perspective. There is a lack of research on the impact
of unwanted chemicals in the WBFA on clinker formation and kiln corrosion. In addition, there
is no quantified environmental analysis of the valorization of WBFA in clinker production. It is
crucial to evaluate whether the environmental burden relief from employing WBFA in clinker
production justifies the high-temperature process, especially considering the low-grade
cement as reported in the literature.

2.5.2 Blended cement

Partially replacing cement with industrial by-products has become a well-established
approach for waste recycling in the construction industry. A wide range of industrial by-
products have been turned into valuable supplementary cementitious materials (SCMs) to
partially replace cement, aiming at diminishing the carbon footprint of cement [109-111]. In
this section, the implementation of WBFA in blend cement is discussed.

2.5.2.1 Roles of WBFA
Three aspects generally sum up the roles of most SCMs in blended cement:
- Pozzolanic material

The pozzolanic reaction primarily involves the interactions between portlandite, one of
the primary hydrates in cement hydration, and reactive aluminosilicate phases in SCMs [112].
This reaction ultimately facilitates the formation of C-(A)-S-H gels, leading to a densification
of the microstructure of the cement matrix [91]. The pozzolanic reactivity of the WBFA is
therefore of great interest to evaluate the potential of WBFA in this regard.

The governing elements for pozzolanic reactivity are primarily aluminosilicates and iron
[113]. To ensure the pozzolanic reactivity, the amount of those aforementioned elements
shall be above certain criteria. For instance, it is suggested in coal fly ash with a lower limit of
the sum of aluminosilicate and iron at 50% and 70% for C and N types, respectively [47]. In
addition to the chemical compositions, it is preferable that these elements exist in an
amorphous state rather than in an inert crystalline form like quartz, mullite etc., as
amorphous phases are more conducive to reaction [99]. According to the chemical
compositions provided in Figure 2.2, however, the mean value of the sum of silicon, alumina,
and iron in WBFA is only about 29.77%, implying the possibly low pozzolanic reactivity of
WBFA in general.

Besides the evaluation of WBFA in terms of pozzolanic reactivity from chemical and
mineral compositions, direct experimental assessments of the pozzolanic reactivity of WBFA
have been reported in a few papers. Among the available test methods [114], the saturation
lime method (Frattini method) and the Chappelle test are seen as the most commonly
adopted methods for measuring WBFA in the literature [52,72,75,115]. Nevertheless, it is



18| Page Chapter 2

important to note that these methods may lead to an underestimation of the pozzolanic
reactivity of WBFA, as the calcium leached from WBFA is overlooked. The example can be
referred to in reference [102], where the Chappelle test result for WBFA shows a negative
value.

When comparing different types of WBFA, it is normally found that WBFA with higher
proportions of aluminosilicates tends to present greater pozzolanic reactivity [68,75].
However, compared to commonly used SCMs such as metakaolin and coal fly ash, WBFA
demonstrates significantly lower pozzolanic reactivity [50,72]. Thus, less compelling
properties are present in cement blended with WBFA compared with those blended with coal
fly ash and slag.

- Mineral with synergistic effect

Even for WBFA with low pozzolanic reactivity, it is still possible to be used in blended
cement as a mineral additive, provided it can positively contribute to the hydration of cement
and/or other SCMs, instead of promoting pozzolanic reactions. This phenomenon is termed
the "synergistic effect" in this thesis, a concept that has been extensively reported in the
literature on other industrial by-products [116-118].

One representative case can be the limestone powder, which has been shown to react
with aluminate and sulfate phases in blended cement, ultimately contributing to the
increased monocarbonaluminate and stabilizing the presence of ettringite [119,120]. In this
context, it is worth emphasizing that calcite is one of the main mineral phases in WBFA, as
illustrated in Figure 2.4. The results in [19] found that when WBFA was blended with cement,
there was an observed increase in the formation of ettringite content, accompanied by a
decrease in calcite contents. The depletion of calcite in WBFA also led to the formation of
mono/hemi-carbonaluminate. Consequently, in their research, WBFA was found to exhibit a
similar function to limestone powder in reacting with the aluminate phase, suggesting its
synergistic effects on cement hydration.

Considering the latent hydraulic property of WBFA in the presence of lime and periclase,
a minor addition of WBFA can also positively contribute to the strength development of
cement. Meanwhile, since WBFA is highly alkaline, the introduction of WBFA can increase the
pH value of the pore solution, thereby promoting the hydration of cement and other
components such as slag and coal fly ash [80,121,122]. However, it is necessary to note that
the high alkali content might lead to side effects on the properties of cementitious materials,
for instance, the deceased long-term strength [123], and possibly increased alkali-silica
reaction potential [123].

- Filler

Filler is considered an inert component in blend cement, as it barely contributes to the
formation of hydrates. Still, it can accelerate cement hydration by serving as a nucleation site
for the growth of hydrates. For example, the addition of rutile [124] and quartz powder [125]
has been shown to promote cement hydration through the nucleation effect. However, it is
important to note that in order to achieve the quasi-chemical filler effect, it requires an
extremely fine particle size. Until now, there has been limited research reporting the filler
effects of WBFA in blended cement systems, mainly due to the typically large particle size of
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WABFA. Bajto et al. [23] reported the possible nucleation effect of one type of WBFA in blended
cement, observing an enhanced heat flow peak. In their research, WBFA presents a smaller
particle size than cement, with the dso of about 6.10 um. Maschowski et al. [126] also reported
that up to 5% of cement replacement by WBFA led to a significant strength increase due to
the pore-filling effect. To improve the feasibility of non-reactive WBFA as a filler, grinding
techniques can be recommended [22]. Still, an important consideration should be that when
a large proportion of filler is added, the dilution effect would eventually lead to performance
degradation [127,128]. Therefore, the amount of WBFA used for filler purposes should be
carefully restrained.

2.5.2.2 WRBFA on the fresh properties of blended cement

Regardless of the diverse properties of WBFA and its different functional roles in blended
cement, it is interesting to observe that the results regarding the impact of WBFA on the fresh
properties of cement concrete are largely consistent. It is generally acknowledged that WBFA
can increase the water demand for cementitious materials [129]. Thus, the decrease in
flowability is reported when WBFA is introduced as a partial cement replacement [52,80,101].
The reasons are attributed to water adsorption by unburnt carbon and particles with porous
structures. The increased interparticle friction due to the angular WBFA particles is also one
of the contributing factors [21].

The rheology properties influenced by WBFA are less investigated yet. One study [21]
concluded that due to the water adsorption by WBFA particles and the agglomeration of
WBFA particles, the yield stress of cement mortar was found to be largely increased with the
addition of WBFA. The increased vyield stress with WBFA could also be attributed to the
potassium salts that led to the early precipitation of portlandite and gypsum [74]. In terms of
setting time, an extend in both initial and final setting time is widely reported [21,23,78]. The
phenomenon was explained from the physical perspectives: competition for water, reduced
water for cement hydration [21], and chemically retarding effects: the high sulfate and
phosphorus content-caused slower hydration of cement.

2.5.2.3 Hydration and microstructure alteration

Isothermal calorimetry test is normally used to investigate the hydration process of
cementitious materials. When WBFA is introduced as a cement replacement, contrary results
are reported. For instance, in [50,83], a decrease in the main hydration peak with the
increment of WBFA was reported. This phenomenon was explained by the low reactivity of
WBFA, which led to the dilution effect. However, in [23], when 15% of cement was replaced
by different types of WBFA, it was found that all these mixtures showed a higher main
exothermic peak than the reference mixture, despite that the occurrence of the main peak
can be delayed or accelerated depending on the different ashes. By relating the chemical
compositions of WBFA with the heat flow, it is seen that for WBFA with high calcium and alkali
content, the exothermic peak tends to increase in isothermal calorimetry, and vice versa. The
abundance of alkalis and calcium can help with the initial cement hydration to a certain extent,
which can explain these results. The adiabatic calorimetry shows similar results. Rajamma et
al. [21] measured the temperature evolution of cement pastes with two types of WBFA. They
observed that pastes containing less than 20% of WBFA experienced an accelerated
temperature rise during early hydration (before 10 hours). Furthermore, pastes with a higher



20|Page Chapter 2

calcium content exhibited a more pronounced increase in temperature. Combining the
information in short, the compositions of WBFA largely determines its effects on the
hydration process when blended with cement. Higher calcium WBFA can slightly accelerate
the early hydration process, while WBFA with high silicon tends to dilute the hydration
intensity with its increased dosage.

As WBFA changes the hydration kinetics of cement, undoubtably the phase assemblages
shall alter when WBFA is introduced. From a qualitative analysis point of view, cement
blended with WBFA typically contains similar types of hydrates. The main distinction lies in
theinert phasesintroduced by WBFA, such as quartz and calcite [22,67], present in the matrix.
However, the introduction of WBFA can influence the quantity of hydrates. For example,
considering the availability of sulfate in WBFA, an increased amount of ettringite might form
when a large amount of WBFA is incorporated [67,75]. This could result from increased
SOs3/Al,03 ratios with WBFA, and the presence of calcite in WBFA can also help with the
stabilization of ettringite. In addition, it had been reported that the content of portlandite
generated in cement pastes increased with WBFA at early hydration [52,67], as the calcium-
bearing phases in WBFA could lead to a higher accumulation of portlandite. However, this
increment effect was found to decrease with hydration. Considering the limited pozzolanic
activity in WBFA, its contribution to the formation of C-S-H gels was minor. In [67], pastes
blended with WBFA were observed to contain a similar amount of bound water and
portlandite content, but a higher amount of ettringite at later stages of hydration (> 28 days).
Consequently, it was deduced that WBFA did not promote the formation of C-S-H gels. Fort
et al. [50] determined the content of amorphous phases in cement blended with WBFA using
QXRD. They observed a linear decrease in the amorphous content with the increment of
WBFA, which can be attributed to the decrement of C-S-H gels.

The phase assemblages influenced by WBFA in blended cement would eventually lead
to changes in pore structure. Yet, only limited investigations have been conducted regarding
the effects of WBFA on the pore structure of blended cement. Maschio et al. [74] observed a
significant increase in water adsorption when cement was replaced by WBFA by greater than
5%, indicating the increase in open porosity with the increment of WBFA. Fort et al. [50]
applied the MIP technique to determine the cumulative pore volume and pore sizes of
blended cement samples with WBFA. The results showed a gradual increase in total porosity
with an increment in cement replacement level from 10% to 70% with WBFA. Particularly,
capillary pores ranging from 10 nm to 1 um showed the most significant increase in volume.
Similar results were also reported in [130]. In all, due to the generally low reactivity of WBFA
and coarse particle size, WBFA tends to cause a more porous microstructure in blended
cement. This would be a significant factor affecting the mechanical properties and long-term
performance of blended cement.

2.5.2.4 WABFA on the compressive strength of blended cement

Compressive strength of cementitious materials is a result of their phase assemblage and
microstructure compactness. Given that in most cases WBFA leads to a reduction in hydrate
phases and increased porosity, it can be anticipated, therefore, that WBFA may result in a
negative impact on the compressive strength.
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Figure 2.8 WBFA contents vs. compressive strength increment ratios
(a: 28-day specimens, b: 90-day specimens; data collected from [21,44,50,76,101,131])

Figure 2.8 summarizes the effects of different WBFA percentages on the compressive
strength of blended cement. When more than 10% of cement is replaced by WBFA, in most
research, a negative strength impact is observed [21,50,77,131]. Explanations for strength
loss often point to the slow pozzolanic reaction of WBFA, which impedes strength
development. Other factors such as the large WBFA particles with porous textures, and
adverse effects on some alkali salts may also lead to a strength decrease, especially at a later
stage. There are optimal dosages recommended for WBFA from the strength point in different
studies, claiming that within these criteria, WBF can positively contribute to strength
development, or only lead to negligible strength compromise. Although the optimal dosages
varied across different studies due to the variations of WBFA, a general 5-10% was suggested
[21,44,62,83]. This is much lower than the upper limit criterion of conventional SCMs in
blended cement [132]. The utilization efficiency of WBFA used in blended cement is relatively
restrained.

2.5.2.5 Brief comments

To date, the integration of WBFA in blended cement remains one of the main approaches
to its valorization. From the cement industry point of view, due to the scarcity of commonly
used SCMs, there is an increasing demand to seek alternative raw materials, for the purpose
of reducing the carbon footprint of cement. The substantial demand for alternative SCMs in
cementitious materials can promote utilization efficiency in WBFA. These circumstances
collectively build the foundation for the advantageous utilization of WBFA in blended cement.

The main challenge in this regard is mainly due to the low pozzolanic reactivity of WBFA.
To avoid significant performance compromises in cement concrete, the amount of WBFA to
be suggested in blended cement is restricted to 5-10%. Thus, the utilization of WBFA is
relatively low.

Apart from the pozzolanic reactivity, it is noteworthy that there are valuable elements
(calcium, sulfate, and alkalis) and phases (lime, portlandite, calcite etc.) in WBFA that can
facilitate the reaction of cement and other SCMs. While it may be too ambitious to directly
replace cement with WBFA, a more practical approach could involve using WBFA as a partial
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replacement for common SCMs. This approach can yield synergistic effects, ultimately
achieving satisfactory performance for cementitious materials. Unfortunately, there has been
relatively little research and attention focused on this perspective.

2.5.3 Alkali-activated materials preparation

Alkali activation is another prevalent technique for waste recycling. In this technique,
the reactions between precursors, contributing aluminosilicates and calcium species, and
activators, providing a strong alkaline environment, lead to the formation of different hydrate
gels like C-A-S-H, N-A-S-H, and C-(N)-A-S-H [133] and other secondary products. These
hydrates ultimately confer mechanical properties on monolithic materials [134]. Any material
capable of serving as either precursors or activators can be used for AAMs production. This
versatility has led to the exploration of a wide range of industrial by-products for their
potential use in AAMs production [135,136], including WBFA [60,137,138].

This section provides an overview of current research on the utilization of WBFA in AAMs
production. Given the distinct characteristics of WBFA in chemical compositions and high
alkalinity, studies have focused on both the precursor and activator perspectives.

2.5.3.1 WABFA as precursor

In the production of AAMs, the most commonly used precursors align with those
frequently employed as SCMs in blended cement, such as slag, coal fly ash, metakaolin, etc
[134]. This is because, for both alkaline activation and pozzolanic reactions, the reactive
aluminosilicates are of great interest. Materials that present high pozzolanic reactivity can
always be ideally used for AAMs preparation. Differently, materials with low or even poor
pozzolanic reactivity, which may be considered less reactive in blended cement, could
potentially be used for AAMs preparation. This is due to the fact that the highly alkaline
environment can enhance the dissolution of the reactive phases [139]. Therefore, WBFA
retains the feasibility of being used as one source of precursors in AAMs preparation, even
though WBFA shows lower reactivity than those conventional precursors.

When WBFA is used as the singular precursor in AAMs, it is anticipated that a high
activation energy, for instance, elevated alkalinity of activators, may be needed, considering
the typically low reactivity of WBFA. Nevertheless, this assertion may not be consistently
supported by the experimental findings. In [73], it was found that NaOH solution with a
molarity of 10 M was optimal for alkali-activated WBFA mortar regarding compressive
strength. Increasing the molarity to 18 M only led to a strength decrease. Similarly, in [64],
the compressive strength of NaOH-activated WBFA pastes achieved its highest strength with
a NaOH concentration at 2 M. Further increases in alkalinity barely promoted strength
development but caused a slight reduction. These results can be explained from the
dissolution point of view: Within a certain limit, a higher alkaline environment facilitates the
dissolution of WBFA. However, as the alkalinity increases, the dissolution of calcium species
isimpeded. Thus, it is not feasible for the precipitation of C-A-S-H gels, ultimately resulting in
a strength loss [140]. Therefore, an optimal mixture design is highly demanded to attain
satisfactory performance without wasting extra activator. Still, it is essential to note that in
general, the compressive strength of alkali-activated WBFA is relatively low (<10 MPa)
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[64,73,141]. This may restrain the application of alkali-activated WBFA from an engineering
perspective.

Considering the limited strength of alkali-activated WBFA, it is viable to incorporate
other highly reactive precursors, such as metakaolin[73,138,142—-144], glass powder [64], and
blast furnace slag [145] to create hybrid precursors. Partially replacing WBFA with reactive
aluminosilicates has been reported to yield more reaction products, resulting in a denser
microstructure and enhanced mechanical properties [73]. However, it is worth noting that in
this context, the improved performance appears to be primarily due to the external reactive
aluminosilicates. The addition of more reactive aluminosilicates materials results in superior
performance. Thus, it is challenging to justify the contribution of WBFA to the AAMs. The
practical significance of recycling WBFA would be largely diminished, even if a higher content
of WBFA can be used in this scenario compared to its use in blended cement, as most of WBFA
was only treated as inert aggregate instead of a value-added mineral in the binder system.

Instead of employing WBFA as the main precursor along with additional reactive
aluminosilicates to prepare AAMs, a more practical strategy involves partially replacing the
conventional precursors with WBFA in AAMs. The distinction between this strategy and the
former one is that WBFA in this scenario is used as a mineral to tailor the reaction kinetics,
influence the compositions of hydration products in AAMs, and subsequently improve their
performance. There would be an optimal dosage for WBFA to justify its role in this system.
For instance, in [146], when metakaolin was replaced by WBFA, the main reaction products
evolved from N-A-S-H gels in the pure metakaolin system to the (N,C)-A-S-H gels in the
blended mixture. A more compacted microstructure can be observed in SEM with the
introduction of WBFA, and the compressive strength increased with the WBFA replacement
ratio up to 50%. High calcium WBFA was also used to replace coal fly ash in AAMs, as reported
in [147]. Due to the introduction of calcium from WBFA, the setting time of mixtures can be
shortened. Besides, a strength improvement, especially at the early stage, was reported in
the mixture with the optimal coal fly ash replacement dosage at 10% by WBFA. Similarly, the
presence of C-A-S-H gels are evident as one of the main hydrates together with N-A-S-H gels,
thus improved the mechanical properties.

2.5.3.2 WBFA as activator

Since WBFA is reported to have high alkalis salt contents, the anticipated high alkalinity
of WBFA enables it to stimulate the alkaline activation process when blending WBFA with
other precursors. Jurado-Contreras et al [146] investigated the soluble alkali salts from WBFA
on the properties of alkali-activated WBFA-metakaolin mixtures. By comparing WBFA before
and after washing, it was reported that AAMs with raw WBFA obtained a higher mechanical
property than those prepared with washed WBFA. The alkalis were evident with great
contribution to the reactions of AAMs.

Moreover, some research has attempted to directly employ WBFA as a solid activator
for the preparation of one-part AAMs. In [148], the high calcium wood ash was used as a solid
activator to activate coal fly ash. It was observed that by blending wood ash with water, the
pastes had a pH value above 13, implying the feasibility of using wood ash as an activator.
Meanwhile, due to the presence of high calcium, coal fly ash can be activated at ambient
temperature, forming C-S-H gels as one of the main reaction products. In [149], WBFA was
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used as a solid activator to activate silica fume. A mixture of 50% WBFA and 50% silica fume
can obtain a compressive strength close to 30 MPa at 28 days. Additional studies exploring
WBFA as an activator to combine with other aluminosilicate precursors have also been
reported [54,150].

2.5.3.3 Brief comments

Alkali activation enhances the dissolution of precursors in a strongly alkaline
environment. When used as precursors, WBFA can release more amounts of aluminosilicates
compared to its dissolution in cement pore solutions [139]. However, if WBFA is used solely
as a precursor, it may be difficult to achieve satisfactory performance due to its inherent
reactivity limitations. Hence, it is more practical to introduce other precursors or replace
traditional precursors by WBFA. Still, in the hybrid precursors, the recommended upper limit
for WBFA is mostly larger than that reported in blended cement. This allows for a higher
recovery efficiency when utilizing WBFA through alkali activation compared with blended
cement.

Furthermore, considering their predominantly high alkalinity, it is of great interest in
valorizing WBFA as an activator. On one hand, the implementation of WBFA as a solid
activator enables the production of one-part AAMs, which solves the drawbacks of
conventional AAMs with great difficulties in handling corrosive activators [151]. Additionally,
since the primary carbon emissions of AAMs originate from activators [152], employing WBFA
as an activator allows for the production of AAMs entirely derived from solid waste, resulting
in significant environmental benefits. However, recent research on WBFA in AAMs still largely
focuses on preparing conventional AAMs by adjusting the mixture designs (WBFA proportions
in precursors, alkali contents, and modulus), further concluding an optimal mixture containing
a certain amount of WBFA. There is a need for comprehensive research on studying WBFA as
a solid activator, addressing aspects such as reaction kinetics, reaction mechanisms,
microstructure evolution, and the eventual upscaling practice. Such research is essential to
effectively take the use of the chemical compositions of WBFA in developing AAMs and
enhance its valorization efficiency.

2.6 WBFA classification towards cementitious materials development

To date, research on the valorization of WBFA is primarily regional, often presented as
case studies. Previous attempts to classify biomass ash have been conducted in a few studies.
Vassilev et al. [97,153] proposed an initial classification of biomass and ashes based on
chemical compositions. From a phylogenetic perspective, Zhai et al. [154] reviewed the
chemical compositions of biomass ash from different sources. However, it is difficult to
directly adopt these ash classifications to help the design of WBFA utilization methodologies
in cementitious materials, as these classifications only aim to predict ash compositions based
on the sources. To facilitate the valorization of WBFA in developing cementitious materials,
therefore, it is essential develop ash classification methods from the cementitious materials
perspective.
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Figure 2.9 Elements of interest from WBFA used in blended cement and AAMs

In the current review, the primary roles of WBFA in cementitious materials may be
categorized into four key aspects: functioning as pozzolanic materials, contributing to
synergistic effects, acting as precursors, and serving as activators. The chemical compositions
of WBFA are highly correlated with the functions of WBFA in the development of cementitious
materials. Hence, it is possible to propose the WBFA classification method from an
application-focused standpoint, linking the chemical compositions to the functions of WBFA.
Figure 2.9 illustrates that the anticipated utilization methods for WBFA can be determined
based on its primary chemical compositions. For example, in order to utilize WBFA as
pozzolanic materials, a greater quantity of aluminosilicates is required. When adopting WBFA
for precursors, in addition to aluminosilicates, calcium species are also preferred.
Furthermore, if WBFA is to be utilized as activators, it is crucial to emphasize the presence of
alkalis.

Figure 2.10 provides an application-oriented WBFA classification methods, derived from
the modified ternary diagram, referring to the work from Vassilev et al. [97,153] and Zhai et
al. [154]. The coloured areas in the figure represent the estimated distribution of WBFA, with
the data plotted as a modified version of Figure 2.2. To further correlate the chemical
compositions and their associated applications, the distribution of 20 types of WBFA from the
literature identifying different roles in developing cementitious materials is specifically
plotted. Thus, a simplified two types of WBFA are summarized. Type | WBFA primarily includes
a high content of aluminosilicates and iron. The normalized weight proportions of these
elements are above 50%. This makes it suitable for use as either pozzolanic material or
precursors in AAMs production. Conversely, Type [l WBFA primarily comprises a high content
of calcium, alkalis, and sulfate, which make it a suitable activator or calcium source in AAMs
production, or SCM with synergistic effects. Still, it is worth noting that this classification is
limited to preliminary WBFA utilizing approaches. Further refinement should be considered
once more detailed information on WBFA, for instance, mineral compositions, amorphous
content, becomes available. Future refinement is necessary to provide a more precise ash
classification.
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Figure 2.10 Application-oriented classifications of WBFA based on chemical compositions. (WBFA with
pozzolanic activity in [63,65,72,77], WBFA used as aluminosilicate precursors in [73,138,142-144], used as
calcium-based precursor in [64,147], used as activator in [54,146,150])

2.7 Research gap and problem definition

Based on the current review, the following aspects were summarized as the research
gaps that are going to be investigated in this thesis.

e Low utilization efficiency of WBFA in cementitious materials

The low utilization efficiency of WBFA is mainly due to the improper methodology
adopted. These methods often involve conventional approaches for aluminosilicate-rich
industrial materials, such as directly substituting WBFA for cement or using it as a precursor.
New strategies are needed to exploit the major components (alkalis, sulfate, and calcium-
bearing phases) in WBFA for designing cementitious materials. One interesting example is
leveraging the sulfate, alkalis, and calcium-bearing phases to promote the reaction of other
aluminosilicates, thereby forming cement-free binders. This will be one of the binder systems
investigated in this thesis.

e Reaction mechanisms of WBFA in cementitious materials remains unclear

Previous studies have widely investigated the performance of cementitious materials
containing WBFA, while the reaction kinetics and microstructure evolution are not well
understood. When WBFA is used for developing new types of cementitious materials, a more
comprehensive investigation should be conducted to understand the role of WBFA and other
components from the reaction mechanism perspective, which enables providing a
fundamental basis for designing cementitious materials.

e Knowledge on durability aspects is limited

Besides fundamental research on reaction mechanisms, a broad knowledge of the new
binders is needed, including their durability. Current research just simply compares the
performance of cementitious materials before and after the introduction of WBFA in different
durability performance, while the controlling factors influencing these durability
performances is rarely discussed. This thesis aims to address this gap by focusing on
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carbonation, an inevitable process during the service life of cementitious materials, with the
investigation of the governing factors on carbonation in detail.

e Needs in the application-oriented research

Upon the development of cementitious materials based on the new methodologies,
application-oriented research is necessary to verify the feasibility of producing construction
products based on the materials developed in the thesis. Further, it is important to conduct
an environmental impact assessment on the products to justify the benefits of utilizing WBFA
in construction materials.

2.8 Summary

This chapter reviewed the current research on the physicochemical properties of WBFA
and its utilization for the development of cementitious materials. Despite the considerable
variability in the physicochemical properties of WBFA, the predominant chemical composition
tends to follow the sequence: CaO> SiO2> K,0> MgO= Al,03= SO3= P,0s= Fe,03. The crystalline
phases predominantly consist of calcium-bearing phases, and the amorphous content in
WBFA is generally lower than that in conventional materials employed in the cement concrete
industry, resulting in limited pozzolanic reactivity.

Three main approaches for valorizing WBFA in cementitious materials, namely clinker
production, cement substitution, and the development of AAMs, were reviewed. While
clinker production demands high material stability and high energy costs in the clinkering
process, which is not particularly advantageous for WBFA valorization, incorporating WBFA in
blended cement and preparing AAMs remain the two most commonly used approaches. In
blended cement, owing to the generally low pozzolanic reactivity of WBFA, it is recommended
to use only 5-10% WBFA as a cement replacement, with an acceptable compromise on
performance. In the production of AAMs, WBFA can be used as aluminosilicates and calcium
sources depending on its chemical compositions. Besides, owing to the high alkalinity of
WBFA, it is possible to use WBFA as a solid activator. Still, limited research has been
conducted in this aspect.

To enhance the understanding of WBFA and facilitate its application, an application-
oriented WBFA classification method is proposed, based on the chemical compositions and
their correlation with their reported applications in the literature, aiming to provide guidance
for WBFA valorization in construction materials. A further refinement of the ash classifications
is suggested in future research when more information on WBFA, especially the quantification
of mineral compositions, becomes available.

In light of the information from this review, it was concluded that the utilizing efficiency
of WBFA in cementitious materials remains limited, necessitating the exploration of new
methodologies. Consequently, this thesis is enclosed with comprehensive research that
includes the investigation from raw materials to binder formulation, and extends to
addressing carbonation, a significant durability concern in cementitious materials.
Additionally, the research encompasses construction product development, with the
overarching goal of enhancing our understanding of WBFA for more effective utilization in
construction materials.
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Chapter 3

Characterization, pretreatment, and evaluation of
wood biomass fly ash as a binder component

3.1 Introduction

In the valorization of industrial by-products for construction applications, the first step
is to determine the physicochemical properties of the materials. This information serves as
the fundamental basis for identifying any necessary pretreatment process, and evaluating the
feasibility of the materials for specific applications in construction.

This chapter includes the characterization, selection, pretreatment, and potential
evaluation of wood biomass fly ash (WBFA) for construction purposes. Initially, three types of
WBFA are collected and characterized. Subsequently, an initial screening process is conducted
based on the physicochemical properties of WBFA, to identify the most promising ash for in-
depth investigations. The selected ash is subjected to pretreatment processes, and its
feasibility as a binder component is evaluated based on dissolution tests. These analyses
provide valuable insights into the feasibility of WBFA as a binder component.

3.2 Materials and Methods

3.2.1 Raw materials

Three types of WBFA were collected from different bioenergy plants in the Netherlands.
The detailed biomass input, combustion devices, burning temperature, and ash collection
methods are provided in Table 3.1. Notably, due to the high carbon content in WBFA3, a
preliminary sieving process was applied to remove particles above 256 um, commonly
referred to as unburned carbon [155].

Table 3.1 WBFA generations parameters

Burnin . . - Ash collection
& Incineration facility

Biomass type
P temperature method

Wood chips, pruning wood, Bubbling Fluidized

WBFA1 900 °C Bag filt
scrap wood, and paper sludge bed boiler ag miter

WBFA2 Dem'ol'ltlon wast'e wood from 900 °C Bubblln'g Fluidized Bag filter
municipal recycling center bed boiler

WBFA3  Waste contaminated wood 900 °C Grate furnace Bag filter
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For comparative purposes, coal fly ash (CFA) and blast furnace slag (BFS), which are the
most commonly used mineral additives in cementitious materials, were introduced as
benchmarks alongside WBFA. CFA and BFS were supplied by VLIEGASUNIE B.V. (the
Netherlands) and Ecocem B.V. (the Netherlands), respectively.

3.2.2 BFA characterization and screen-out
3.2.2.1 Ash characteristics

The particle size distribution (PSD) of WBFA, as measured by the laser diffraction
analyzer (Mastersizer 2000), is shown in Figure 3.1. In general, the particles in all three types
of WBFA are within 200 um, consistent with the review in Chapter 2. Specifically, the particle
sizes of both WBFA1 and WBFA2 fall within the range found in BFS and CFA. Conversely,
WBFA3 shows the largest particle size among all of the materials. The variations in particle
size among the three types of WBFA highlight their distinct characteristics. A possible
explanation for this variation can be attributed to the combustion devices, with the grate
furnace exhibiting a lower combustion efficiency compared to the fluidized bed [33].
Meanwhile, the differences in fuels in different plants can be another factor.

100
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40 4

Volume percentage (%)
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Particle diameter (um)

Figure 3.1 particle size distribution of WBFA, CFA, and BFS

Table 3.2 Chemical compositions (in wt.%) of WBFA, CFA, and BFS determined by XRF

LOI LOI

SiO2 AlOs CaO Fe203 SOs3 Na20 K0 cl MgO PbO (550 (1000

DC) DC)

WBFA1 15.20 4.06 43.65 2.58 6.00 177 692 318 333 - 1.55 6.03

WBFA2 10.14 7.12 46.96 5.32 7.69 0.01 1.53 6.84 292 2.03 0.95 4.96
WBFA3 4496 4.86 26.77 4.49 3.78 0.35 1.57 086 263 033 642 7.10
WBFAmean 21.88 5.19 37.61 2.5 4.44 1.36 10.07 1.69 4.78 n/a n/a n/a

CFA 57.20 2478 3.96 5.80 0.69 1.28 141 - 211 0.01 1.02 1.27
BFS 31.77 13.25 40.50 0.52 149 0.12 034 - 9.27 - n/a 1.31
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The chemical compositions of the three types of WBFA, as well as CFA and BFS,
determined by the X-ray fluorescence (XRF) technique, are presented in Table 3.2.
Additionally, WBFAmean represents the mean values of the chemical compositions of 97 types
of WBFA from the literature, as previously presented in Figure 2.2 in Chapter 2. WBFAmean is
utilized for comparison with the three types of studied WBFA to indicate their
representativeness.

In general, the chemical compositions of WBFA1 and WBFA2 closely resemble those of
WBFA.ve, indicating a high representativeness for a broad scope of WBFA. Specifically, WBFA1
and WBFA2 are predominantly composed of calcium, with relatively low amounts of
aluminosilicates. In contrast, WBFAS3 is silicon-rich, with calcium oxide accounting for only
26.77%. It is seen that the elements associated with pozzolanic reactivity (the sum of silicon,
alumina, and iron) only account for 22.81% and 22.58% for WBFA1 and WBFA2, respectively,
amounting to 54.31% for WBFA3. These values are considerably lower than the corresponding
values in CFA at 87.78%. These findings suggest a potentially lower pozzolanic reactivity for
all three types of WBFA.

The loss on ignition (LOI) at 550°C indicates the content of unburnt carbon, as suggested
by EN 12880:2000 [156]. Since the grate furnace has a lower incineration efficiency compared
with the fluidized bed incinerator, WBFA3 is found with a higher unburnt carbon content
(6.42%) compared with WBFA1 (1.55%) and WBFA2 (0.95%). The continuous mass loss during
ignition from 550°C to 1000°C is mainly attributed to the decomposition of carbonate-bearing
phases. A detailed exploration of these phases can be found in the subsequent sections
concerning mineral compositions.

The mineral compositions of three types of WBFA were measured by the X-ray diffraction
(XRD) technique, and the corresponding patterns are present in Figure 3.2. For comparison,
the diffraction patterns of BFS and CFA are also present.

The XRD pattern of WBFA1 is dominated by calcium-bearing phases, including calcite,
lime, and anhydrite. Additionally, due to the relatively high alkali content in WBFA1, these
elements exist in the forms of sylvite and aphthitalite. In WBFA 2, anhydrite is the major
calcium-bearing phase, while other phases like calcite and lime are also present but with
lower intensity. A noticeable hump between 25 and 35 degrees of 2 thetas is evident in both
WBFA1 and WBFA?2, indicating the presence of amorphous phases. In the case of WBFA3,
guartz dominates in the diffraction pattern, which correlates well with the XRF results
suggesting a high content of silicon. Other minerals with minor intensity e.g., anhydrite, lime,
and rutile are observed. The XRD pattern of WBFA3 is flat without clear obvious of amorphous
hump. Generally, the minerals observed in all three types of WBFA are consistent with those
frequently reported in the literature, as shown in Figure 2.5.

In comparison, minerals present in CFA are mainly quartz, mullite, and hematite. A clear
hump is identified in the pattern between 15 and 35 degrees of 2 thetas, implying the
presence of amorphous phases. For BFS, on the other hand, no clear crystalline phase can be
identified, and its diffraction pattern is seen as a hump across all diffraction ranges.
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Figure 3.2 XRD patterns of raw WBFA, BFS, and CFA

The presence of free lime in cementitious materials can pose a potential threat to
volume stability, as the slow generation of portlandite with a larger molar volume can lead to
expansion in the solid matrix [157]. Since the diffraction peaks of lime are observed in all three
WBFA patterns, the free lime content was further evaluated using a titration method
according to EN 451-1:2017 [158]. Additionally, incineration ash from wastes has often been
reported to contain metallic aluminum, which can lead to the generation of hydrogen gas and
subsequent cracking in cementitious materials [159,160]. The metallic aluminum content of
WBFA was therefore determined by a water displacement method with the setup depicted in
Figure 3.3. For each test, 50 grams of WBFA were mixed with 200 ml of a 3 M NaOH solution
for 24 hours. The suspensions were stirred automatically with a magnetic stirrer to accelerate
the metallic oxidation reaction, and the volume of the hydrogen gas was recorded in the
graduated cylinder. The metallic aluminum content in the WBFA was then calculated
according to the chemical equation (3.1), as 1 gram of metallic aluminum could generate
approximately 1.25 L of hydrogen gas. Three replicates are conducted for each test.

24l + 20H™ + 2H,0 = AlO; + 3H, 1 (3.1)
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NaOH solution
+
WBFA

Figure 3.3 Schematic diagram of setup for determining metallic Al content

Table 3.3 Metallic aluminum and free lime content of WBFA

WBFA1 WBFA2 WBFA3

Free lime (%) 8.56 11.02 1.47

Metallic aluminum (%) 0.13 0.71 0.45

The free lime and metallic aluminum contents are shown in Table 3.3. It is noted that the
free lime content in fly ash is suggested to be restrained within 1.5% when used in cement
[36]. The high content of free lime in WBFA shall be problematic in causing volume expansion.
Therefore, it is strongly recommended to conduct treatment to reduce the free lime content
in these ashes if they are intended to be used as construction material. As for metallic
aluminum, on the other hand, all WBFA confirms the presence of metallic aluminum, which
could originate from non-separable metal scraps in waste wood products. It is important to
remind that metallic aluminum in WBFA should be strictly prohibited, as a great amount of
hydrogen gas can be generated in an alkaline environment. This poses a substantial risk of
expansion and cracking in cementitious materials. For instance, in the case of WBFA1, which
has the lowest metallic aluminum content among the three, 1 gram of ash can already yield
approximately 1.63 ml of hydrogen gas. Caution is needed when using metallic aluminum-
bearing ash in concrete, especially when the ashes are used in large proportions. Therefore,
it is suggested to implement a treatment process for the oxidation of metallic aluminum prior
to utilizing the ashes in cementitious materials.

3.2.2.2 Ash screen-out

Before conducting further research, it is essential to select one type of most promising
WBFA among the three for detailed investigation, aiming for a comprehensive study with
representatives covering a broad spectrum of WBFA characteristics.

By associating the ash categorization according to Section 2.6, WBFA1 and WBFA2
should be classified as the type Il WBFA while WBFA3 should be classified into type | WBFA.
Considering the average chemical compositions from Table 3.2 and the mineral compositions
from Figure 2.5, it can be concluded that WBFA1 and WBFA2 are more representative. To
ensure the universality of the research results concerning WBFA materials, WBFA3 is excluded
from further investigation.

As for WBFA1 and WBFA2, the first challenges for their utilizations are the presence of
free lime and metallic aluminum. While free lime is commonly reported in WBFA, limited
studies have explored the occurrence of metallic aluminum in WBFA, which may be linked to
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the wood biomass resources in the Netherlands. From a pretreatment perspective, WBFA1 is
more favourable as it contains a lower amount of metallic aluminum and free lime.
Additionally, it is crucial to note that WBFA2 exhibits an exceptionally high lead content
(2.03%) based on XRF results, raising significant safety concerns for subsequent studies.
Therefore, in the following investigations, WBFA1 is chosen as the material of focus for a
comprehensive investigation.

3.2.3 Ash pretreatment

The primary objective of pretreatment is to eliminate free lime and metallic aluminum
in WBFA1, as these two substances pose significant threats of causing volume expansion and
cracking in cementitious materials. Given that WBFA1 contains a high content of alkalis and
free lime, its inherent alkalinity can be advantageous for eliminating metallic aluminum.
Therefore, the proposed method involves water pretreatment, creating a moist environment
to enable the hydration of lime, dissolving alkalis from WBFA1, and further facilitating the
oxidation of metallic aluminum by the alkalis. To reduce costs during pretreatment, only a
small amount of water is employed to achieve an earth-moisture state of ash particles,
promoting the chemical reaction process.

The overview of pretreatment procedures is summarized in Figure 3.4. WBFA1 was
mixed with water at a water-to-ash ratio of 0.2 in a Hobart mixer for 10 minutes, ensuring
complete moistening of the particles. The ash was then sealed and stored in buckets, enabling
the reactions to continuously occur. During this period, daily measurements were taken to
track the amount of residual metallic aluminum until its complete oxidation was achieved. It
was observed that after water pretreatment, particle agglomeration and the formation of
hardened coarse particles occurred, as shown in Figure 3.5(b). Therefore, grinding was
applied to pulverize these particles. The water-treated WBFA1 was first oven-dried at 105°C
for one day and then pulverized using a tumbling ball milling machine with a rotation rate at
45 rpm. The treated WBFA1 underwent testing for its physicochemical properties and was
used for further research.

Raw biomass fly ash ))) Water pretreatment ))) Sealed ))) Drying and grinding )))

) \ )
T T

Step 1

Fig 3.4 Flow chart of WBFA1 pretreatment process

Figure 3.5 Appearances of WBFA1 through pretreatment process

(a: raw WBFA1, b: treated ash after step 1, c: treated ash after step 2)
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3.2.4 Dissolution test

To evaluate the reactive potential of treated WBFA1, a dissolution test, one of the most
commonly used methods for evaluating the reactivity of materials such as BFS and biomass
ash etc. [139,161-164], was opted in this research. Three different media, namely deionized
water and NaOH solutions with concentrations of 0.1 M and 3 M, were used for the
dissolution tests. This allows the investigation of the potential contribution of treated WBFA1
as a self-hydraulic binder component, a SCM in blended cement systems (with the pore
solution a pH around 13), and a precursor in alkali-activated materials, respectively.

The treated WBFA1 was mixed with different media at a mass ratio of 1:100 and
horizontally shaken on the shaking table at 200 rpm to prevent precipitation. BFS and CFA
were also tested as benchmarks. The suspensions were filtered after a designated period, and
the supernatants were collected accordingly. Subsequently, the supernatants were acidified
with nitric acid, diluted, and then subjected to the ion concentration test by Inductively
Coupled Plasma Optical Emission spectroscopy (ICP-OES). The concentrations of Ca, Si, and Al
were exclusively measured, as these elements are the main components present in the
hydration products of cementitious materials. Meanwhile, the pH values of these materials
were also measured by testing the concentrations of OH" in the supernatants from water
groups by the titration method with 0.1M hydrochloride acid, with phenolphthalein used as
the indicator.

3.3 Results and discussion

3.3.1 Pretreatment of WBFA1

To assess the effectiveness of water pretreatment in depleting metallic aluminum, the
changes in residual metallic aluminum content in WBFA1 over water pretreatment time were
recorded, and the results are illustrated in Figure 3.6.
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Figure 3.6 Correlation between residual metallic aluminum and water pretreatment durations
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Figure 3.7 Particle size distribution of raw WBFA1 and treated WBFA1 after grinding

Table 3.4 Typical particle diameter of raw WBFA1 and treated WBFA1 after grinding

Treated WBFA1

Raw WBFA1
10 min grinding 30 min grinding 60 min grinding
D10 (um) 9.41 9.47 7.91 461
D50 (um) 35.33 34.97 34.12 33.25
D90 (um) 50.26 62.98 56.53 55.74

The initial metallic aluminum content in WBFA1 is 0.13%, which decreases to 0.05% after
1 day of water pretreatment. Subsequently, the metallic aluminum depletion rate gradually
slows down, taking a total of 6 days to complete its oxidation, reaching 0%. The observed
metallic aluminum depletion rate generally aligns with the reaction kinetics of metallic
aluminum suggested by Xuan et al. [165], who introduced alkaline solutions to accelerate the
oxidation of metallic aluminum in municipal solid waste incineration (MSWI) ash. This
evidence suggests that the alkalis in WBFA1 can function in promoting the depletion of
metallic aluminum.

As indicated in Figure 3.5(b), treated WBFA1, after the drying process, is found to have
agglomeration and the formation of hardened large particles. The grinding process is
therefore necessary to break the agglomeration of water-treated WBFA1, ensuring a fine
particle size of WBFA1 that is feasible as a binder component. The effect of grinding durations
on the PSD of water-treated WBFA1 is studied, and the results are presented in Figure 3.7 and
Table 3.4. A 10-minute grinding process already leads to a fine particle size in the treated
WBFA1, with Dig and Dso values reaching 9.47 um and 34.97 um, respectively, which is
comparable to that of raw WBFA1, and can be feasibly used as binder preparation. While
longer grinding time could further reduce particle size, it is seen that the size reduction is less
significant. As mentioned previously, the motivation for pretreatment is to improve the
feasibility of WBFA as a construction material while minimizing costs. Given that grinding is
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highly energy-demanding, it is therefore recommended to limit the grinding time to 10
minutes to reduce energy consumption while still achieving effective pretreatment.

3.3.2 Characteristics of treated WBFA1

Water pretreatment not only contributes to the oxidation of metallic aluminum, but
other chemical reactions involving multiple phases may also occur simultaneously. Therefore,
it is essential to characterize the physicochemical properties of treated WBFA1, providing
precise information for further study.

3.3.2.1 Chemical compositions

Table 3.5 presents the chemical compositions of treated WBFA1, with raw WBFA1 as a
comparison. The chemical compositions of treated WBFA1l remain rather stable in
comparison to the raw ash, as the entire process is conducted in a sealed environment,
preventing any leaching of elements. Furthermore, there is a marginal increase in LOI, which
can only be ascribed to the increased bound water content in the ash after the pretreatment,
as a consequence of reactions that occurred during the pretreatment.

3.3.2.2 Mineral compositions

Figure 3.8(a) presents the XRD patterns of WBFA1 before and after pretreatment. To
guantitatively analyze the phase alterations in WBFA1 after pretreatment, the Rietveld
method was employed. For this analysis, 10% of an internal standard (Si, PDF# 01-086-4266)
was homogenously mixed with 90% of ash by weight, and the samples were subjected to XRD
testing. The Rietveld analysis was carried out using the BGMN-based program Profex [166],
with results shown in Figure 3.8(b). To validate the accuracy of the quantification results, the
amount of portlandite and calcite in WBFA1 before and after pretreatment is also determined
by the TGA test (Figure A3.1). The consistent results, as shown in Table A3.2, for portlandite
and calcite content from QXRD and TGA indicate good reliability of the QXRD results.

The XRD patterns indicate that quartz and calcite are the two most stable crystalline
minerals dominant in both raw and treated WBFA1. When comparing WBFA1 before and after
treatment, one notable observation is the disappearance of the diffraction peaks of lime in
raw WBFA1, while the intensity of the diffraction peaks of portlandite in treated WBFA1
increases significantly. During the water pretreatment process, lime is hydrated into
portlandite (as elaborated in equation 3.2) and possibly other calcium-bearing phases. The
QXRD results show that the lime content decreases from 7.31% in raw WBFA1, which is
slightly lower than the results from Table 3.3, possibly due to the overestimation of free lime
contributed by other calcium-bearing phases during the boiling process, to 0.27% in treated
WBFAL. This depletion of lime is particularly favoured, as it suggests that besides metallic
aluminum, the other volume stability-threatening factor in cementitious materials has also
been removed.

Furthermore, another new phase, Friedel’s salt (Ca>Al(OH)es(Cl, OH)-2H,O PDF #01-078-
1219), is formed after pretreatment. This phase is typically reported in cementitious materials
exposed to a chloride-rich environment, such as those serving in marine environments [167].
The precipitation of Friedel’s salt can be elaborated by equation 3.3. It can be seen that this
reaction involves multiple minerals containing calcium (can be possibly from lime, anhydrite,
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and portlandite etc.), sulfate, aluminum (can be possibly from oxidized metallic aluminum and

aluminum-containing glass phases), and chloride (mainly sylvite).

CaO + H,0 - Ca(OH),

(3.2)

4Ca?* + 2A1(0H)7 + Cl™ + 0.5502™ + 40H™ + 6H,0 — Ca,Al,C1(S0,)0.5(0H);, -

6H,0 (3.3)
Table 3.5 Chemical compositions of BFA1 before and after pretreatment
. LOI LOI
SiO2 AlOs CaO Fe203 SOs3 Na:.0 K20 cl MgO 550 °C 1000 °C

Raw

WBFA1 15.20 4.06 43.65 2.58 6.00 1.77 6.92 3.18 3.33 1.55 6.03
Treated 1498 4.02 4177 232 612 168 653 327 292 267  7.05
WBEAL . . . . . . . . . . .

Ap: Aphthitalite
C: Calcite

F: Friedel's salt
H: Hematite

K: Sylvite (KCI)
L: Lime ‘
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Q: Quartz
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Figure 3.8 Comparison of XRD patterns of WBFA1 before and after pretreatment (a) and their mineral

compositions in quantity from QXRD (b)
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Table 3.6 Main chemical compositions of amorphous phase in WBFA1 before and after pretreatment

SiO2 AlOs CaO Fe20s  SO3 MgO K20 Others

Raw WBFA1 5.05 4.06 20.73 0.63 1.35 1.42 1.93 3.52

Treated WBFA1  4.18 3.40 20.15 1.06 1.20 2.01 0.55 5.51

The amorphous contents in raw WBFA and treated WBFA are 40.69% and 38.06%,
respectively, aligning with previous research indicating a low quantity of amorphous phases
in WBFA in the literature. By subtracting the elemental content of WBFA from crystalline
phases based on QXRD results, it is possible to obtain the chemical compositions of WBFA in
the amorphous phases, as presented in Table 3.6.

It is evident that calcium is the dominant element in the amorphous phase of WBFA1,
irrespective of the pretreatment process. This suggests that the primary reactions during
pretreatment mainly involve crystalline minerals. To validate the chemical composition of
amorphous phase of treated WBFA, a dissolution test according to EN 196-2 was also
conducted for the determination of reactive silica content, with results shown in Table A3.3.
In general, the reactive silica content from dissolution test is similar to, although slightly
higher than, the amorphous silica content obtained from QXRD. This difference may arise
because, in the dissolution test, WBFA1 was continuously crushed manually, facilitating the
dissolution of a small quantity of quartz during the test.

3.3.2.3 Chemical bonds

The Fourier-transform infrared spectroscopy (FT-IR) technique is used to further
investigate the change in molecular structure of WBFA1 before and after pretreatment. The
corresponding spectra are displayed in Figure 3.9, and the main band assignments are listed
in Table 3.7.

In general, the IR bands in WBFAl remain almost constant regardless of the
pretreatment process. The spectrum of treated WBFA1 is nearly identical to that of raw
WBFA1, with three main bands at 875 cm™, 1105 cm™, and 1415 cm™. Specifically, bands at
875 cm™ and 1415 cm should be assigned to the bending and stretching of CO3 respectively
[168,169]. Based on the mineral phases, these bands should be attributed to the presence of
calcite. The band at 1106 cm™ could be linked to the overlapping of S-O and Si-O bands [170-
172]. Besides, reactive silicate phases with different polymerized degrees are shown in the
range of 900-1150 cm™ with several adsorption humps [172-174]. All of this information is
well correlated to the previous analysis, showing that WBFAL1 is rich in carbonate, silicate, and
sulfate minerals.
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Figure 3.9 FT-IR spectra of BFA before and after pretreatment

Table 3.7 Assignment of the major IR bands in WBFA1

Spectral position (cm™) Assigned to Reference
3645 OH (Portlandite) [175]

3400 OH (water molecules) [129,142,176]
712, 875, 1410 COs [168,169]
618, 657, 676, 1139, 1194  SOs [170,171]
796 Al-OH [129,142,176]
900-1150 (Si, Al V)-0-(Si, M), M refers to alkali-earth metals; [172-174]

By comparing the WBFA1 before and after pretreatment, a clear difference is the
stretching of O-H at 3400 cm?, which is not clearly observed in raw WBFAL but is present in
treated WBFAL. This band is associated with the chemical water generated during the water
pretreatment process [129,142,176]. In addition, the peak at 3645 cm™, representative of
portlandite [175], shows a significant increase after pretreatment, indicating a higher amount
of portlandite, which is consistent with the XRD results. A new peak at 796 cm?,
corresponding to the vibration of Al-OH, is seen in the treated WBFA1, which should be due
to the formation of Friedel’s salt [175,177]. Still, it is important to note that no C-S-H gel-like
phases are formed during the pretreatment of WBFA1, as the typical Si-O vibration band for
C-S-H gels at 950 cm™ is not observed.

3.3.2.4 Morphology

The morphology of WBFA1 before and after pretreatment, measured by scanning
electron microscopy (SEM), is illustrated in Figure 3.10.
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Figure 3.10 Morphology of raw WBFA1 and treated WBFA1

Unlike CFA particles, which are mainly composed of spherical particles as reported in the
literature [178], WBFA1 particles exhibit mostly irregular shapes. Additionally, some particles
still present a fibrous structure, with substances displaying a flocculence texture on the
particle surface. Unburnt porous carbons are also clearly visible in the image, consistent with
previous findings in the literature [50,51].

After pretreatment, the treated WBFA1 particles exhibit fewer instances of fibrous
texture, possibly due to the grinding process that crushes those particles. Moreover, tiny
crystals are observed on the surface of most particles, likely the result of the chemical reaction
remnants and erosion observed during the pretreatment process.

3.3.3 Ash dissolution

Dissolution is an important process in the hydration of binders. Both crystalline and
amorphous phases undergo dissolution in an aqueous solution, releasing ions that contribute
to the formation of reaction products. In this section, the dissolution behaviour of treated
WBFA1 in solutions with different alkalinity levels is investigated, aiming to assess the
potential of treated WBFA1 in terms of its hydraulic properties, pozzolanic activity, and/or
reactivity for alkaline activation.

3.3.3.1 Dissolution in water

The concentrations of Ca, Si, and Al in the leachates of treated WBFA1, BFS, and CFA are
plotted as a function of time in Figure 3.11.
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Figure 3.11 Dissolution of treated WBFA1, BFS, and CFA in deionized water

In the leachates of treated WBFA1, the concentrations of Ca exhibit a significant increase
within the first 30 minutes, followed by minor fluctuations over the subsequent hours,
stabilizing at around 10 mmol/L. It is important to note that the concentrations of Ca in the
leachates of treated WBFA1 consistently surpass those in BFS and CFA at any given time. This
can be attributed to the high content of portlandite and the availability of Ca in the
amorphous phases of treated WBFAL. In the case of CFA leachates, the concentration of Ca
experiences a rapid increase within the first 15 minutes, primarily due to the dissolution of
free lime. Once the lime is depleted, the concentration of Ca remains relatively constant. On
the other hand, the initial concentration of Ca in BFS leachates is the lowest among the three
materials. However, it gradually increases over time through a hydrolysis process, facilitated
by the dissolution of a substantial amount of Ca from the amorphous phases.

In regards to the dissolution of aluminosilicates, it is found that the concentrations of Si
in treated WBFA1 leachates are plainly low, with a minor increase over time. Furthermore,
the concentrations of Al fall below the detection limit. The results are consistent with the
limited presence of aluminosilicates in WBFA1, as indicated by its chemical compositions. In
contrast, in the BFS and CFA leachates, a higher amount of Al and Si can be dissolved
compared with those in treated WBFA1 leachates, as a consequence of the significant
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presence of amorphous aluminosilicates in these two materials that are more susceptible to
be dissolved.

Figure 3.11 (d) illustrates the concentration of hydroxyl ions in leachates during the
dissolution process. A small amount of hydroxyl ions can be released from BFS through the
hydrolysis process, with a gradual increase over time [179]. The concentration of hydroxyl
ions in CFA leachates increases initially in the first 15 minutes due to the presence of lime,
and it remains constant afterwards. Notably, the concentration of hydroxyl ions in leachates
from treated WBFA1 is significantly higher than BFS and CFA throughout all stages. This
discrepancy can be attributed to the substantial amount of portlandite and alkaline minerals
in treated WBFAL. After continuous dissolution for 24 hours, the concentration of hydroxyl
remains at 20.30 mmol/L in treated WBFA1, resulting in a pH value of the leachates reaching
12.31. The highly alkaline nature of treated WBFAL1 is identified.

3.3.3.2 Dissolution in alkaline solutions

Figures 3.12 and 3.13 present the concentrations of Ca, Si, and Al in leachates of treated
WBFA1, BFS, and CFA dissolved from NaOH solutions with molarities of 0.1M and 3M,
respectively.
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Figure 3.12 Dissolution of treated WBFA1, BFS and, CFA in 0.1 M NaOH solution
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Figure 3.13 Dissolution of treated WBFA1, BFS, and CFA in 3 M NaOH solution

With the increment in alkalinity of the solutions, the concentration of Ca in the leachates
decreases in all three materials. This can be attributed to the lower equilibrium aqueous
solubility of Ca species in solutions with higher alkalinity [180]. In both 0.1M and 3M NaOH
solutions, the concentration of Ca leached from treated WBFA1 and BFS increases initially and
subsequently decreases. This reduction could be ascribed to the precipitates, including
portlandite and possibly other Ca-bearing phases [164]. With continuous dissolution, the
concentration of Ca would increase further.

The high alkalinity of solutions could promote the initial dissolution of aluminosilicates.
As depicted in Figures 3.12 (b) (c) and 3.13 (b) (c), the concentrations of Al and Si in the
leachates increase exponentially with the increase in the alkalinity of the solutions. This is in
agreement with previous research as the high alkaline solution could accelerate the
dissolution of amorphous aluminosilicates [164,180,181]. Although more Al and Si were
dissolved from the treated WBFA1 in contact with 3M NaOH solution, it should be noted that
due to the low content of amorphous aluminosilicates, the concentrations of Al and Si in
WBFA1 leachates are still the lowest among the three materials. Unlike BFS and CFA from
which the dissolved Al and Si increased over time, the concentrations of Al and Si in the
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treated WBFA1 leachates remained steady after 12 hours of dissolution test, which is due to
the completion of the depletion of the amorphous aluminosilicates.

334

Comments on the utilization approaches for treated WBFA1

Considering the characteristics of treated WBFA1, its potential as a binder component
can be discussed in the following aspects:

1)

2)

3)

Self-hardening (latent hydraulic) material.

Self-hardening properties encompass the ability of materials to react with water
and solidify with certain mechanical strength. These reactions typically involve the
formation of hydrates, such as C-S-H gels, portlandite, and/or ettringite, as reported
in previous research [182,183]. However, it is unlikely that treated WBFA1 will exhibit
further self-hardening properties. The limited dissolution of Al and Si from treated
WBFA1 in water suggests that no additional hydrates are expected to precipitate.

SCMis in blended cement or precursors in alkali-activation

For both SCMs and precursors, a large content of dissolvable aluminosilicates is
demanding. The presence of Al and Si is crucial for promoting the formation of C-(A)-
S-H gels in blended cement and calcium-rich geopolymers, or N-A-S-H gels in
aluminosilicate-based geopolymers [184-187]. However, when exposed to mimicked
cement pore solutions (0.1M NaOH solutions), the amount of dissolved Si and Al from
treated WBFAL1 is considerably lower than those from BFS and CFA. The dissolution
can be enhanced in highly alkaline solutions. Although a higher amount of Al and Si
can be dissolved from treated WBFA1 in a 3M NaOH solution, the concentrations of
Al and Si remain relatively constant after about 12 hours due to the limited amount of
dissolvable components. Therefore, it can be concluded that treated WBFA1 is not
suitable as a new source for SCMs or precursors.

Minerals with synergistic effect

It is interesting to highlight the high alkalinity of treated WBFA1, as well as the
large presence of calcium and sulfate-bearing minerals. It is seen that the leachates of
treated WBFA1 in water exhibit a pH value above 12 after 3 hours, with a water to
solid ratio at 100. In binder preparation, a much lower water to solid ratio would be
applied, thus a higher pH value in the pore solution can be obtained. The high alkalinity
can be beneficial for the dissolution of pozzolanic materials. Moreover, the calcium
and sulfate-bearing phases in treated WBFA1 can react with aluminate phases to
generate ettringite. In general, these features of WBFA1 can promote the dissolution
of pozzolanic materials, leading to the generation of hydrates. Therefore, it can be
deduced that the combination of treated WBFA1 and pozzolanic materials can be
promising to formulate cement-free binders. Since neither treated WBFA1 nor the
pozzolanic materials alone can achieve significant hydration and mechanical strength
in water, it is anticipated that these materials will function synergistically as a mineral
for hydration. Detailed research on the binary pastes is subsequently conducted in
Chapter 4 with an investigation of reaction mechanisms and microstructure evolution.
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3.4 Conclusion

In this chapter, three types of WBFA were collected and subjected to initial analysis.
Among them, the most promising candidate was selected for comprehensive pretreatment,
characterization, and evaluation of potential utilization approaches. The primary conclusions
drawn are as follows.

1) The as-received three types of WBFA are characterized and screened based on their
physicochemical properties. WBFA1 was selected as the most feasible candidate for
construction purpose. WBFA2 was excluded mainly due to its high content of lead,
while WBFA3 was excluded for its low representativeness in the chemical
compositions.

2) The proposed pretreatment process for WBFA1 involves water pretreatment followed
by drying and grinding. After 6 days of water pretreatment, metallic aluminum is fully
oxidized, and free lime contents decrease to 0.27%, effectively eliminating factors that
threaten the volume stability of cementitious materials. The subsequent drying and
10-minute grinding of water-treated WBFA1 help to pulverize agglomerated particles,
producing fine particles suitable for use as a binder component.

3) The physicochemical properties of treated WBFAL1 are thoroughly analyzed. A specific
focus on the functional elements, Ca, Si, and Al, involved in the reaction of
cementitious materials is studied through the dissolution tests. The results show that
only limited amounts of Al and Si can be dissolved from treated WBFA1, while a high
amount of Ca can be extracted. Due to the high availability of calcium and its elevated
alkalinity in treated WBFA1, it is not recommended to utilize treated WBFA1 as a
conventional SCM. Instead, it is advised to valorize it as a synergetic mineral to
enhance the hydration of pozzolanic materials.
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Appendix

The heavy metal leaching of treated WBFA1 was determined according to EN 12457,
where ash was mixed with deionized water with a liquid to solid ratio at 10. The sample was
kept shaking on the shaking table with a speed of 200 rpm for 24 hours, and eluate was
collected for measuring the concentration of heavy metals using ICP-MS. The results are
provided in Table A3.1.

Chromium (Cr) is found as the only element that exceeds the requirement of un-moulded
building materials according to the Dutch Soil Quality Decree (SQD) [188]. Still, the treated
WBFA1 can comply with the requirement of IBC (Isolatie, Beheer en Controle) building
materials. This means that WBFA can be directly used as construction material under proper
conditions, for instance, avoid directly contact with underground water.

Figure A3.1 shows the TGA-DTG curves of WBFA1 before and after pretreatment. The
test is conducted at argon atmosphere, from 40 °C to 1000 °C with a temperature rising rate
of 10 °C/min, aiming to quantify mineral phases such as calcite and portlandite.

Table A3.1 Heavy metal leaching (mg/kg) from treated WBFA1 and comparison with Dutch regulation

As Ba cd Cr Cu Ni Pb Zn
Measured 0.04 7.60 - 4.80 - 0.03 0.60 2.90
Un-moulded building materials  0.90 22 0.04 0.63 0.90 0.44 2.30 4.50
IBC building materials 2 100 0.06 7 10 2.10 8.30 14
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Figure A3.1 TGA-DTG curves of WBFA1 before and after pretreatment
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Table A3.2 Comparison of the quantifications results of portlandite and calcite in WBFA1 before and
after pretreatment using TGA and QXRD analysis

Portlandite Calcite

TGA QXRD TGA QXRD
Raw WBFA1 1.12 0.88 12.13 12.01
Treated WBFA1  5.92 5.51 11.32 11.7

Table A3.3 Reactive silica content determined by dissolution test according to EN 196-2

Raw WBFA1 Treated WBFA1

5.97 5.35

The reactive silica content of WBFA1 before and after pretreatment is determined by the
dissolution test according to EN 196-2. WBFA1 was dissolved in dilute hydrochloric acid and
further treated in a boiling sodium carbonate solution. The chemical compositions of the
insoluble residual can be then determined by XRF technique, and the reactive silica can be
calculated by subtracting the insoluble silica from the total silica content in WBFA1.
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Cement clinker-free binder: wood biomass fly ash-
blast furnace slag binary material

4.1 Introduction

The results in Chapter 3 suggest integrating treated WBFA1 with pozzolanic materials to
develop a new binder system. To validate this hypothesis, this chapter steps into the
formulation a clinker-free binder with treated WBFA1 and pozzolanic materials, where blast
furnace slag (BFS) is selected as the pozzolanic material due to its high reactivity.

The objective of this chapter is to design a cement-free binder with treated WBFA1 and
BFS. Through the investigation of the reaction process and the microstructure development
of the binder, the mechanism of how treated WBFA1 impacts the reaction process can be
revealed. This knowledge would serve as a basis for tailoring the performance of WBFA-BFS
binary binder.

4.2 Materials and experiments

4.2.1 Materials and mixtures

The raw materials include treated WBFA1 and BFS. For clarity, in the following thesis, the
abbreviation WBFA refers to the treated WBFAl. The chemical compositions, mineral
compositions, and physical properties of WBFA and BFS can be found in Section 3.2.2. The
particle size distribution of BFS and WBFA can be found in Figure 3.1 and Figure 3.7,
respectively.

Table 4.1 Mixture proportions of pastes

Groups WBFA (wt. %) BFS (wt. %) Water to binder ratio (W/B)
B0S100 0 100

B30S70 30 70

B50S50 50 50 0.40

B70S30 70 30

B100S0 100 0
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Table 4.1 shows the mixture proportions of WBFA-BFS binary pastes. Pastes with varying
WBFA to BFS ratios, namely B30S70, B50S50, and B70S30, were used for investigations of the
reaction kinetics, microstructure evolution, and compressive strength. Singular pastes with
pure WBFA (B100S0) and pure BFS (B0S100) cannot generate strength for demoulding, thus
were only introduced as reference samples in the isothermal calorimetry test to compare with
the three binary mixtures. The water to binder ratio (W/B) of pastes was kept at 0.40 to
ensure a satisfactory workability for sample casting.

4.2.2 Experimental methods
4.2.2.1 Isothermal calorimetry

An isothermal calorimetry test was conducted to investigate the reaction kinetics of the
pastes. The experiments were carried out using a TAM-Air-314 isothermal conduction
calorimeter. A calibration program was executed at a temperature of 20°C for at least 24
hours before the experiments. During the test, pastes were prepared by hand-mixing, and
approximately 7 grams of fresh paste were used for the tests. A fixed amount of sand with a
heat capacity equivalent to that of the pastes, was used as reference material. Given the slow
reaction of WBFA-BFS pastes, the test was carried out for 14 days.

4.2.2.2 Pore solution

The ion concentration in the pore solutions was measured to study the reaction process
of binary pastes. To prepare the samples for pore solution analysis, fresh pastes were firstly
cast into cylindrical polyethylene bottles with a diameter of 35 mm and a height of 70 mm.
Samples were well sealed and cured at 20 °C for 1 day, 7 days, 14 days, and 28 days until pore
solution extraction.

The extraction of pore solutions from pastes was performed using the steel-die method
[189]. Specimens were subjected to a gradually increasing load by a high-pressure device up
to 250 MPa, and the pore solutions would be gradually extracted. After collection, the pore
solutions were vacuum filtered to remove the retained particles. The concentrations of OH"
were determined by titration against hydrochloric acid (0.1 M) with a phenolphthalein
indicator. The concentration of chloride was determined by Mohr’s method [190,191]. The
remaining pore solutions were acidified by HNOj3 solutions, diluted, and then analysed for the
concentrations of Ca, Si, Al, K, S, Na by Inductively Coupled Plasma Optical Emission
Spectroscopy (ICP-OES).

4.2.2.3 Reaction products characterization

- Sample preparation

Before test, samples should undergo a hydration stoppage program to ensure that they
retain the hydration at a designated time. The hydration stoppage of specimens was carried
out by solvent change methods as suggested by Snelling et al. [192]. The samples were
immersed in isopropanol and manually crushed into fines in the mortar with a pestle.
Afterwards, the crushed samples were immersed in isopropanol for 15 minutes and then
filtered. Residuals were rinsed with diethyl ether, followed by oven drying at 40 °C for about
8 minutes to facilitate the evaporation of the organic solvents. The dried samples were then
collected and subjected to characterization.
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- X-ray diffraction (XRD) test

XRD was conducted to identify the crystalline phases in the binary pastes. A Bruker D8
Advance diffractometer with Cu Ka radiation was used for this experiment. The operating
voltage and current were set at 45 kV and 40 mA, respectively. The diffraction scanning of 26
ranges from 5-70° with a counting speed of 0.01 °/s.

- Fourier-transform infrared spectroscopy (FTIR)

FTIR was applied to investigate the evolution of the chemical bonds of pastes during the
hydration process. The test was performed with a Spectrum TM 100 Optical ATR-FTIR
spectrometer. The scanning range is between 600-4000 cm™ with a resolution of 4 cm™. An
average of 20 scans were applied to obtain reliable spectra.

- Thermogravimetric analysis (TGA)

TGA was used as a semi-quantification tool for analysing the contents of hydrates in the
pastes. The test was operated with a NETZSCH STA 449 F3 Jupiter instrument. An argon
atmosphere was employed with a temperature range from 40 to 1000 °C and a heating rate
of 10 °C/min. Approximately 30 mg of powder samples were used in each test.

4.2.2.4 Microstructure characterization
- Mercury Intrusion Porosimetry (MIP)

The MIP test was performed to determine the pore structure of pastes. Initially,
specimens were sawed into small pieces and immersed in the isopropanol for approximately
5 days, with the solvent being renewed every day. Afterwards, samples were freeze-dried to
allow the evaporation of isopropanol until a constant weight was reached. An AutoPore IV
mercury porosimeter was used with a mercury contact angle of 141° and a surface tension of
480 mN/m. The intrusion process includes a low-pressure program ranging from 0 to 0.14
MPa and a high-pressure program ranging from 0.14 to 210 MPa. Pore diameter can thus be
determined by the Washburn equation, which correlates pore diameter with pressure [193].

- Scanning electron microscopy (SEM) coupled with electron dispersive spectroscopy
(EDS)

Backscattered electron (BSE) is one of the electrons used in SEM for better identifying
phases through a distinguished grey scale variation, mainly influenced by the atomic number
[194]. Hence, BSE was used for microstructure characterization. Before experiments, the
freeze-dried samples, as illustrated in MIP sample preparation, were impregnated with a low
viscosity epoxy resin, then subjected to a grinding and polishing process down to 0.25 um.
Finally, the well-polished samples were carbon-coated and prepared for test.

A FEI QUANTA FEG 650 ESEM (Thermo Fisher Scientific), equipped with a solid-state EDS
detector, was used under a high vacuum mode. The working voltage was kept at 15 kV and
the working distance was 10 mm [195].

Owing to the complexity of the mineral compositions of the WBFA, the selective
dissolution method [196] commonly used for measuring the reaction degree of BFS is not
applicable for determining the reaction degrees of BFS in the WBFA-BFS binary pastes. Instead,
the image analysis technique can be employed. However, it is challenging to directly use
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greyscale to distinguish the area of BFS and WBFA, as the complexity of WBFA leads to it
covering a wide range of greyscales. Therefore, a modified image analysis technique was
adopted, which incorporates EDS mapping, analyzing the average elemental ratios in each
particle, and greyscales analysis. For each picture, 50 frames of mapping were captured to
ensure reliable results.

Al/Ca ratios

Si/Ca ratios

Figure 4.1 Schematic diagrams of analyzing the reaction degree of BFS by BSE-EDS mapping
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The schematic for determining the reaction degree of BFS is present in Figure 4.1. Firstly,
Mg mapping (Figure 4.1 (b)) was used to define the original boundary of BFS grains, as Mg is
believed to remain stable during the reaction of BFS [197,198]. By overlapping the Mg
mapping onto the BSE image, an overestimation of BFS particles was observed (Figure 4.1(c)),
owing to the heterogeneous distribution of Mg in WBFA particles. To screen out the Mg-
containing WBFA particles, an elemental ratio evaluation method was individually conducted
for each particle. Within individual particle boundaries, the total atomic weight of specific
elements can be summed up. Thus, the elemental ratio evaluation can be conducted for each
Mg-containing particle, as indicated in the heatmap (Figure 4.1 (d)). It was observed that Mg-
containing WBFA particles exhibited extremely low or high values in Si/Ca and Al/Ca ratios
compared to BFS particles. Consequently, WBFA particles can be eliminated by setting filters
based on the elemental ratios (Figure 4.1 (e)). Subsequently, a clear BFS boundary was
established. Hydrated areas were then segmented based on grayscale variations in the
selected particles, with hydrated areas typically appearing as dark grey [199]. The reaction
degree of BFS could then be calculated with equation 4.1. The resolution of the mapping was
203.32 nm/pixel, with a domain size of 628x1024 pixels. It is suggested that a surface area of
4.0-5.0x10° pm? should be acquired for BSE image analysis to ensure representativeness [200].
Therefore, about 15 EDS mappings were conducted for each sample to ensure the
representativeness of the results. This requires a total of 8 hours for each sample.
Hydrated slag area

DoH Slag =

X 100% (4.2)

Total slag area

4.2.2.5 Compressive strength

The compressive strength of binary pastes was measured using cubic specimens with a
dimension of 4 cm. The fresh pastes were firstly sealed cured for 3 days before demoulding,
subsequently cured in the fog room at a temperature of 20 °C and RH above 95%. The
compressive strength of binary pastes at age of 7 days, 28 days, and 60 days was measured.
The average compressive strength of six samples was reported.

4.3 Results

4.3.1 Heat evolution

Figure 4.2 plots the normalized heat flow of pastes with varying WBFA to BFS ratios. The
first exothermal peak is identified once the pastes are placed in the calorimeter chamber
(Figure 4.2 (a)). It is believed that this peak is mainly due to the wetting and dissolution of raw
materials [201,202]. Besides this exothermal peak, no clear peak could be further found in
the singular pastes (B0S100 and B100S0). On the contrary, binary pastes present additional
exothermic peaks later on. These results imply that while the reactions in the singular pastes
are limited, more intensive reactions occur in the binary pastes, leading to the generation of
a substantial amount of reaction products.

The heat flow curves of the binary pastes, in general, are similar to those reported for
cement hydration [203]. To clarify the reaction process, besides the wetting and dissolution-
introduced thermal peak, three other distinguishable stages could be observed in the binary
pastes:
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Figure 4.2 Normalized heat flow of pastes (a) at first 8 hours; (b) until 14 days

- Dormant period

The dormant period follows the end of the first main peak. It is seen that during this
period, the heat flow of pastes remains low for a short period. By amplifying the exothermal
heat flow curves of binary pastes in the first 8 hours, it is observed that the dormant period
comes earlier with a shorter duration in pastes with a lower WBFA/BFS ratio. Therefore, it can
be deduced that pastes with a lower amount of WBFA tend to have a more intensive reaction
in the initial reactions.

- Acceleration and deceleration periods

Following the dormant period, the main exothermal peaks (acceleration and
deceleration stages) are observed in binary mixtures, and should correspond to the large
amounts of hydrates formation. It is interesting to note that with the increasing WBFA/BFS
ratios, pastes are found with a clear second wave or shoulder close to the main peak, which
is similar to the hydration characteristics of cement [204]. Given the high amount of sulfate
in WBFA, it can be deduced that the wave is associated with the precipitation of ettringite
[205,206]. Increasing WBFA/BFS ratios results in a larger amount of sulfate in the pastes,
promoting the formation of ettringite and therefore, a broader second main peak is observed
in pastes with a larger proportion of WBFA.

- Steady period

The steady stage follows the end of the deceleration period, during which the reaction
rate of pastes gradually decreases to a low extent while maintaining a mild reaction. Mixtures
with a higher WBFA/BFS ratio are detected with a higher heat release, indicating a more
severe reaction. This can be attributed to the continuous supply of alkalis, sulfate, and
portlandite from WBFA, which promotes the reaction of BFS during the later hydration stages.

4.3.2 Pore solution chemistry

4.3.2.1 lon concentrations

The ion concentrations in binary pastes at 1 day, 7 days, 14 days, and 28 days are present
in Figure 4.3. The reasonable charge balance between major positive ions and negative anions,
as illustrated in Figure 4.3 (a), implies an overall satisfactory result.
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The concentration of Ca (Figure 4.3 (b)) undergoes a significant decrease from 1 day to
7 days in both B50S50 and B70S30. Changes after 7 days are not significant. In contrast, in
B30S70, the concentration of Ca slightly increases from 1 day to 7 days, followed by a marginal
decrease at 14 days and a marginal increase at 28 days. The overall concentration changes in

B30S70 regarding [Ca] are relatively low.
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Figure 4.3 ion concentration in the pore solutions of pastes at 1 day, 7 days, 14 days, and 28 days
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Figure 4.3 ion concentration in the pore solutions of pastes at 1 day, 7 days, 14 days, and 28 days (Continued)

While the content of calcium in both WBFA and BFS is relatively high (about 40% w.t%),
which may lead to debateable arguments for the variation of Ca concentrations, the [Si] and
[Al] in the pore solutions should mainly come from the dissolution of BFS. It is interesting to
point out that the concentrations of [Si] and [Al] do not decrease proportionally with the
decrease in BFS. The concentrations of [Si] in B50S50 and B70S30 are comparable at 1 day,
which is much lower than that in B30S70. The same trends are also seen for [Al]. Therefore,
it can be deduced that the dissolution of BFS is initially supressed in samples with more WBFA.
This also agrees with the results in isothermal calorimetry, where pastes with a larger amount
of BFS exhibit slower initial reactions.

The alkalis (Na, K) in pore solutions mainly result from the dissolution of alkaline minerals,
primarily originating from WBFA based on its chemical compositions as outlined in Table 3.2.
An intriguing observation can be seen in the concentrations of [K], where B70S30 contains a
much higher amount of bulk potassium found with similar concentration of [K] to that of
B50S50 at 1 day. Pastes with more WBFA is seen with a more pronounced increment in the
concentrations of [K] from 1 day to 7 days. This indicates that the initial dissolution of
potassium salt in WBFA is to some extend restrained in pastes with a higher amount of WBFA.
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For anions, chloride is primarily dissolved from sylvite (KCl) in WBFA as the main highly
soluble chloride-bearing phase. The concentrations of [Cl] are proportional to the amount of
WBFA in the pastes. In B30S70 and B50S50, the concentration of [Cl] slightly decreases over
time, while it remains comparable in B70530. Considering the gradual reduction of pore
solutions through hydration, it can be expected that chloride is gradually immobilized due to
the formation of chloride-bearing hydrates. The concentration of [S], on the other hand,
exhibits an identical time-dependent trend to that of [K]. For instance, B70S30 contains a
comparable concentration of both [S] and [K] to those in B50S50 at 1 day. The concentrations
of these two elements show a similar increment with time until 28 days. Therefore, it can be
deduced that pastes with more WBFA might exhibit a restrained initial dissolution of minerals
containing these two elements, such as arcanite (K.SO4) and syngenite (K;Ca(S04);-H,0).

The concentration of [OH] is present in Figure 4.3 (i). Despite the fact that WBFA is the
main alkaline resource in the pastes, it is surprising to find that samples with a higher
WBFA/BFS ratio have a lower concentration of [OH] at 1 day, indicating that B30S70 has the
highest alkalinity whereas B70S30 has the lowest alkalinity at 1 day. The concentrations of
[OH] in B50S50 and B70S30 increase rapidly from 1 day to 7 days, then remains almost
constant until 28 days. In contrast, the concentrations of [OH] in B30S70 is rather stable from
1 day to 28 days. Based on the development of alkalinity of pore solutions, together with the
concentrations of [K] and [S] from WBFA, and [Si] and [Al] from BFS, it can be further
convinced that the initial dissolution of both WBFA and BFS is restrained in pastes with a
higher proportion of WBFA. Still, it is important to note that this does not indicate that WBFA
only presents a side effect in the hydration of binary pastes. With the increment of WBFA, the
significant increase in alkalinity in later hydration promotes the dissolution of aluminosilicates
from BFS, which can be convinced by the increased concentrations of [Al] and [Si] at later
hydration.

4.3.2.2 Effective saturation indices (ESI)

Based on the compositions of pore solutions, it is possible to predict the potential
hydrates through thermodynamics. To conduct this, a Gibbs Energy Minimization Software
(GEMs) [207,208] with the CEMDATA18 database [209] was applied, with the ion
concentration of pore solutions in Section 4.3.2.1 used as input. This enables the calculation
of ESI for specific hydrates, providing an expectation for the possible hydrates. A positive
value of ESl indicates the potential precipitation of a specific phase, while a negative value
means the phase is undersaturated and thus cannot be generated. An error and uncertainty
range of +0.20 is suggested considering the error of the solubility products [210]. Based on
the ions available, the ESI of C-S-H gels, ettringite, portlandite, and chloride bearing hydrates
Friedel’s salt are calculated, enabling an initial estimate of possible hydrates and exploring
the reasons for the evolution of ion concentration with time.

As shown in Figure 4.4, C-S-H gels and ettringite are the most probable hydrates to be
generated in the binary pastes, which are also widely reported as the main hydrates in cement
[211,212]. For portlandite, its negative ESI is observed in all mixtures from 1 day to 28 days.
Since portlandite is one of the minerals in WBFA (5.56% wt.), its continuous consumption is
expected with the hydration of the binary pastes
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Figure 4.4 ESI of phases with interests

The chloride is assumed to be encapsulated in the hydrates due to the general decrease
in concentrations over time. Hence, the ESI of the two commonly formed chloride-containing
hydrates in cementitious materials, namely Kuzel’s salt and Friedel’s salt, are calculated.
Although some negative values are obtained in mixtures with a low WBFA/BFS ratio
(especially for Friedel’s salt), it should be noted that these values are still greater than the
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thresholds of uncertainty (-0.2). Therefore, it is still possible for the precipitation of these two
phases from a thermodynamic standpoint. A detailed characterization of reaction products
using XRD shall be provided in the following sections to confirm the actual formed hydrates.

4.3.3 Solid phases
4.3.3.1 XRD analysis

The XRD patterns of binary pastes at 7 days and 60 days are plotted in Figure 4.5.
Generally, the phase compositions in the three mixtures are consistent. The primary
crystalline phases observed include ettringite, Friedel’s, salt, portlandite, quartz, and calcite
in all mixtures, irrespective of curing ages.

Quartz and calcite are two stable phases that originate from WBFA according to Section
3.3.2.2. Ettringite can be seen as one of the main crystalline hydrates, with strong diffraction
peaks identified in all binary pastes. This is in line with the ESI calculations suggesting the
precipitation of ettringite during the hydration of binary pastes. For portlandite, the intensity
of its diffraction peaks can be seen to have decreased from 7 days to 60 days, which should
be associated with its reaction with BFS during hydration, and is well correlated to the ESI
results. On the other hand, Friedel's salt is the only chloride-bearing phase being identified in
the pastes, while no Kuzel's salt is observed, despite its possible precipitation suggested by
the ESI results. This can be resulted from the displacement of sulfate by chloride, leading to
the conversion of Kuzel’s salt into the more stable Friedel’s salt [167,213,214].

A weak hydrotalcite diffraction peak is detected in B30S70 at 7 days. The intensity of the
hydrotalcite diffraction peak becomes notably stronger in B30S70 at 60 days, and it is also
observable in B50S50 at 60 days. No clear hydrotalcite diffraction peak is seen in B70S30. It is
noteworthy that the strong diffraction peak of Friedel’s salt can overlap with that of
hydrotalcite, complicating their differentiation. Since the concentration of Mg is too low to
reach the detection limit in the pore solution, the ESI of hydrotalcite cannot be provided. Still,
the formation of hydrotalcite in the binary pastes can be evidenced by EDS analysis and
thermodynamic modelling in the following sections.
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Figure 4.5 XRD patterns of binary pastes at 7 days (left) and 60 days (right)
(E: ettringite, F: Friedel’s salt, Ht: hydrotalcite, P: portlandite, Q: quartz, C: calcite, Sy: sylvite)
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Besides crystalline hydrates, the other main hydrate, C-S-H gels can only introduce a
broad diffraction hump in the XRD pattern at around 29° due to the semi-crystallization
characteristic [215]. However, with the presence of unreacted BFS and calcite, the diffraction
hump of C-S-H might be obscured. Therefore, FTIR is further applied to identified the chemical
bonds reflecting the existence of C-S-H gels.

4.3.3.2 FTIR analysis

The FTIR spectra of pastes at 7 days and 60 days are plotted in Figure 4.6, with the
adsorption bands being accordingly marked. The main bands of all samples are located at
approximately 950 cm™, which is associated with the stretching vibration of Si-O bonds (Q2).
This is a typical signal for the presence of C-S-H gels as previously reported in the literatures
[216,217]. This validates the presence of the C-S-H gels as the reaction products in the binary
pastes. Other Si-O bonds that relate to C-S-H gels with lower intensities are at 815 cm™ and
1037 cm™, and should be assighed to Q1 and Q2 silicate species, respectively [216]. These
bands become more pronounced over time as the fact of the continuous formation of C-S-H
gels with the extend of curing ages.

The band at 3640 cm™ is the O-H strength vibration and should be assigned to the
portlandite [217]. The intensity of the portlandite band increases in samples with higher
WBFA/BFS ratios and decreases as hydration progresses. This is in line with the ESI
calculations indicating the depletion of portlandite during the hydration process. Bands at
3400 and 1640 cm™ can be attributed to the asymmetric stretching and bending of O-H,
respectively [142]. These bands exist in the hydration products as chemically bonded water.
Bands at 796 cm™ should be attributed to the Al-OH, and could be assigned to the ettringite
[218]. These results are in line with ESI and XRD results in general, evidencing the formation
of C-S-H gels, ettringite, and consumption of portlandite.
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Figure 4.6 FTIR spectra of WBFA-BFS pastes at 7 days (left) and 60 days (right)
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4.3.3.3 TG/DTG analysis

The TG and DTG curves of the binary pastes are shown in Figure 4.7. The main DTG peak
is located at approximately 110 °C. Based on the hydrate components, it can be inferred that
this peak should be attributed to the loss of the physically bound water in C-S-H gels pores
[195], and the decomposition of ettringite [219]. These two phases are reported with an
overlapped decomposition temperature range [220]. The double-layered hydrates (Friedel's
salt and hydrotalcite) have been reported to have doublet decomposition peaks in DTG curves
with similar decomposition temperatures [213]. They are identified with the first shoulder
occurring at approximately 170 °C, followed by a second peak around 320°C. Additionally, a
small DTG peak between 400 and 500 °C should be correlated to the decomposition of
portlandite. Decarbonation occurs predominantly above 600 °C, mainly as the decomposition
of calcite that originates from WBFA.
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Figure 4.7 TG/DTG curves of WBFA-BFS pastes at 7days, 28 days, and 60 days
(Solid lines refer to the TG results and dash lines refer to DTG results)
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Figure 4.8 Evolution of bound water in binary pastes

The dehydration and dehydroxylation of hydrates result in mass loss, which is normally
referred to as bound water content, and is directly proportional to the contents of hydrates.
Figure 4.8 shows the content of bound water in different mixtures at 7 days, 28 days, and 60
days. The bound water content is calculated by the mass loss within the temperature range
of 40-550 °C [195]. The increase in mass loss over time suggests the continuous hydration of
pastes. Since the compositions of hydrates in pastes differ with varying WBFA/BFS ratios, it is
irrelevant to directly compare the absolute values of mass loss among different mixtures for
indexing the overall reaction degrees of the binder. However, the changes in mass loss with
time for an individual mixture can be indicative of its own reaction development. Overall, it
can be seen that the rate of bound water increase follows the trend B30S70 < B50S50 <
B70S30. Mixtures with higher WBFA/BFS ratios can have a faster development of bound water,
suggesting more precipitation of hydrates. This result also agrees with the results in previous
sections that larger WBFA/BFS ratios proportionally promote the hydration of binary pastes
at a later stage.

4.3.4 Microstructure development
4.3.4.1 Pore volume and size

The MIP results for binary pastes are presented in Figure 4.9. The binary pastes show a
highly porous microstructure. The total intrusion porosity of pastes ranges between 30-45%,
which is generally higher than that reported for cement pastes with a similar water-to-binder
ratio [212,221].

The total intrusion porosity of paste decreases with time, which can be attributed to
continuous hydrate precipitation filling pore spaces and densifying the microstructure.
Notably, regardless of curing age, B50S50 exhibits the lowest porosity among the mixtures.
Moreover, an interesting observation is the more pronounced reduction in intrusion porosity
from 7 days to 60 days in B50S50 and B70S30 compared to B30S70. This phenomenon can be
associated with the reaction rate from a long-term perspective. As indicated by the
development of bound water, mixtures with a larger WBFA/BFS tend to show a more
pronounced bound water increment, facilitating the generation of more hydrates and
subsequently reducing porosity.



Chapter 4 63|Page

N O @m0 m
1 = ——B30S70-7d
<10 nm 10-50 nm  50-100 nm 100-1000 nm >1000 nm -

e E 0s- —— B50S50-7d
- = = [ ] £ —— B70S30-7d
< Y O s A e A O — ] g 04
2 1 ] 2
=30 — — H| 3
e = ] >
S — g 03
5 20 A
S 20 a
2 2 02-

S T
B 3
101 0.1
0 HEEE- | 0.0 T T T T %
7d | 28d [ 60d | 7d [ 28d [ 60d | 7d [ 28d | e0d 0.01 0.1 1 10 100
a) B30S70 B50S50 B70S30 b) Pore Diameter (um)
0.8+ 1.0 A
= ——B30S70-28d T —— B30S70-60d
E 06 —— B50S50-28d E 0.8 1 —— B50S50-60d
o ) —— B70S30-28d o —— B70S30-60d
€ IS
=] =}
G S
> >
© 04 o
o] [e]
o o
a o
()] D
ke] kel
ke o
S 024 S
© ©
0.0 e =~ ———
0.01 0.1 1 10 100 0.01 0.1 1 10 100
c) Pore Diameter (um) d)

Pore Diameter (um)

Figure 4.9 Pore proportions (a) and differential pore size distribution (b, c, d) of binary pastes

The pore proportions of pastes are divided into 5 categories, namely gel pores (<10 nm),
micro capillary pores (10-50 nm), medium capillary pores (50-100 nm), large capillary pores
(100-1000 nm), and air voids (>1000 nm) as shown in Figure 4.9(a) [221—-223]. Capillary pores
are dominant pores that account for more than 75 % of the intrusion pore volumes regardless
of mixture proportions and ages. It is evident that pastes with higher WBFA/BFS ratios exhibit
a higher volume fraction of large and medium capillary pores at 7 days, which can be
interpreted from the aspect of the initial particle packing. As WBFA particles have a larger size
compared to BFS particles, an increase in WBFA ratios will lead to an increase in larger
particles packing together to form large pores, which cannot be adequately compacted with
insufficient numbers of small particles.

The refinement of pore structures through hydrates filling pore spaces leads to an
increase in the proportions of micro capillary pores. A noticeable reduction in pore size is
indicated by the shift of the differential pore size distribution curves (Figure 4.9 b), c), and d))
towards lower values over time. The critical pore, which corresponds to the point of steepest
increase in pore volume and is closely related to the transport properties and strength of the
pastes, is used as the parameter to compare the pore structures among the three groups.
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B30S70 shows the largest critical pore size at all ages, and its reduction in size is less
pronounced compared to the other two groups. Larger WBFA/BFS ratios benefit more
hydrates precipitation, especially at later hydration, leading to a more significant effect on
the pore refinement.

4.3.4.2 Microscopy analysis

Figure 4.10 shows a representative BSE image of B50S50 at 60 days, with a brief
illustration of the WBFA and BFS particles. Owing to the variation of the average atomic
number in different phases, it is practical to identify the remaining BFS and WBFA particles
from their grayscale. Anhydrous BFS particles are represented by bright areas. WBFA particles
show both angular and spherical geometries represented by a broad range of grayscale values
from a relative dark area (mainly quartz) as well as bright particles, indicating the
heterogeneous nature of WBFA. The black region represents epoxy-immobilized pores. The
hydrates appear to be dark grey, with a grey scale between those for the pores and anhydrous
particles.
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Figure 4.10 Representative BSE images of B50S50 at 60 days
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Figure 4.11 compares the BSE images of WBFA-BFS binary pastes with varying WBFA/BFS
ratios at 7 days and 60 days. It can be observed that anhydrous particles are adhered to the
hydration products to form the microstructure of the pastes. In general, porous
microstructure can be seen in pastes since a generally looser microstructure can be found for
all pastes when compared with those reported in cement matrix [198,224,225]. The
microstructure of pastes becomes denser with longer curing ages, as a result of the
continuous generation of reaction products filling the pore spaces. However, it can be seen
that the improvement regarding microstructure refinement for B30S70 is less significant than
that of the other groups. This result is well correlated with the previous result in 4.3.3.3.
Mixtures B50S50 and B70S30 can generate more reaction products from 7 days to 60 days,
therefore, the densification of the microstructure is more noticeable.

[ » r = W

B70S30-7 days L_50um ; B70S30-60 days L_50pm

[ S

Figure 4.11 BSE images of binary pastes
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To further analyse the difference in chemical compositions of the reaction products with
different mixture proportions, the EDS hypermaps of samples at 60 days are segmented into
three parts, namely, pores, anhydrous particles, and hydrates, by Edxia method [226]. The
example of phase segmentations is provided in Figure A4.1. The EDS data regarding the
reaction products is then plotted in Figure 4.12. As illustrated, the main hydration products
are simply separated based on their characteristic element ratios. The main clusters in the
hydrates are the intermix of C-A-S-H gels, Friedel’s salt, and ettringite. A higher WBFA/BFS
ratio is clearly associated with an increased presence of scattered points in the ettringite
region. The density of these points indirectly reflects the weight proportion, indicating that a
higher WBFA/BFS ratio corresponds to a larger amount of ettringite as a reaction product.

4.3.5 Compressive strength development

Figure 4.13 shows the compressive strength of binary pastes.
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Figure 4.13 Compressive strength of binary pastes

Due to the high porosity of these pastes, the compressive strength of the binary pastes
is relatively low compared to cement pastes or water glass-activated slag [227,228]. However,
it is comparable to sodium salt and lime-activated slag [229,230]. The compressive strength
of pastes increases with time, as a consequence of continuous hydrate generation densifying
the microstructure. B50S50 shows the highest compressive strength at all ages. B30S70 shows
the least strength improvement from 7 days to 60 days, while B70S30 is found with a
significant strength increase. A higher WBFA/BFS ratio is facilitating the strength development
of pastes at a later stage, which agrees with previous discussions on the reaction process and
bound water content evolution.

4.4 Discussions

4.4.1 Reaction kinetics of binary pastes
4.4.1.1 General comments

Based on the isothermal calorimetry with ion concentration, it can be deduced that the
initial dissolution of WBFA can be suppressed with the increment of WBFA contents. While
WABFA is the primary alkalis source to promote the reaction of BFS, pastes with more WBFA
present a decreased initial hydration rate, as seen in Figure 4.2, showing a retarding
occurrences of acceleration period in mixtures with a higher content of WBFA. Restraint in
the initial dissolution of WBFA is also found in ion concentration, typically for sulfur and
potassium. Still, it is challenging to illustrate the reasons for this initial retarding effects. One
possible hypothesis can be attributed to the membrane effect. In the amplified heat flow
curves in Figure 4.2, it can be seen that within the first 2 hours, mixtures with a higher WBFA
content present a higher heat flow, and the initial shoulder representing the formation of
initial hydrates is more intensive in pastes with a higher WBFA, potentially indicating a higher
content of initial hydrates formed. These hydrates may act as the membrane to impede the
dissolution of mineral salts from WBFA and aluminosilicate glass from BFS. While the
discussion of the membrane effect in cement hydration has been extensively debated with
limited supporting evidence [231], there is corroborating information regarding the
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membrane effect in the incongruent dissolution and reaction of poorly reactive glass
materials, which include the materials (WBFA and BFS) used in this research [139,161,232].

Furthermore, considering the particle size of raw materials, fine BFS particles can
possibly serve as the nucleation sites for hydrates growth. Therefore, mixtures with a higher
WBFA/BFS ratio tend to have a decreasing quantity of fine BFS particles, this can also lead to
a delayed occurrence of the main hydration peaks in their heat flow.

Nevertheless, WBFA in the binary paste overall only presents a slightly restrained early
hydration but exhibits a more pronounced effect in the later hydration of binary pastes. The
kinetics of binary reactions will be discussed in the following sections.

4.4.1.2 Reaction degrees of BFS

The hydration degrees of BFS are calculated based on the BSE-EDS mapping as described
in Section 4.2.2.4, and the results are present in Figure 4.14. Comparable reaction degrees of
BFS are observed at 7 days for all mixtures. However, a high WBFA/BFS ratio is found to
significantly promote BFS hydration in the long term. For instance, the reaction degrees of
BFS increase from 31.41% to 42.22% from 7 days to 60 days in B70S30. In contrast, for B30S70,
the increase is relatively smaller, from 25.68% to 28.78% over the same period. This result
directly validates the discussions in previous sections that larger WBFA/BFS ratios can
facilitate the long-term hydration of BFS.
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Figure 4.14 Hydration degrees of BFS determined by BSE-EDS mapping analysis

Table 4.2 Amount of reacted BFS in pastes (g/100g binder)

B30S70 B50S50 B70S30

7 days 17.97 15.81 9.42

60 days 18.74 19.38 12.67
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Based on the reaction degrees of BFS, the reacted amount of BFS in binders can be
calculated and the results are listed in Table 4.2. It is interesting to note that although the
reaction degrees of BFS in B70S30 can reach up to about 40%, the amount of reacted BFS is
still relatively low, especially compared to that of B30S70. To comprehensively illustrate the
reaction kinetics of the binary pastes, the contribution of WBFA in the reaction is of great
interest.

4.4.1.3 Reaction contribution by WBFA

Owing to the complexity of WBFA, it is difficult to determine the reaction degrees of
WBFA based on the experimental techniques. Still, one approach to investigate the
contribution of WBFA in the reaction can be performed from the perspective of reaction
enthalpy, which is largely dependent on the reaction degrees of binders.

The exponential equation as presented in equation 4.2 has been widely reported to be
one of the best mathematical functions to fit the reaction enthalpy of cementitious materials
[233],

Q(®) = Q x exp (—)F (4.2)

where Q(t) is the cumulative heat of binder (J/g) released at time t (hours), Q is the heat that
can be generated by the final reaction degree, T is hydration time parameter, B is the shape
parameter.

The fitted normalized total heat, as shown in Figure 4.15, aligns well with the
experimental data. As the reaction degrees of BFS have been obtained by image analysis, the
enthalpy of BFS at 7 days and 60 days can be calculated according to Equation 4.3,

Qi(t) = Qmax,i X a;(t) (4.3)

where Qj(t) is the heat released by the reactive component | (BFS) at time t; Qmay, 1 is the
maximum enthalpy of the component (with 100% of reaction degrees); ai(t) is the reaction
degrees of the reactive component at time t.
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Figure 4.15 Calculated normalized total heat of binary pastes
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Figure 4.16 Calculated total heat of binder contributed from BFS and WBFA

To calculate the heat release from BFS, it is essential to know the maximum enthalpy for
the BFS reaction (Qumax,slag). According to the literature [199,234], it is found that the enthalpy
of BFS is mainly about 400 J/g. Thus, this value is adopted for further analysis. Although this
is an estimation of Qmaxslag, the results can still be informative for further analysis of the
contribution of WBFA. By subtracting the enthalpy from BFS, the released heat contributed
by WBFA can therefore be obtained. The reaction contributions of BFS and WBFA in the form
of heat are shown in Figure 4.16. It is seen that WBFA can greatly contribute to the heat
release in binary pastes, especially in mixtures with a higher content of WBFA.

4.4.1.4 Reaction kinetics

Based on the released heat of BFS and WBFA at 7 days and 60 days, it is, however,
challenging to present a time-dependent reaction kinetics model for each component, unless
at least one parameter (Q, T, B) in the exponential equation can be defined. Besides the
exponential equation, there is another empirical equation, Knudsen’s equation (shown in
Equation 4.4) [235,236], has also been widely used for the determination of the parameter Q
in cementitious materials:

1 1 tso

L=l 4.4

et) @ ( + t—to) (4.4)

where Q(t) is the cumulative total heat of binder (J/g) at time t, to is the end of the induction
period, tso is the time needed to reach 50% reaction degree for cementitious materials.

This equation implies a linear relationship between 1/Q(t) and 1/(t-t0). It has been
confirmed that this equation can accurately calculate the value Q with a longer measuring
time (more than 3 days) [235]. To validate the feasibility of Knudsen’s equation in the binary
pastes, a comparison of the value Q of the pastes from both the exponential equation and
Knudsen’s equation has been conducted, with the results presented in Table A4.1. The Q
values show good agreement between these two methods. Based on the released heat from
WBFA and BFS at 7 days and 60 days (Section 4.4.1.3), therefore, it is applicable to apply
Knudsen’s equation to calculate the value of Q of WBFA and BFS individually. The calculated
Q of WBFA and BFS in different mixtures are presented in Table A4.2.
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To further establish the reaction kinetics of these two components, their reaction
degrees should be calculated. It is important to note that the Q is different from the Qmax.
Qmax is assumed to be the enthalpy with 100% of reaction degrees, while Q is the eventual
heat can be released from one component with its ultimate reaction degree (<100%).
Therefore, it is applicable to calculate the maximum reaction degrees of each component by
using Equation 4.5, and further establish the time-dependent reaction equation with Equation
4.6:

Aue; = QQ—XW x 100% (4.5)
a(t) = @y X exp (—)F (4.6)

where Wi is the weight ratios (wt. %) of one component in the binder.

With the current data, it is sufficient to establish the reaction kinetics equation for BFS.
However, to further depict the reaction kinetics equation for WBFA, the Qmax of WBFA is
needed. For now, there is limited information available on the Qmax of WBFA. One possible
approach is to refer to the Qmax of high calcium coal fly ash. Schindler et al [233] found that
for high calcium coal fly ash, its Qmax can be defined by Equation 4.7:

Qmax,ra = 1800 X Ppy cao (4.7)

where P4 cq0 is the weight proportion (wt. %) of calcium oxide in fly ash.

It is essential to note that the calcium oxide in equation 4.6 mainly refers to the reactive
calcium content. While in WBFA, we assume that this should mainly be contributed from the
reactive calcium oxide from the amorphous phases. The other calcium salts mainly influence
the heat release at the very beginning of hydration, which is already excluded when fitting
the cumulative curves. From Chapter 3, the amorphous calcium oxide content in WBFA is
20.15%, thus the Qpqx ra is 362.7 J/8.

Following the approach, the reaction kinetics of BFS and amorphous phase in WBFA in
the binary mixtures can be established, as shown in Figure 4.17. It is important to note that
for the reaction degree of WBFA, there are certain assumptions made in the calculation. Since
the Qpax ra is obtained by considering the amorphous phase in WBFA, the reaction degree
of WBFA in Figure 4.16 should only be considered as the reaction degrees of the amorphous
component in WBFA (38.5% wt.). Still, it is noteworthy that this calculation can only be used
for informative analysis, instead of quantitative analysis due to the assumption of Q maxslag,
and Q maxwsera. The changes of these values would affect the final maximum reaction degrees
of WBFA and BFS, respectively.
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Figure 4.17 Calculated reaction degrees evolution of BFS and amorphous phase in WBFA

4.4.2 Thermodynamics modelling

With the information in Figure 4.17, it is possible to predict the phase evolution of the
binary pastes with the help of thermodynamic modelling, by using GEMs software coupling
with CEMDATA18 database.

Figure 4.18 provides the time-dependent phase evolution of binary pastes. It is
noteworthy that the (partial) reactive phases originated from WBFA, for instance, calcite,
portlandite, syngenite, sylvite etc. are directly used as inputs in the modelling based on the
QXRD results. Based on the modelling, it is seen that the main reaction products are C-S-H
gels, ettringite, Fridel’s salt, and hydrotalcite. These results are well aligned with the
experimental findings. Meanwhile, the time-dependent modelling shows that mixtures with
a higher amount of WBFA exhibit a slower initial hydrates formation, which is also in line with
the experimental data showing a restrained initial reaction with more WBFA.

As illustrated earlier, considering the assumptions made in the kinetics calculation, it is
challenging to quantitatively analyse the reaction products. Still, the changes in hydrates
among the mixtures with different WBFA/BFS ratios can provide insightful information on the
phase evolutions with mixtures. As it can be seen, a higher amount of WBFA can eventually
lead to an increased amount of Friedel’s salt, as chloride originated from WBFA largely being
bound in the hydrates. Meanwhile, it is seen that B50S50 contains the largest amount of
ettringite, C-S-H gels, and hydrotalcite. These hydrates can largely contribute to its strength
development, which can be partial supporting evidence for the highest compressive strength.
By further increasing the amount of WBFA to B70S30, however, the amount of hydrates shall
be reduced due to the limited amount of reacted BFS. A synergistic effect between WBFA and
BFS is, therefore, presented.
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4.5 Conclusion

This chapter investigated the reaction kinetics and microstructure development of
WBFA-BFS binary pastes, validating the hypothesis in Chapter 3 that WBFA can be
implemented to enhance the reaction of pozzolanic materials, demonstrating a synergistic
effect with BFS during hydration. Based on the results, the following conclusions can be drawn:

1) The combination of BFS, WBFA, and water leads to an intense ‘cement hydration-like’
exothermic reaction, implying the precipitation of reaction products. Mixture with a
lower WBFA/BFS ratio is found with more intensive hydrations during the early
hydration. Increasing the amount of WBFA is beneficial for BFS hydration in the long
term.

2) The primary hydration products in the binary pastes are C-S-H gels, ettringite, Friedel’s
salt, and hydrotalcite. The hydrate compositions are influenced by WBFA/BFS ratios,
with hydrotalcite preferably forming in mixtures with lower WBFA/BFS ratios, and
ettringite preferably forming in mixtures with higher WBFA/BFS ratios.
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3) From the reaction and compressive strength point of views, B50S50 is the optimal
mixture among the three mixtures, with the lowest porosities as well as the highest
compressive strength at all ages.

4) The binary pastes have a highly porous microstructure, with porosities ranging from
30% to 45%. Longer curing leads to a reduction of porosities. The volume of medium
and large capillary pores decreases while the volume of micro capillary pores increases
with the refinement of the pore structure.

Due to the intrinsic reaction process and slow strength development, it can be expected
that the application of WBFA-BFS binary pastes should be used for low-strength demanding
products. To further extend the utilization approach and improve the utilization efficiency of
WBFA, integrating WBFA into blended cement can be applied, which will be discussed in the
next chapter.
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Appendix

Figure A4.1 Phase segmentation of B50S50 at 60 days (The red area indicates the pores and cracks, yellow area
indicates the anhydrous particles, blue area indicates the reaction products in the matrix)

Table A4.1 Comparison of values Q in binary pastes from Exponential equation and Knudsen’s equation

Exponential equation Knudsen'’s equation
B30S70 85.57 /g 86.81 /g
B50S50 120.8J/g 126.29 J/g
B70S30 168.55 J/g 164.83 J/g

Table A4.2 Calculated value Q for BFS and WBFA in binary pastes by Knudsen’s equation

Qers Qwera Qginder
B30S70 79.17 6.76 85.93
B50S50 82.98 38.94 121.92
B70S30 55.65 110.31 165.96

In Table A4.2, the enthalpy of binder can be calculated by equation A4.1
Quinder = Qars+Qwara (A4.1)

It is seen that the calculated Quinder is comparable to that calculated directly from the
Knudsen’s equation calculated from the total heat from the isothermal calorimetry results.
This indicates a well-satisfied result for determining the value of Qgrs and Qwera.
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Chapter 5

Wood biomass fly ash as slag substitute in slag
blended cement

5.1 Introduction

Chapter 4 presents one promising approach for the valorisation of wood biomass fly ash
(WBFA) as a valuable mineral in a cement clinker-free binary binder formulation. While this
binder exhibits a great advantage from an environmental perspective, its application shall
only be restricted to moderate strength grades. To promote the utilization efficiency of WBFA
in binder formulation, it is essential to integrate WBFA into the preparation of binders with
enhanced strength, expanding its use for various strength demands. One option is to
introduce WBFA as a mineral additive into cement, considering its wide applications in both
low-strength and high-strength scenarios.

As discussed in the literature review (Chapter 2), a wide range of supplementary
cementitious materials (SCMs) have been intensively used as a partial substitution for cement,
aiming at reducing both the environmental and economic cost of cement concrete [237].
However, the insufficient resources of conventional SCMs persist as a challenge in executing
this approach. Therefore, it would be of great interest if WBFA could be used in blended
cement to replace conventional SCMs. The primary challenge of the utilization of WBFA in
cement is attributed to its low reactivity. Studies indicate that directly replacing cement with
WABFA results in unsatisfactory mechanical properties [44]. Nevertheless, as investigated in
Chapter 4, the addition of WBFA facilitates the enhancement of blast furnace slag (BFS)
reactions. This brings a new solution for utilizing WBFA as a mineral additive to partially
replace BFS in BFS-blended cement. By promoting the reaction of BFS, pastes with a reduced
amount of BFS can potentially attain comparable strength. Given the diminishing availability
of BFS, this approach offers a practical solution to utilize WBFA and expands the options for
mineral additives in blended cement.

In this chapter, WBFA is employed as a partial replacement for BFS in BFS-blended
cement. The investigation delves into the reaction process, microstructure evolution, and
mechanical properties of the pastes to elucidate the functional role of WBFA in BFS-blended
cement. The objective is to integrate WBFA into the formulation of ternary paste systems,
thereby advancing the application of WBFA in construction materials.

5.2 Materials and methods

5.2.1 Materials

The materials used in this chapter include WBFA, BFS and Portland cement.
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Table 5.1 Chemical compositions of raw materials (wt. %)

LOI LOI
Si02  AlOs CaO Fe03 SOz Nax0O KO CI MgO

(550°C) (1000 °C)
Cement 20.17 3.22 6417 501 293 0.16 082 - 133 n/a 0.37

Table 5.2 Mineral compositions of cement by QXRD

Alite  Belite Ferrite Aluminate Gypsum Anhydrite Bassanite Quartz Calcite Others

64.97 9.32 9.12 8.17 2.88 0.73 1.41 0.81 0.90 1.69
100
| —— WBFA
—— Cement
__ 804 —BFS
=
(0]
(@)}
S 60 -
C
8
@
o
o 404
€
=2
(o]
>
20
0 —_— S — ———rr
0.1 1 10 100

Particle diameter (um)

Figure 5.1 Particle size distribution of WBFA, cement and BFS measured by laser diffraction method

BFS and WBFA are the same as the ones in previous chapters. ENCI CEM | 42.5N Portland
cement (in short ‘cement’) was used, considering its simple constituent (clinker with minor
additives). The chemical compositions of BFS and WBFA can be found in Table 3.2 and 3.5,
respectively. The chemical compositions (measured by XRF) and phase compositions
(measured by QXRD) of cement are detailed in Table 5.1 and 5.2, respectively.

The particle size distribution of raw materials was determined by laser diffraction
(Mastersizer 2000), and the results are depicted in Figure 5.1. BFS is observed to have the
smallest particle size with a dso of 18.31 um, while WBFA exhibits the largest particle size with

a dsp of 34.97 um. The particle size of cement falls between those of BFS and WBFA, with its
dsp at 26.81 um.

5.2.2 Experiments
5.2.2.1 Mixture design

The mixture compositions of pastes are given in Table 5.3.
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Table 5.3 Mixture proportions of pastes

Group Cement (wt. %) WBFA (wt.%) BFS (wt.%)) w/b
c1 0 60
Cc2 15 45 0.35
c3 30 30

Isothermal calorimetry g

Reaction kinetics
Pore solutions @

Compressive strength

B B B
o o o

MG WAINIR ] Hydrates characterization g

Microstructure evolution

WIS ] Pore structure -

Figure 5.2 Schematic of experimental programs

The reference mixture C1 was composed of 40% cement and 60% BFS, which was a
typical composition of CEMIII/A according to EN 197-1. 15% and 30% of WBFA by the total
mass of the binder were introduced to replace BFS, as referred to C2 and C3, respectively.
The upper limit of 30% of WBFA by total weight is set considering the amount of chloride
content in WBFA (3.27%). This ensures the accumulated chloride content is below the upper
limit (1%) of chloride content in concrete for non-structural application (EN 206),
guaranteeing the practical execution of the binder from an engineering perspective. The
water to binder ratio (w/b) was kept at 0.35 to ensure the good consistency of all mixtures.

5.2.2.2 Experimental program

The overall experimental program is depicted in Figure 5.2. The experiments are
designed to investigate the impact of WBFA on the reaction of BFS blended cement. This
includes studying the hydration process (through isothermal calorimetry and pore solutions),
microstructure evolution (characterization by XRD, TGA, and FTIR), and mechanical properties
(specifically compressive strength). The aim is to provide fundamental knowledge for the
mixture design when using WBFA in BFS blended cement binders. The detailed test methods
for examining reaction kinetics, characterizing microstructure evolution, and compressive
strength can be found in Section 4.2.2.2. In addition, QXRD was performed to quantify the
clinker phases throughout hydration. The method for QXRD can be found in Section 3.3.2.2.

5.3 Results

5.3.1 Heat evolution measured by isothermal calorimeter

Since the dissolution of raw materials and precipitation of hydrates are accompanied by
heat release, the normalized heat flow can be indicative of the reaction rate of pastes. In the
amplified curves for the first 4 hours of reaction in Figure 5.3 (a), it can be seen that pastes
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with WBFA (C2 and C3) have a greater initial exothermic peak compared to the reference (C1).
Given that the initial peak is associated with wetting and dissolving of the raw materials [238],
it infers that the introduction of WBFA leads to an enhanced dissolution of the raw materials.
Meanwhile, it is observed that mixtures with larger proportions of WBFA tend to have shorter
durations of the dormant period. As indicated in Figure 5.3(a), the end of the dormant period
is 2.96 hours, 2.68 hours, and 2.16 hours for C1, C2, and C3, respectively. Pastes with WBFA
exhibit a faster initial reaction. This phenomenon can be attributed to the significant
dissolution that occurs when WBFA is introduced. The enhanced dissolution in C2 and C3
leads to the faster accumulation of ion concentrations in the pore solution, resulting in an
accelerated oversaturation of hydrates. As a result, hydrates precipitation occurs faster [239].

After the dormant period, there is a notable increase in heat flow for all pastes, achieving
their main hydration peaks at approximately 12 hours, as shown in Figure 5.3(b). This stage is
commonly known as the acceleration period, which is believed to be associated with the
generation of a substantial amount of hydrates [239]. Similar to that in the initial peak, pastes
with WBFA (C2 and C3) show a higher main peak than C1, suggesting that WBFA promotes
early hydrates formation. An advancement in hydration is caused by addition of WBFA.

The deceleration period follows the acceleration period, where the heat flow gradually
decreases with time. During this stage, a distinctive secondary reaction peak can be observed
in all mixtures. The peak is typically associated with the formation of ettringite [104,240]. In
the case of C1, this peak is right next to the main hydration peak, with almost identical
intensity to the main peak. The introduction of WBFA leads to a delayed and broader
secondary reaction peak. The onset of the secondary reaction peak is observed after 15 hours
in C1 and is delayed to 23.94 hours in C3. Similar phenomena have also been observed in
cement pastes with the addition of sulfate, as previously reported in literature [241,242].
Based on the chemical compositions of WBFA in Section 2.3.3, a higher amount of sulfate can
be expected in mixtures with more WBFA. Still, all the mixtures are in the scenario as properly
sulphated condition, consistent with previous research [241,243,244]. In the case of an
oversulfated condition, the aluminate peak is typically observed much later [204,241].
Oversulfated condition can cause significant retardation effects on cement, and is negative
for the mechanical strength [245]. Therefore, careful attention should be paid if the addition
of WBFA is more than 30%.
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Figure 5.3 Normalized heat flow of pastes (a) within first 4 hours; (b) util 72 hours
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5.3.2 Pore solutions
5.3.2.1 lon concentration

To further study the effect of WBFA on the hydration of BFS blended cement, the
evolution of ion concentration in the pore solution is measured. Figure 5.4 shows the pore
solution compositions of pastes at 1 day, 7 days, 14 days, and 28 days. As the concentrations
of Mg and Fe are below the detection limit of ICP-OES, the results are not included. The ion
concentrations demonstrate a balanced charge relationship between anions and cations (Fig
5.4 (a)), affirming the reliability of the pore solution compositions.

Due to the high alkalis content in WBFA, the introduction of WBFA leads to increased
concentrations of Na (Figure 5.4 (b)) and K (Figure 5.4 (c)) at all ages. Thus, a higher alkalinity
of the pore solution can be expected in pastes with WBFA, as evident by the increasing
concentration of OH in the pore solutions of C2 and C3 compared to the reference sample C1
(Figure 5.4 (d)). Still, it is interesting to note that the concentration of OH is not linearly
dependent on the concentration of alkalis. C2 shows a higher concentration of OH than C3 at
1 day and 7 days, indicating a higher alkalinity in C2. Meanwhile, the concentration of sulfate
(Figure 5.4 (e)) does not proportionally increase with WBFA. The concentration of sulfate in
paste with 15% of WBFA (C2) is only 39.28 mM while paste with 30% of WBFA (C3) contains
221 mM sulfate at 1 day. The lower initial alkalinity in C3 may be ascribed to the slower
depletion of sulfate in C3 compared to C2, as indicated by the isothermal calorimetry showing
a later occurrence of the aluminate peak in C3. Thus, a lower concentration of OH should be
achieved in C3 compared to C2 to meet the charge balance.

The rise in alkalinity in pore solutions can promote the dissolution of clinker phases and
BFS [123]. As suggested by the calorimetry results, pastes containing WBFA present higher
wetting and dissolution peaks. Evidences can be observed in the concentration of Al and Si
(Fig 5.4 (f), (g)). For three mixtures, the concentration of Al and Si increases over time, which
is consistent with previous research [246,247]. As WBFA contains a lower content of
amorphous aluminosilicates than BFS, the dissolvable aluminum and silicon in pastes
containing WBFA are, therefore, expected to be lower. However, it is seen that the
concentration of Si increases with the increase of WBFA, inferring that WBFA promotes the
dissolution of aluminosilicate phases in cement and BFS.

In a pure cement system, the concentration of Ca is largely influenced by the solubility
of portlandite [246]. Normally, a higher alkalinity in pore solution leads to a decreased
concentration of Ca. This trend is also observed in the current research, as seen in the
evolution of the concentration of Ca in controversy with that of OH over time. However, it is
noted that the concentration of Ca increases with the increased WBFA, despite the fact that
C2 and C3 have higher alkalinity in pore solutions. One reason can be the dissolution of the
calcium-bearing crystalline phase, for instance, syngernite, from WBFA. Besides, the
promoted dissolution of BFS and cement can affect the dissolution of calcium species. A
sulfate-rich environment in C2 and C3 is also believed to be the reason for their high
concentration of Ca, as these elements are expected to form aqueous CaSO complexes
[246].

Free chloride is detected in the pore solutions in C2 and C3, as the high availability of
chloride originates from WBFA ((Fig 5.4 (i)). It is interesting to note that the concentrations of
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chloride decrease with time, which implies that the chloride is bound in the hydrates of the
blended cement pastes. The reduced chloride concentration can be attributed to chemical
binding by the generation of chloride-bearing hydrates, and physical sorption by hydrates

[190,214]. The chloride-bearing phases will be further discussed in the following sections.
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Figure 5.4 The charge comparison (a) and ions concentration (b)-(i) in pore solutions
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5.3.2.2 Effective saturation index (ESI)

With the ion concentration, the ESI of suspected hydrates is calculated following the
methodology described previously in Section 4.3.2. A positive ESI value indicates the potential
generation of phases due to oversaturation, whereas a negative value indicates
undersaturation and the inability to form those phases. The tolerance area within the dashed
lines represents the uncertainty range of the solubility products [210].

C-S-H gels are the most likely hydrates to be precipitated, as indicated by the highest ESI
values among the other hydration phases. The ESI values of ettringite in C2 and C3 are
consistently positive throughout the measured hydration durations, whereas the ESI value of
ettringite in C1 at 1 day is close to 0, and further falls outside the tolerance area at later stages
of hydration. This indicates that ettringite is expected to be one of the primary hydrates in C2
and C3. In C1, on the other hand, it is deduced that ettringite would decompose into other
phases. Further XRD analysis would confirm this argument.
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Figure 5.5 ESI of calculated from pore solutions

The ESI of portlandite in C1 is seen to be negative at 1 day, further decreasing to fall
outside the tolerance area afterwards. Comparatively, the ESI of portlandite in C2 and C3
remains around O during the measured period, with a generally slight decreasing trend over
time. The decrease in ESI of portlandite with time in all samples should be the result of
pozzolanic reaction between BFS and portlandite, which is consistent with other studies
[248,249]. The negative ESI of portlandite in C1 starting from 1 day implies that the
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portlandite consumption rate due to the pozzolanic reaction is faster than the portlandite
precipitation rate from the clinker hydration. However, this does not necessarily indicate that
C1 exhibits a faster pozzolanic reaction compared with C2 and C3, especially considering that
pastes containing WBFA have been found with a promoted BFS dissolution as indicated in
Figure 5.4. The higher ESI values in C2 and C3 should mainly be attributed to the initial
presence of a certain amount of portlandite (5.51% wt.) in WBFA, which maintains the ESI of
portlandite at a relatively higher value.

For the chloride-bearing hydrates, similar to the results in Chapter 4, the ESI values of
both Kuzel’s salt and Friedel’s salt are located above the lower limit of the tolerance area for
both C2 and C3. This indicates that from the thermodynamic perspective, both two phases
can possibly be generated, which explains the decrease in chloride concentration over time.
Still, further XRD test shall be implemented to determine the actual chloride-bearing hydrate
formation.

5.3.3 Solid phases
5.3.3.1 XRD analysis
- Phase identification

Figure 5.6 displays the XRD patterns of the pastes, and the minerals are correspondingly
marked.

For samples at 1 day, it is seen that ettringite and portlandite are the primary hydrates
in all pastes. While ettringite remains the main hydrate in C2 and C3 at later hydration, it is
noteworthy that the diffraction peaks of ettringite in C1 become less visible with time. For
samples at 28 days and 90 days, another sulfate-bearing phase, monosulfate, becomes
significant in C1. This aligns with the ESI calculation on ettringite, where an undersaturation
condition of ettringite is found in C1 after 1 day, while the oversaturated condition is observed
in C2 and C3 throughout the measurement.

Equations 5.1 and 5.2 illustrate the formation of ettringite (AFt) and its conversion into
monosulfate (AFm), respectively, with C3A as the example for the aluminate-bearing phases:

2C3A + 3CaS0, + 26H,0 — CzAS;Hs, (ettringite) (5.1)
2C3A + C4AS3Hy, (ettringite) + 4H,0 — 3 C4LASH,, (monosulfate)  (5.2)

From these chemical reactions, it can be informed that the conversion of ettringite into
monosulfate is the result of the complete consumption of sulfate. In this scenario, ettringite
would further react with the remaining aluminate phases to form monosulfate [104]. By
replacing BFS with WBFA, the aluminate phases in pastes decrease while the sulfate content
increases. Therefore, the sulfate-rich systems in C2 and C3 are more favourable for the
precipitation of ettringite.
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Figure 5.6 XRD patterns of the pastes at 1 day (a), 28 days (b), and 90 days (c)
(E: ettringite, Ms: monosulfate, F: Friedel’s salt, Ht: hydrotalcite, P: portlandite)

For the chloride-bearing hydrates observed in XRD patterns, unlike the ESI calculations
indicating the possible formation of Kuzel’s salt, only Friedel’s salt is actually detected at
11.20° of 2 thetas in the C2 and C3. The intensity of the diffraction peaks of Friedel's salt
increases over time due to its ongoing precipitation. The reason for the absence of Kuzel’s
salt can be attributed to the substitution of sulfate by chloride in Kuzel's salt in the chloride-
rich environment, leading to its conversion into a more stable Friedel's salt [250]. Moreover,
hydrotalcite, one of the primary secondary hydrates in BFS blended cement, is observed at
11.36° of 2 thetas in C1 at 28 days and 90 days (Figure 5.6 (b), (c)). The diffraction peak for
hydrotalcite is less observable in pastes with more WBFA. Although no clear hydrotalcite
diffraction peak can be found in C2 and C3 at 28 days, it becomes visible at 90 days in C2.
However, hydrotalcite can be rarely found in the XRD pattern of C3. The decrease in
hydrotalcite can be attributed to the reduced magnesium content in mixtures with the
increase in the replacement of BFS by WBFA.
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- Quantitative analysis

QXRD is carried out to quantify the remaining anhydrous clinker phases in the hydrates,
further can be implemented to determine the reaction degrees of individual clinker phases of
cement, with results presented in Figure 5.7. Additionally, the hydration degrees of cement
can be calculated accordingly based on Equation 5.3, and the results are plotted in Figure 5.8.

From Figure 5.7, it is clear that all of the clinker phases exhibit enhanced hydration at 1
day in the pastes containing WBFA. The accelerated hydration can be attributed to, on the
one hand, the increasing alkalinity in the pore solutions (seen from Figure 5.4(d)) that
facilitates the dissolution of clinker phases. Meanwhile, as stated in [240,242], sulfate can
accelerate the early hydration of alite. The increasing amount of sulfate in blends containing
WBFA can therefore facilitate the early hydration of cement. As a result, the hydration degree
of cement at 1 day increases with the increment of WBFA. The hydration degrees of cement
at 1 day are 49.25%, 59.69%, and 60.14% in C1, C2, and C3, respectively.
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Figure 5.7 Reaction degrees of individual clinker phase by QXRD
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Figure 5.8 Reaction degrees of cement

The reaction degrees of individual phases increase with time as a consequence of
continuous hydration. However, it seems that the effect of WBFA on the hydration degree of
the clinker phase is less noticeable at later stages. Concerns about alkalis negatively affecting
cement hydration from a long-term perspective have been reported elsewhere [251,252]. Still,
in the current research, it is clear that the WBFA shows no negative impact on cement
hydration in the BFS blended cement at a later stage. The reaction degrees of cement among
these three mixtures are generally comparable at 90 days.

5.3.3.2 FTIR analysis

Figure 5.9 presents the FTIR spectra of pastes at 1 day, 28 days, and 90 days. The main
band for all pastes is located at approximately 950 cm™. This band is associated with the
adsorption of Si-O (Q2), and is the typical signal for the presence of C-S-H gels [216,217]. The
other Si-O bands at 820 cm™ are reported to be the Q1 species in C-S-H gels [253]. The
identical location of the main band in the samples indicates that the introduction of WBFA
does not significant affect the polymerization of Si in C-S-H gels. The shift of main bands from
a lower wavenumber (947 cm™ at 1 day) to a higher wavenumber (954 cm™™ at 90 days) is the
result of the gradual decalcification and polymerization of silica, which has been widely
reported in the literature [217] as the consequence of long-term hydration.

The bands at 1115 cm™ are identified in all three groups at 1 day, and correspond to the
presence of sulfate in the form of ettringite [253,254]. With the hydration process, the S-O
band in the spectra of C1 at 28 days and 90 days has shifted to 1160 cm™, which should be
attributed to the sulfate in monosulfate. This is consistent with the XRD results indicating the
conversion from ettringite to monosulfate. In terms of the OH bands, three bands are
identified at 1650, 3420, and 3640 cm™L. The first two bands are associated with the chemical
water in the hydration products. The band at 3640 cm™ corresponds to portlandite, which is
more pronounced in samples of the same age as the amount of WBFA increases. One
explanation for this is that WBFA has a stimulating effect on the hydration of cement,
especially at early age. Additionally, WBFA is composed of 5.51% of portlandite, which
enhances the band intensity. However, the portlandite band gradually loses its visibility in all
samples over time, as a result of its depletion during the hydration process of BFS.
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Figure 5.9 FTIR spectra of the pastes at 1 day (a), 28 days (b), and 90 days (c)

5.3.3.3 TGA-DTG analysis

Figure 5.10 illustrates the TGA-DTG curves of the pastes. Based on the DTG curves, the
decomposition of hydrates can be broadly categorized into three regions: Region | occurs
within about 400°C and is characterized by the dehydration and dihydroxylation of various
hydrates, with several peaks observed. Specifically, for samples at 1 day, the main peak at
around 110°C is attributed to the dehydration of C-S-H gels and ettringite [255,256]. Due to
the similar decomposition temperatures of these two phases, the main peak represents the
overlap of the two phases decomposition. The small shoulder at about 160°C in C2 and C3 is
likely the decomposition of Friedel’s salt, which has a doublet decomposition peak, with the
second peak at around 320°C [213]. The decomposition peak of the pastes is similar to that
of the cement-free binder reported in Chapter 4, as these binders contain similar types of
hydrates in general. The only difference is in C1 at 28 and 90 days, where monosulfate
contributes to a small decomposition shoulder at around 170°C. Additionally, several minor
peaks between 250-400 °C are found for samples at 28 and 90 days, which can be attributed
to the decomposition of hydrotalcite phases. Besides, Region Il between about 400-500°C
corresponds to the decomposition of portlandite, and region Il is associated with
decarbonation above 600°C.
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Figure 5.10 TG-DTG curves of pastes at 1 day (a), 28 days (b), and 90 days(c)

- Portlandite content
The portlandite content calculated according to the TGA results with the tangential

method [195] is shown in Figure 5.11.
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Figure 5.11 Portlandite content from TGA
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Portlandite is one of the main hydrates of cement, and is also the reactant for the
pozzolanic reaction that reacts with BFS. There is a gradual increase in portlandite content
with the increment of WBFA, while a general decrease of portlandite content over time. These
trends are in agreement with the ESI results on portlandite, as well as the IR bands of
portlandite observing a decreased intensity with time.

- Bound water content

With the accumulation of hydrates, an increasing amount of water becomes part of the
hydrates, which can be referred to as bound water. Therefore, the amount of bound water
can, to a certain extent, be used as an indirect index for the reaction degrees of cementitious
materials. The bound water was calculated by the weight loss of pastes below 550 °C, as
illustrated in Figure 5.12. An increasing amount of bound water with time is observed for all
mixtures, as the consequence of the continuous generation of reaction products. It is worth
noting that mixtures containing WBFA are found with a large increase in bound water at 1
day, indicating that at 1 day, pastes containing WBFA generate more reaction products than
the reference sample. This result is in line with the results obtained from the calorimetry test
and QXRD, which show that WBFA accelerates the hydration of cement, leading to a larger
quantity of hydrates formation (see Figures 5.2 and 5.8). A minor difference in the amount of
bound water can be found for mixtures at 28 and 90 days among the three pastes, as the
reaction degrees of cement are less different at later stages (seen in Figure. 5.8).
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Figure 5.12 Bound water content in pastes
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5.3.4 Microstructure analysis
5.3.4.1 BSE-EDS

Figure 5.13 displays the micro-morphology of blended cement pastes. The black area
represents the pores immobilized by epoxy. The brightness of the particles reflects the atomic
numbers of phases that enable the identification of anhydrous grains. Due to the presence of
the ferrite phase, cement particles with ferrite can be brighter than the other particles. BFS
grains are irregularly shaped with a uniform grey level. The WBFA particles, however, are
challenging to distinguish since they exhibit a broad range of grey levels and consist of both
spherical and angular particles.

7 :i Ay

Mag: 200-6;{

Figure 5.13 BSE images of pastesat 1 dand 90d
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For samples at 1 day, it is clear that the microstructure of C1 is highly porous, while C2
and C3 are more compacted and denser. As discussed in previous sections, WBFA accelerates
the hydration of cement and BFS, promoting the formation of hydration products. A higher
amount of hydrates in C2 and C3 can be expected to fill the pore spaces to densify the
microstructure of pastes. The pore size distribution in Section 5.3.4.2 would further provide
detailed information on these aspects. With hydration, the microstructure of pastes is further
densified. The continuous generation of hydrates is found among the anhydrous particles,
leading to the formulation of a dense microstructure.

The reaction degrees of BFS in the pastes can be determined by image analysis coupled
with BSE-EDS mapping, as previously discussed in Section 4.2.6. As seen in Figure 5.14, the
calculated reaction degrees of BFS are within the similar ranges as reported elsewhere
[120,199]. A general increase in reaction degrees can be observed in mixtures with WBFA
compared with the reference sample at all ages. This can be correlated to the increased
alkalinity in the pore solutions with the addition of WBFA that promotes the dissolution of
BFS.

The EDS mapping of cement pastes was further utilized to analyse the chemical
compositions of hydration products. Since the grey scale for hydrates is generally lower
compared to anhydrous particles, it is possible to screen out the hydrates through image
analysis. For samples with WBFA, a preset elemental ratio restriction [226] is additionally
applied to remove the anhydrous particles, as mentioned in Section 4.2.2.4. Consequently,
EDS mapping on hydrates can be obtained.
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Figure 5.14 Reaction degrees of slag determined by EDS mapping
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Figure 5.15 2D scatter plots of the hydration products in the pastes at 90 days (a: C1, b: C2, c: C3.)

The chemical compositions of hydration products are plotted in Figure 5.15 in terms of
Si/Ca verse Al/Ca. As it is known that C-S-H gels remains its chemical compositions with a Si/Ca
between 0.5 and 1. While C-S-H gels are the primary hydrate in cementitious materials, the
most concentrated area in the figure is therefore identified as an intermix of C-S-H gels
marked with red scatters. A slight decrease in Si/Ca ratio is observed with the addition of
WBFA. The Si/Ca ratios gradually drop from 0.66 in C1 to 0.57 in C3. This is because calcium
is the primary element in WBFA, while there is a significant reduction in reactive Si content in
WBFA compared to BFS. Although it is agreed that the Si/Ca ratios can affect the properties
of C-S-H gels, especially the micromechanical properties, the results are still debatable [257—
260]. Therefore, the results here only to unveil the gels chemical compositions.

5.3.4.2 Pore structure evolution

Figure 5.16 shows the pore size distribution of pastes at 1 day, 28 days, and 90 days,
determined by mercury intrusion porosimetry (MIP).
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Figure 5.16 Pore proportions (a) and differential pore size distribution (b, c, d) of pastes

To better identify the pore distribution in the pastes, the pores are classified into five
categories: gel pores (<10 nm), micro capillary pores (10-50 nm), medium capillary pores (50-
100 nm), large capillary pores (100—1000 nm), and air voids (>1000 nm) [221-223]. For C1 at
1 day, the highest proportion of pores is attributed to large capillary pores (approximately
65%). In comparison, C2 and C3 exhibit lower proportions of large capillary pores at 1 day,
more than half of the pores in C2 and C3 are under 100 nm. Additionally, a remarkable
reduction in porosity is observed with the addition of WBFA. The total porosity of pastes at 1
day follows the order: C1 (42.66%) > C3 (36.72%) > C2 (33.80%). These results are consistent
with the BSE image at 1 day, showing a clear improvement in microstructure in pastes with
WBFA.

As the hydration process continues, both the porosity and pore size of the pastes
gradually decrease. By 28 days, the total porosity of C1 decreases to 16.01%, which is
comparable to that of C2 (15.09%) and lower than that of C3 (18.96%). The porosity of the
pastes continues to decrease further by 90 days, with C1 having porosity of 9.88% that is
comparable to C2 (10.98%), and still lower than that of C3 (12.45%). In terms of pore size,
while a larger pore size is seen in C1 at 1 day compared to those in C2 and C3, it is seen that
there is more significant pore refinement in C1 during hydration. The critical pore size, which
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is identified by the pore size associated with the steepest peak in the differential pore volume,
is found to be smaller in C1 than those in C2 and C3 after 28 days. With a larger amount of
WBFA replacement, although higher reaction degrees can be achieved for both cement and
BFS, the reactive component reduces in quantity given the lower reactive component in
WBFA than that in BFS. Therefore, a coarser microstructure and lower strength can be
foreseen with a large proportion of WBFA. Besides, as the particle size of WBFA is much larger
than that of BFS and cement, the particle packing can be another reason for the porous
microstructure. Further grinding can be applied to improve the microstructure and therefore,
enlarge the proportion of WBFA.

5.3.5 Compressive strength

Figure 5.17 presents the compressive strength evolution of pastes. Unlike previous
studies [21,76] reporting the reduction of compressive strength when WBFA is used as a
cement substitute, it is seen that WBFA poses a positive impact on compressive strength in
BFS blended cement pastes as a partial BFS substitution. A remarkable improvement in
compressive strength is found for pastes containing WBFA at early ages. Specifically, when
15% of WBFA is introduced, the compressive strength of pastes is 75.97% and 44.05% higher
than the reference group at 1 day and 7 days, respectively. Moreover, samples can still show
comparable strength to the reference at 28 days and 90 days. By increasing the amount of
WBFA to 30%, a noticeable but inferior early-age strength improvement is found compared
to the mixture with 15% WBFA, and the compressive strength at 28 days and 90 days is slightly
lower than that of reference specimens. Thus, it can be concluded that within a certain dosage,
the incorporation of WBFA as BFS replacement is beneficial for the strength development of
slag blended cement pastes.
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Figure 5.17 Effect of WBFA on the compressive strength of slag cement pastes
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As elaborated in previous sections, WBFA can promote the reaction degrees of BFS and
the early hydration of cement. This leads to the accumulation of a larger content of hydrates
in C2 and C3 compared with C1, leading to the densification of pore structures, The evolution
of porosity generally correlates well with strength development. However, as the decrease of
BFS with the incorporation of WBFA, the reactive components decrease accordingly. Fewer
hydrates can be obtained even though a higher reaction degree of BFS can be achieved, and
this eventually causes the reduction in strength. This explains the marginal decrease in
strength observed in C3 compared to that in C1 at 28 days and 90 days. Therefore, more
attention should be paid if the content of WBFA were planned to be higher than 30%, as a
more significant decrease in strength could occur.

5.4 Discussions

5.4.1 Reaction contribution from WBFA

As previously discussed in Section 4.4, it is challenging to experimentally investigate the
reaction degrees of WBFA. As reaction enthalpy correlates to the hydration process of
cementitious materials, it is applicable to investigate the enthalpy contributed by WBFA as an
indicator to evaluate its reaction degrees.

The exponential equation in equation 5.4 has been verified as a reliable tool to fit the
cumulative curves of cementitious materials [233,235]:

Q(t) = @ x exp (—)F (5.4)

where Q(t) is the cumulative heat of pastes (J/g) released at time t (hours), Q is the heat can
be generated by the final reaction degree, and t is hydration time parameter, B is the shape
parameter.

The cumulative heat curves of C2 and C3 are fitted following this approach, as shown in
Figure 5.18, with parameters present accordingly. The fitted curves show good agreement
with the experimental results, indicating their applicability in predicting the heat release
evolution for long-term reactions.
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Figure 5.18 Fitted cumulative heat curves of C2 and C3 comparing with experimental data
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Table 5.3 Enthalpy of complete hydration of clinker phases (J/g)

CsS C.S CA CsAF

517 262 1144, 1672 418

Table 5.4 Comparison of reaction enthalpy from cumulative fitting and from reaction degrees by QXRD
and BSE-EDS mapping

Calculated from cement and BFS reaction degrees
Calculated from

cumulative heat (J/g binder)
(/g binder) Clinker BFS sum
28 days 245.80 175.69 77.74 253.43
Cc2
90 days 255.91 181.73 83.17 264.9
28 days 237.73 177.25 58.59 235.84
C3
90 days 246.43 182.29 61.60 243.89

As the reaction degrees of BFS and cement have been obtained from BSE and QXRD,
their reaction enthalpy can be estimated by equation 5.5:

H;(t) = m;(t) x H;(o0) (5.5)

where H;(t) is the released heat (J/g binder) by component i at time t. m;(t) is the weight
proportion of component i being reacted at time t. H;(c) is the theoretical heat of
component i after hydration completion.

The Hgpg(0) is set as 400 J/g, in accordance with Chapter 4. For cement, H;() for
each clinker phases are adopted from the work by Copeland et al. [261], with detailed
information shown Table 5.3. It is noted that for reaction of C3A, 1144 J/g is assigned to the
formation of monosulfate, while 1672 J/g is used for ettringite formation.

The enthalpy calculated from clinker phases (obtained by QXRD) and BFS (obtained from
BSE-EDS image analysis) is compared with that from the predicted cumulative heat in Figure
5.18. As shown in Table 5.4, it is interesting to note that the predicted cumulative heat is
almost comparable to that of the reaction contributed by BFS and cement. Hence, it can be
assumed that the enthalpy contribution from the amorphous phase of WBFA is negligible. In
other words, WBFA primarily provides mineral salts such as portlandite, sylvite, aphthitalite,
etc., influencing the reaction of pastes, while the amorphous phase of WBFA undergoes no
significant reaction.

5.4.2 Phase evolution prediction of BFS blended cement containing WBFA

Experimental results on the reaction degrees of different components enable the
establishment of kinetic relationships. This facilitates the execution of modelling the reaction
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process using thermodynamics, which can provide informative insights into phase evolution
and their related properties.

Since the amorphous phases in WBFA are excluded from consideration, for BFS and
cement, the exponential equation (5.6) is believed to be one of the most acceptable empirical
equations for a simple representation of the hydration process:

a; () = @y X exp (= )F (5.6)

where a(t) is the reaction degree of one component i at time t (hours), au is the ultimate
reaction degree that can be achieved.

With the reaction degrees of BFS and cement at 1 day, 28 days, and 90 days, the
unknown three parameters a,,;;, T, and B can be calculated. The detailed parameters are
provided in Table 5.5. Thus, their kinetic equations can be established, with the results shown
in Figure 5.19. The thermodynamic modelling is further introduced to provide insights
regarding the time-dependent phase evolution as shown in Figure 5.20.

The results from the thermodynamic modelling generally align well with experimental
findings. C-S-H gels are predicted to be the most dominant hydrates in all mixtures. The
addition of WBFA leads to a faster generation of C-S-H gels at early hydration, which can
contribute to strength development. A minor decrease in C-S-H gels is predicted with the
increment of WBFA at later hydration, which is mainly because of the reduced content of
reactive aluminosilicates when BFS is replaced with WBFA. On the other hand, in C1, the
transformation of ettringite to monosulfate is seen, which agrees with the experimental
results. By introducing WBFA, the ettringite remains stable. A greater amount of ettringite
can be generated in pastes with more WBFA due to the high content of sulfate in WBFA. This
can be helpful for the densification of the microstructure, further contribute to the strength
development.

Table 5.5 Parameters in equation 5.6 for the expression of reaction degrees of cement and BFS

Group Component Olut T B

BFS 51.41 22.15 0.3762

C1
Cement 87.20 8.46 0.5367
BFS 52.96 6.66 0.3446

Cc2
Cement 87.71 3.66 0.5081
BFS 54.11 12.68 0.5730

c3

Cement 88.75 3.15 0.4648
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Figure 5.19 Calculated reaction degrees of cement and BFS as a function of time
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Figure 5.20 Thermodynamics modelling of phase evolution in pastes (a: C1; b: C2; c: C3)
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5.5 Conclusions

This chapter uses WBFA as a partial BFS replacement in BFS blended cement pastes,
aiming at integrating WBFA as a new mineral additive for blended cements. WBFA up to 30%
of total binder by weight was introduced, and the impacts of WBFA on reaction kinetics,
microstructure formation, and compressive strength on BFS blended cement were
comprehensively investigated. The following conclusions can be drawn:

1) WABFA can promote the early hydration of BFS and cement. The QXRD results confirm
the accelerated hydration of cement during the early stages while maintaining a
comparable reaction degree in the later stages. Additionally, the reaction degrees of
BFS, as determined by BSE-EDS analysis, prove that a higher degree of BFS can be
achieved in pastes with a larger proportion of WBFA.

2) The addition of WBFA induces alterations in the composition of hydrates. In reference
mixture C1 (BFS blended cement pastes), the primary hydration products are C-S-H
gels, monosulfate, hydrotalcite, and portlandite at later hydration. By incorporating
WBFA, ettringite maintains stability and is seen as the main sulfate-bearing hydrate,
attributed to the high sulfate content in WBFA. The chloride salt in WBFA prompts the
precipitation of Friedel’s salt as well. C-S-H gels are found to have an increased Ca/Si
ratio with the addition of WBFA.

3) The microstructure evolution of pastes correlates to the reaction of binders as well as
particle packing. The promoted hydration of cement and BFS by WBFA significantly
reduces the porosity and pore size at early age. However, the reactive component in
WBFA is lower compared with BFS, and the particle size of WBFA is larger than BFS.
Substituting a large proportion of BFS with WBFA would lead to a coarser
microstructure of pastes at later ages.

4) From the strength development perspective, adding WBFA can significantly increase
the early strength of BFS-blended cement. Incorporating 15% of WBFA brings no
negative impact on compressive strength at later hydration. This has significant
implications for industrial applications.

In this chapter, WBFA has been approved as a promising mineral in BFS blended cement.
Apart from the technical properties of WBFA contained BFS blended cement, further
investigations on environmental perspectives should be conducted, which will be addressed
in Chapter 7.
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Chapter 6

Carbonation of cementitious materials containing
wood biomass fly ash

6.1 Introduction

Carbonation of cementitious materials includes both physical diffusion processes where
CO; permeates into the matrix through pores [262], and chemical reactions between the
dissolved CO; and the cementitious matrix (both hydrates and anhydrous phases) [263].
These reactions will cause alterations of the microstructure in cementitious materials, which
have profound implications on the functional properties of cementitious materials [263-265].
Although specifying intended use conditions can mitigate exposure to severe conditions,
contacting with air, where carbonation occurs, is hardly evitable during the service life of
cementitious materials.

Cementitious materials with low clinker contents are typically more vulnerable to
carbonation, as seen in alkali-activated materials and blended cement systems compared to
Portland cement [266,267]. In the case of the WBFA-BFS binary binder, the absence of clinker
raises concerns and sparks research interest regarding its carbonation resistance. Conversely,
in blended cement with WBFA, the introduction of WBFA actually increases the content of
portlandite, which is assumed to act as a carbonation buffer, potentially benefiting
carbonation resistance. Therefore, it is of interest to investigate whether WBFA can improve
the carbonation resistance of BFS blended cement.

In light of previous chapters with the results of the reaction mechanism and
microstructure evolution of both WBFA-BFS binary pastes and BFS blended cement pastes
containing WBFA, this chapter is dedicated to study the carbonation effects on phase
compositions, microstructure alteration, and strength evolution of the pastes examined
earlier. These outcomes contribute to a deeper understanding of these binders, in terms of
their long-term performance, particularly emphasizing their resistance to carbonation.

6.2 Materials and experiments

6.2.1 Materials and mixtures

Raw materials include treated WBFA, BFS, and cement. They are the same as those used
in previous chapters. Two binder systems investigated in Chapters 4 and 5 are studied in this
chapter for the investigation of the impact of carbonation on these pastes. The binary pastes
include B30S70, B50S50, and B70S30, where B refers to WBFA and S refers to BFS, with the
number indicating the weight percentage of individual components in the binders. The BFS
blended cement includes C1, C2, and C3, where C1 is the reference mixture containing 40%
cement and 60% BFS, similar in composition to CEM IllI/A. C2 and C3 contain 15% and 30% of
WBFA, respectively, of the total mass in the binder, as a replacement of BFS. Detailed mixture
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proportions can be found in Sections 4.2.2 and 5.2.2 for these two binder systems,
respectively.

6.2.2 Experimental methods

The overall experimental program is illustrated in Figure 6.1. Specifically, the
experimental program includes the following three parts:

6.2.2.1 Accelerated carbonation

Cubic samples with a dimension of 4 cm were initially cast and cured for 28 days under
the standard curing condition (relative humidity above 95% and temperature at 20°C).
Following this, the specimens underwent a preconditioning program in a climate chamber at
55+5% relative humidity and 20°C for 14 days before being placed in the carbonation
chamber, enabling samples to attain an equilibrium similar to the carbonation condition.
Accelerated carbonation experiment was conducted to investigate the carbonation process
of pastes, following EN 12390-12 with CO; concentration set at 3% and RH at 55+5%.

6.2.2.2 Carbonation depth and compressive strength measurements

Carbonation depth of samples was determined by the phenolphthalein method.
Specimens were split into halves after being carbonated for a certain period, and the cross
sections were sprayed with phenolphthalein solution. As indicated in Figure 6.1, based on the
colour change of specimens, the colourless area is considered as fully carbonated area, and
the carbonation depth was measured accordingly. For binary pastes, due to the fast
carbonation rate, the carbonated samples were measured at carbonation durations of 1 day,
3 days, 7 days, and 14 days. For pastes containing cement (C1, C2, and C3), samples after
carbonation periods of 7 days, 28 days, and 70 days were measured. The carbonation depth
results represent an average measurement of three specimens.

The compressive strength of the carbonated pastes was monitored simultaneously with
the carbonation depth measurement. The average compressive strength of five specimens
was used as the final result.

Phase characterization
XRD, TGA, FTIR

Microstructure analysis

Preconditioning

Pore structure

55+5% RH, 20°C Interpret MIP, BSE

Carbonation

5515% RH, 20 °C, 3% CO,
Fully carbonated area Un({fully)carbonated area
Carbonated Pastes

phenolphthalein test

Figure 6.1 Schematic of experimental program
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6.2.2.3 Microstructure analysis

After the carbonation program (B30S70, B50S50, B70S30 carbonated after 14 days and
C1, C2, C3 carbonated after 70 days), the fully carbonated areas as indicated in Figure 6.1
were sawed apart and collected. Part of the samples were prepared for the characterization
of carbonated products by using XRD, TGA, and FTIR techniques. Another part of the samples
was prepared for pore structure analysis by using MIP test and BSE analysis. Detailed sample
preparations for different experiments and the related test procedures can be found in
Sections 4.2.2.3 and 4.2.2.4.

6.3 Results

6.3.1 Carbonation Rate

As the carbonation of cementitious materials follows Fick’s first law of diffusion
[268,269], a linear relationship can be established between the carbonation depth of pastes
and the square root of carbonation time as shown in equation 6.1:

d=Kxt (6.1)

where d (mm) is the carbonation depth of samples at time t (days), and K (mm/days/2) is the
carbonation coefficient, representing the carbonation rate of samples. A smaller carbonation
coefficient implies a slower carbonation progress while a lager one indicates a faster
carbonation.

A detailed comparison of the carbonation coefficient of the binder in the current study
with other cementitious materials from the literature is provided in Table 6.1. Since the
carbonation concentrations vary in different research, the carbonation coefficient can be
recalculated to a fixed concentration of 3% to provide a reasonable comparison. The
calculation can be conducted based on equation 6.2 [270]:

Ca

where K, represents the calculated carbonation coefficient under a CO2 concentration at 3%
(Ca), Ky is the measured carbonation coefficient under their experimental CO; concentration
(Cb).

This equation is normally used for predicting the natural carbonation resistance of
cementitious materials based on their accelerated carbonation results [271]. It is important
to note that this equation is only validated when the other carbonation conditions are similar,
for instance, the relative humidity. The comparison in Table 6.1 aims to provide a brief
overview of the carbonation resistance between WBFA-containing cementitious materials
and other common materials.
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Table 6.1 Carbonation coefficient of pastes in the current study comparing with literature

. CO: Carbonation Calculatefi

Binder components . - Carbonation Ref

concentration coefficient -

coefficient at 3%
WBFA-BFS binary pastes 3.68-4.97
Current

3% stud
WBFA in BFS-Cement pastes 0.18-0.70 y
Portland cement 1.05 1.29

2% [270]
BFS blended cement 1.43-2.11 1.75-2.58
Cement paste 10% 2.83 1.55 [272]
BFS blended cement 0.90 -

3% [273]
Coal fly ash blended cement 0.93 -
Alkali-activated sl dfl

all-activated sfag and 1y 1% 1.58-2.65 2.74-4.59 [274]

ash pastes (S50)

- WBFA-BFS binary pastes

The carbonation depth of binary pastes over the square root of carbonation time is
shown in Figure 6.2, with all fitting parameters being presented accordingly.

20 Fully carbonated boundary .
= B30S70 d = 49754/t R? = 0.9895 e
. e B50S50 d=3.6829vf RZ=10.9908 -
E 15 4 B70S30 d =4.2470vF R =09856,~ .
~ 7 s . s <
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£ . j Lo
[0} 7 -’ -
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Figure 6.2 Carbonation depth of binary pastes as the function of square root of carbonation time
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Figure 6.3 Carbonation depth of pastes C1, C2, and C3 as a function of square root of carbonation time

In general, binary pastes show a fast carbonation process. B30S70 reaches its full
carbonation after 14 days (carbonation depth > 20 mm). The carbonation coefficients of the
three mixtures are 4.97, 3.68, and 4.25 for B30S70, B50S50, and B70S30, respectively.
Although these values vary with different WBFA/BFS ratios, it is noticed that they are much
higher than those reported for cement-based materials carbonated at the same conditions
[273] but comparable with those in alkali-activated materials [271,274]. The high carbonation
rate of binary pastes can be attributed to the limited amount of portlandite, which acts as a
buffer for carbonation in the pastes [275]. Additionally, the high porosity discussed in Section
4.5 can also contribute to the fast carbonation. Detailed discussions will be presented in the
following sections.

- BFS blended cement pastes with WBFA

Figure 6.3 shows the impact of WBFA on the carbonation rate of BFS blended cement
pastes. The carbonation coefficients for C1, C2, and C3 are 0.18, 0.48, and 0.69, respectively.
These values align with the results reported in the literature for BFS blended cement
[273,276]. As discussed in Section 5.3.3.3, pastes containing WBFA contain a higher amount
of portlandite, which is considered the carbonation buffer. Still, a clearly diminished
carbonation resistance in pastes is observed with the increment of WBFA. The reasons for this
phenomenon will be discussed in the following sections.

6.3.2 Phases alteration via carbonation
6.3.2.1 Mineral phases
- WBFA-BFS binary pastes

Figure 6.4 compares the XRD patterns of WBFA-BFS binary pastes at their 28-day
hydration (solid line) and after full carbonation (the colourless parts of samples after the
phenolphthalein test, dash line). The XRD analysis of binary pastes at their 28-day hydration
have been discussed in Section 4.3.4, with clear presence of Fridel’s salt, ettringite, and
hydrotalcite as the crystalline hydrates in all mixtures. The diffraction peak of portlandite is
also seen as unreacted phase from WBFA.
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Figure 6.4 XRD patterns of WBFA-BFS pastes at 28 days (solid lines) and after carbonation (dash lines).
(Phases are denoted as, E: ettringite, Fs: Friedel’s salt, P: Portlandite, V: vaterite, A: aragonite, C: calcite, Q:
quartz, Ht: hydrotalcite)

Carbonation leads to significant phase alterations. In the carbonated samples, ettringite,
Fridel’s salt, and portlandite are absent, while hydrotalcite is the only remaining crystalline
hydrate after carbonation. It is noted that there is a sharp increase in the diffraction peak of
calcite, indicating the continuous precipitation of calcite in pastes after carbonation. Other
calcium carbonate polymorphs, i.e., aragonite and vaterite, are also identified. No significant
difference can be observed among the carbonated samples with different WBFA/BFS ratios,
as all these mixtures are comprised of similar hydration phases.

- BFS blended cement pastes with WBFA

Figure 6.5 presents the XRD patterns of C1, C2, and C3 at their 28-day hydration and after
carbonation.

4\____/\ / A i
C3~ V \/\ ’“‘\_/ N

-~

2 Thetas (°)

Figure 6.5 XRD patterns of C1, C2, and C3 at 28 days (solid lines) and after carbonation (dash lines)
(Phases are denoted as, E: ettringite, Fs: Friedel’s salt, P: Portlandite, Ms: monosulfate, V: vaterite, A: aragonite,
C: calcite, Q: quartz, Ht: hydrotalcite)
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As discussed in Section 5.3.4.1, the main hydration products of these pastes at 28 days
include C-S-H gels, portlandite, hydrotalcite, monosulfate (only in C1), ettringite, and Friedel’s
salt (only in C2 and C3). All of the hydrates are well identified in the patterns except for C-S-H
gels due to their amorphous structure. Carbonation induces significant phase changes. The
diffraction patterns of carbonated cement pastes are identical to those found in Figure 6.4,
all of the crystalline phases lose their presence in the carbonated samples, except for
hydrotalcite with a minor diffraction peak observed at 2 thetas around 11.7°. Calcium
carbonate in different polymorphs (calcite, vaterite, aragonite) is present. The carbonated
samples show minor differences in their diffraction patterns, due to their similar phase
compositions undergoing identical phase alterations during carbonation.

- Overview of crystalline phase alteration

Calcium-bearing hydrates are the most susceptible phases during carbonation. Among
these phases, portlandite shall convert into calcium carbonate during its carbonation
(equation 6.3). Ettringite shall eventually transform into gypsum, alumina gels, and calcium
carbonate (equation 6.4) [277,278].

Ca(OH), + CO, » CaCO5 + H,0 (6.3)

3Ca0 - Al203 - 3CCI.SO4 * 32H20 + 3602 - 3CCI.C03 + AH3 + 3CCI.SO4 * H20 + Al203 -
XH,0 + (26 — x)H,0 (6.4)

Notably, aluminate gels are amorphous, thus they can hardly be observed in the XRD
patterns. The absence of the diffraction peaks of gypsum, on the other hand, may also be
attributed to its formation in a poor crystallinity or amorphous state [279]. In addition, sulfate
may also be absorbed in silica and aluminate gel, thus gypsum is less likely to precipitate in
large quantities in this scenario.

Both monosulfate and Friedel’s salt are typical Ca-Al AFm phases with a doubled-layered
structure. Carbonate can preferentially occupy the interlayer space by replacing their original
anions (sulfate and chloride) [280]. With the introduction of excess CO;, the decreasing pH in
pore solution would eventually lead to phase decomposition into calcium carbonate,
aluminate gels, gypsum (for monosulfate), and calcium chloride (for Friedel’s salt) [281-283].

Similarly, hydrotalcite with doubled-layered structure is capable of capturing carbonate
into its interlayer structure, replacing hydroxide to form the stabilized Mg-Al-COs hydrotalcite
phase after carbonation [280,284,285]. Compared to Ca-Al AFm phases, hydrotalcite can
remain stable at a lower pH [286]. Meanwhile, hydrotalcite remains constant in diffraction
peaks before and after carbonation, allowing for its identification in the carbonated samples.

6.3.2.2 Chemical bonds

As XRD can only provide information on crystalline phases, the carbonation of C-S-H gels
can hardly be distinguished. Therefore, FTIR analysis was implemented to investigate the
alteration of silicate species in C-S-H gels during carbonation.
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- WBFA-BFS binary pastes

As discussed in Section 4.3.3.2, the variations in WBFA/BFS ratios bring a minor impact
on the IR bands of binary pastes. Thus, only B50S50 was presented in this regard to illustrate
carbonation on the binary pastes, as presented in Figure 6.6.

The main band of B50S50 before carbonation is located at 950 cm%, representing the
Q2 species of Si-O bonds, which is the signal of C-S-H gels [216]. This Si-O bond shifts when
there is a significant change in the Ca/Si ratios within C-S-H gels, with the band moving to a
higher wavenumber when C-S-H gels change to a lower Ca/Si ratio [169,216,287]. It is evident
that the main Si-O bonds move from 950 cm™ in uncarbonated samples to 1018 cm™ in
carbonated paste, implying the decalcification of C-S-H gels during the carbonation of pastes.
This will eventually lead to the formation of amorphous silica gels and calcium carbonate, as
shown in equation 6.5.

Besides the silicate species, carbonation induces a significant change in C-O bands. In
B50S50 at 28 days, calcite originating from WBFA can be found by C-O bands at 1415 cm™,
875 cm, and 710 cm™* with sharp peaks [288]. In carbonated samples, the relative intensity
of these bands significantly increases, indicating a higher amount of calcite due to the
carbonation of hydrates. Furthermore, unlike the uncarbonated spectrum, which only shows
a sharp band at 1420 cm™ due to the presence of calcite alone, the carbonated samples
exhibit a broader feature in this band. This broader feature is attributed to the intermixing of
amorphous calcium carbonate and aragonite [169,289]. Moreover, band at 855 cm™ is
particularly observed in the carbonated samples, and is the typical signal for the presence of
vaterite [290]. These findings align with the XRD results, which confirm the coexistence of
multiple polymorphs of calcium carbonate in the carbonated samples.

950

B50S50 28 days

Carbonated B50S50

/L
T T A T
4000 3400 1800 1200 600

Wavenumber (cm™)

Figure 6.6 FTIR spectra of B50S50 at 28-day hydration and after carbonation
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The band at 1115 cm™ should be assigned to the vibration of sulfate. Previous results
indicate that the sulfate band at this position is a specific signal of ettringite [253], and this
sulfate band is unseen in the carbonated sample, implying the decomposition of ettringite,
which is aligned with the XRD results. The presence of OH bonds at 3640 cm™ in B50S50, with
low intensity before carbonation, provides evidence of a small amount of portlandite. This
band disappears in the carbonated spectra, as a consequence of the conversion into calcium
carbonate. Other bands at 3400 cm™ should be the free water of pastes. The weakened
intensity might be the consequence of free water loss during carbonation at a low RH.

- BFS blended cement pastes with WBFA

Figure 6.7 compares the chemical bonds of BFS blended cement pastes with WBFA
before and after carbonation. Discussions on the chemical bonds in hydrates have been
presented in Section 5.3.4.2.

The carbonated samples, in general, exhibit identical carbonated IR spectra. Similar to
the ones of carbonated binary pastes shown in Figure 6.6, the representative bands for
portlandite (OH bond at 3640 cm™) and ettringite (S-O bond at 1115 cm™) disappear after
carbonation, which is in line with the XRD results indicating their full carbonation. All mixtures
show the shift of Si-O bands to a higher wavenumber, as a consequence of the decalcification
of C-S-H gels with the formation of silica gels [291]. Compared to mixtures containing WBFA
that shift the main Si-O bands to 1026 cm™, the reference mixture C1 exhibits the main Si-O
band at 1009 cm™. WBFA leads to more vulnerable C-S-H gels under carbonation. This can be
attributed to different Si/Ca ratios as reported in Section 5.3.4.1 where WBFA leads to an
increase in Ca/Si ratios in general. As C-S-H gels with lower Ca/Si ratios are more polymerized
with a stronger interaction of siloxane with calcium, better carbonation resistance should be
attained for C-S-H gels with lower Ca/Si ratios [292].

950

3645

950

T T T A T T T 1
4000 3400 1800 1200 600
Wavenumbers (cm™)

Figure 6.7 FTIR spectra of C1, C2, and C3 after 28-day hydration (solid lines) and after carbonation (dash lines)
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Regarding the C-O bands, similar to the findings in binary pastes, the intensity of C-O
bands largely increases after carbonation, revealing the increasing amount of carbonate in
the samples. The C-O bands representing calcite at 875 cm™ and 1420 cm™ become the main
peak, thus calcite should be the main carbonate phase among the three polymorphs. A slight
shift of the C-O band from approximately 1466 cm™ to 1452 cm™ with the increment of WBFA,
due to the increased proportion of calcite compared to the amorphous calcium carbonate.

6.3.2.3 CO; binding
TGA-MS was further applied to study the CO; binding capacity in different mixtures.
- DTG analysis

The DTG curves of pastes at their 28-day hydration have been previously discussed in
Section 4.3.3.3 (WBFA-BFS binary pastes) and Section 5.3.3.3 (WBFA in BFS blended cement
pastes). The DTG profiles of pastes are illustrated in Figures 6.8 and 6.9, respectively, with a
comparison to their carbonated samples.

As discussed in previous sections, most hydrates eventually transfer into calcium
carbonate, gypsum, and silica-aluminate gels. Therefore, the DTG curves for all carbonated
samples are identical in shape with similar decomposition temperatures.

The first decomposition peak in carbonated samples is found to shift to around 160 °C,
compared to the uncarbonated one at about 110 °C. This peak should mainly correspond to
the free water loss of silica-aluminate gels [291], and the possible dehydration of gypsum
(conversion into hemihydrate) and hemihydrate (conversion into anhydrite Ill) [293]. The
peak at around 380°C in uncarbonated pastes remains present in the carbonated pastes,
which should be related to the decomposition of carbonated hydrotalcite phases, consistent
with XRD results.
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Figure 6.8 TG and DTG curves of WBFA-BFS binary pastes at 28 days (left) and after carbonation (right)
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Figure 6.9 DTG curves of BFS blended cement with WBFA at 28 days (left) and after carbonation (right)

The decarbonation process is seen in uncarbonated samples from around 600 °C, which
is mainly due to the presence of calcite introduced by WBFA. In carbonated samples, however,
the decarbonation is identified starting at around 420 °C. The lower decarbonation
temperature in carbonated samples has also been reported elsewhere [272,294], which is
mainly due to the precipitation of poor-crystallized calcium carbonate (amorphous calcium
carbonate), vaterite, and aragonite, which are reported to have lower decomposition
temperatures compared with calcite [295].

- CO2 Mass spectroscopy (MS) analysis

To further quantify the CO; binding capacity in different mixtures, mass spectrometry
was applied to identify the CO, emission during the thermogravimetric analysis of carbonated
specimens.

Different from DTG curves showing a clear decarbonization process in carbonated
samples at 420 °C, the occurrence of decarbonization in carbonated samples actually begins
much earlier, as shown in the MS curves in Figure 6.11. A weak CO; signal is observed in
carbonated pastes between 100-300°C. Similar findings have also been reported by other
researchers [267,272,286]. The early CO; signal should be attributed to the desorption of
carbonate from hydrotalcite and also the decomposition of amorphous calcium carbonate
[296]. Still, the main decarbonization process occurs above 420°C, which is consistent with
the DTG curves, as the results of the decomposition of calcium carbonate in different
polymorphs. Due to the complexity of these phases with overlapping decomposition
temperatures, it is not applicable to distinguish these phases individually.
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Figure 6.10 CO2 MS curves of pastes after carbonation
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Figure 6.11 Example of C2 for calculating the mass loss due to decarbonation in carbonated samples

To better determine the mass loss corresponding to decarbonation in carbonated
samples, an analogy approach can be applied. From the H,O MS curves in Figure 6.11, it is
confirmed that the water-related mass loss occurs before 400 °C. The major decarbonation
region from 420°C above as indicated by both DTG and CO, MS curves should only be assigned
to decarbonation. Therefore, the integrated area of CO, MS curves above 420°C (shown as A
in Figure 6.11) can be inferred to the mass loss above 420°C from the TGA results. The total
decarbonation-related mass loss can be calculated by equation 6.7:

__ AM;x(A1+A4A3)

Mcoztotal - A, (67)

where Mc¢o,, ... is the total COz contents in the pastes. AM, is the mass loss in carbonated
pastes between 420°C to 1000°C from TGA. A;and A, are the integrated area of the CO, MS
curves between before and after 420°C, respectively.
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Table 6.2 Comparison of decarbonation-related mass loss in uncarbonated samples and carbonated samples

(g/g paste)
B30S70 B50S50 B70S30 Cc1 C2 c3
Uncarbonated sample 0.04 0.08 0.11 0.01 0.05 0.07
Carbonated sample 0.15 0.21 0.21 0.20 0.22 0.25

For uncarbonated samples, owing to their well-crystalline calcite phases in the mixtures,
the mass loss above 600 °C is considered the decarbonation range. The comparison of
decarbonation related mass loss is provided in Table 6.2.

When discussing carbonation resistance, the evolution of pH values in the pore solutions
of cementitious materials during carbonation is one of the most commonly used parameters,
as it is closely associated with engineering practices concerning steel bar corrosion. From the
reaction perspective, on the other hand, the CO; binding capacity should be highlighted, as
this determines the amount of CO; that can be captured in the matrix of cementitious
materials. Without considering the kinetics of carbonation, a higher CO; binding capacity of
the cementitious materials should be associated with better resistance to the carbonation
reaction, as more CO; is required to cause the degradation of hydrates.

Calcium is regarded as one of the most important elements that determines the CO;
binding capacity of cementitious materials [297]. In WBFA-BFS binary pastes, the CO; binding
capacity follows the order B50S50 > B30S70 > B70S30. As previously discussed in Chapter 4,
B50S50 is found with a highest amount of reacted BFS, followed by B30S70 and B70S30. While
WBFA can contribute to the calcium sources to a certain extent, the content of reacted BFS
dominates the overall reacted calcium content in the binder. This explains the higher CO;
binding capacity of B50S50. In BFS blended cement pastes, as discussed in Section 5.4.1, the
amorphous phases in WBFA do not contribute much to hydration, thus an increasing WBFA
content would lead to a reduced amount of calcium, eventually affecting the CO; binding
capacity.

6.3.3 Microstructure alteration via carbonation
6.3.3.1 MIP analysis
- WBFA-BFS binary pastes

Figure 6.12 compares the total pore volume and pore size distribution of WBFA-BFS
binary pastes before and after carbonation. Similar to Section 4.3.4.1, pores from MIP results
are divided into 5 categories to better identify the pore volume in different sizes, as shown in
Figure 6.12 (a). The total intrusion porosity slightly decreases after carbonation for all three
groups. Similar trends have also been reported in both cement and alkali-activated slag under
carbonation [298]. One explanation of porosity reduction can be attributed to the
carbonation of portlandite, although in small quantity in the binary pastes as indicated in TGA
and FTIR results, leading to the formation of calcium carbonate with increasing molar volume
[263]. Besides, the carbonation of C-S-H gels can also be one of the factors contributing to the
porosity reduction. Castellote et, al [299] found that the reduction in porosity in cement
pastes during carbonation is not mainly governed by the content of portlandite but is
positively proportional to the fraction of C-S-H gels. From mathematical calculation, it is
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deduced that C-S-H gels with Ca/Si ratios over 1.5 present the possibility of porosity reduction
after carbonation [272,300]. The Ca/Si ratios of C-S-H gels in the WBFA-BFS binary pastes in
the current research cover a wide range mainly between 1.25-1.80 (presented in the following
content), thus this can also be part of the supportive argument for porosity reduction.

The pore size distribution reveals notable changes for pastes after carbonation. For
uncarbonated pastes, the majority of pores are smaller than 50 nm (Figure 6.12 (a)). However,
the carbonated samples exhibit that more than 50% of pores are larger than 50 nm. This pore
coarsening effect is more pronounced in B30S70, showing that more than half of the pores
are larger than 100 nm. The noticeable shift towards larger pore sizes can also be seen from
the differential pore volume in Figure 6.12 (b), (c), and (d). While a clear and sharp peak can
be distinguished from the differential pore volume curves of uncarbonated samples
(identifying as the critical pore size), the carbonated samples, especially carbonated B50S50
and carbonated B70S30, are found with a broader hump in their differential pore volume
curves. Similar coarsening of capillary pores has been previously reported in both (blended)
cements and alkali-activated materials [270,300,301]. This redistribution of pores to a larger
size is the consequence of the decomposition of hydrates, especially the decalcification of C-
A-S-H gels and the formation of highly porous silica (alumina) gels.
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Figure 6.12 Pore volume fractions (a) and pore size distribution WBFA-BFS binary pastes at 28-day of
hydration (solid lines) and after carbonation (dash lines)
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- BFS blended cement pastes with WBFA

Figure 6.13 presents the pore parameters of BFS blended cement with WBFA before and
after carbonation. Similar to the findings in WBFA-BFS binary pastes, a significant porosity
reduction is observed in the BFS blended cement pastes with WBFA. With the increment of
WBFA, the porosity reduction is more pronounced. In light of the increasing amount of
portlandite in the pastes with more WBFA, the porosity reduction in the slag blended cement
pastes should be, therefore, largely ascribed to the contribution of the carbonation of
portlandite, with the volume increasing when it converts into calcium carbonate.

Despite the significant porosity reduction, the pore coarsening effect is also observed in
the carbonated samples. The differential pore volume curves shift to the larger pore diameter
for all mixtures after carbonation. No clear critical pore size can be distinguished in the
differential pore volume curves, as the curves are seen with a broad hump. By comparing the
fractions of pores in different sizes, it is seen that samples after carbonation have reduced
pore volume in gel pores and micro capillary pores but increased medium and large capillary
pores, irrespective of the mixtures.
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Figure 6.13 Pore volume (a), and pore size distribution (b), (c), (d) of pastes C1, C2, and C3 before (solid
line) and after carbonation (dash line).
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6.3.3.2 BSE analysis
- WBFA-BFS binary pastes

B50S50 is presented as the representative of WBFA-BFS binary pastes, illustrating the
deterioration of microstructure after carbonation, as depicted in Figure 6.14. A distinct
microstructure change can be observed for binary pastes before and after carbonation. For
the non-carbonated sample, a compact microstructure is clearly observed, and the anhydrous
particles are firmly bonded in the matrix by hydration products. The distinguishable grey level
of different phases is seen in the matrix. In contrast, the microstructure of the sample after
carbonation becomes highly porous. Microcracks can be observed in the matrix, which are
mainly located around the anhydrous particle grains, as marked in the figure. This indicates a
poor bond between the matrix and the anhydrous particles, due to the deterioration of the
hydrates.
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Figure 6.15 EDS scatters of B50S50 at 28-day hydration (left) and after carbonation area (right)
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EDS mapping analysis was carried out to compare the chemical compositions of hydrates
and their alteration after carbonation. The EDXIA program through the Glueviz interface
[226,302] was used to link the BSE images with the EDS mapping data. A simple phase
segmentation was conducted for BSE images, dividing them into pores, anhydrous particles,
and reaction products by processing images with filters such as greyscale, RGB, and PCA
modes. The segmented images are provided in Figure A6.1. By masking out the reaction
products, the chemical compositions can be obtained accordingly, with the results being
presented in Figure 6.15.

The elemental ratios of reaction products of B50S50 at 28-day hydration have been
discussed in Section 4.4.5. Due to the compact nature of hydrates, isolating C-S-H gels along
with other phases is not practical from the EDS mapping. However, since C-S-H gels are
expected to be the primary hydrates in the pastes, clusters with the highest concentration
are identified as the main domain of C-S-H gel, as indicated in the figure. Besides, ettringite is
also clearly observed. The dashed lines represent 'tie-lines' connecting pure phases (ettringite
and Friedel’s salt) with the C-S-H gels cluster, suggesting that dots along this line may
represent the intermixing of specific phases with C-S-H gels [195]. These observations are
consistent with previous findings in the literature, which are commonly observed in
cementitious materials [303,304].

For carbonated B50S50, on the other hand, it seems that there is a more random
distribution of elements. There is no clear identification of ettringite and other hydrates in
the carbonated samples, which corroborates previous results indicating the decomposition of
ettringite during carbonation. From the histogram of Si/Ca ratios of the reaction products, it
can be seen that clusters shift to lower Si/Ca ratios in general, as a result of the increasing
amount of calcium carbonate in the matrix. Additionally, scatters in the matrix exhibit
extended Si/Ca and Al/Ca ratios reaching about 2. This extension suggests the formation of
amorphous (aluminate) silica gels as a consequence of the decalcification of C-S-H gels and
the decompositions of aluminate containing phases.
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- BFS blended cement pastes with WBFA

The BSE images of C1, C2, and C3 before and after carbonation are shown in Figure 6.16.
Similar to the findings in the binary pastes, microcracks are largely seen in the carbonated
samples. These cracks should mainly come from the decomposition of hydrates due to
carbonation [305]. In addition, the microstructure becomes highly porous and less compacted.
The cracks together with the decomposed hydrates form the overall degradation of the
microstructure after carbonation.

C3-uncrbonated C3carbonated - 20 um

20 um

Figure 6.16 BSE images of slag blended cement pastes with/without biomass fly ash before and after
carbonation
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Phase segmentation was conducted to study the chemical compositions of reaction
products. The images of segmentation can be found in Figure A6.2. The 2D scatters of
hydration products and carbonated matrix are plotted in Figure 6.17. In uncarbonated
samples, the clusters representing hydration products are located within Si/Ca ratios of
approximately 1. The characteristic hydration products such as ettringite, monosulfate,
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Friedel’s salt, and intermix hydrates containing C-S-H gels and other hydrates can be clearly
identified. Similar to the previous results in Section 5.3.5, the scatters for C-S-H gels
demonstrate a decreasing trend in Si/Ca ratios as the amount of WBFA increases. This trend
is a consequence of the reduction in the bulk content of aluminosilicates in the mixtures due
to the replacement of BFS with WBFA. After carbonation, the scatters undergo significant
changes, and the representative hydrates can no longer be distinguished. The major clusters
shift to a lower Si/Ca ratio as the result of the formation of a large quantity of calcium
carbonate. Other carbonated phases are present with clusters locating in high Al/Ca or Si/Ca
ratio regions, implying the formation of silica (alumina) gels.

6.3.4 Compressive strength

The compressive strength of WBFA-BFS binary pastes over carbonation is shown in
Figure 6.18. A gradual loss in strength is seen with the extend of carbonation duration. With
the increment of carbonation time, the decomposition of hydrates leads to form a large
amount of aluminate silica gels, contributing to the porous microstructure. In addition, the
hydrates decomposition leads to the weakened bond between the carbonated products and
anhydrous particles, eventually causing strength loss. Still, all of the pastes show a
compressive strength higher than 10 MPa, and B50S50 has the highest compressive strength
of about 15 MPa. With this strength it is still possible to use this mixture to develop
construction products with low strength demands, such as low-strength cementitious
materials (LSCM) and bricks.
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Figure 6.19 Compressive strength evolution of C1, C2, and C3 with carbonation time

Figure 6.19 shows the strength evolution of BFS blended cement with or without WBFA
during carbonation. Unlike the strength evolution observed in binary pastes, where there is a
direct decrease in strength throughout carbonation, it is observed that during the initial
period of carbonation, the compressive strength of pastes increases with time. This initial
strength increase is mainly attributed to the carbonation of portlandite, which converts into
calcium carbonate with an increased volume. This densification eventually leads to the
strength increment. Similar results have been reported previously [306]. However, with
continuous carbonation, the compressive strength of the pastes decreases. This is due to the
degradation of hydrates, such as C-S-H gels, ettringite, and LDH phases, resulting in a highly
porous microstructure. As WBFA leads to a faster carbonation process in BFS blended cement,
pastes with more WBFA experience a faster hydrate decomposition process. The positive
effect of portlandite carbonation on compressive strength dominates in pastes with lower
WBFA content (C1 and C2) until 28 days of carbonation, while in C3, a decrease in strength is
already observed after 7 days. Nevertheless, the compressive strength of both carbonated C2
and C3 after 70 days of carbonation remains comparable to that of non-carbonated samples,
indicating satisfactory strength maintenance and resistance during carbonation.

6.4 Discussions
6.4.1 Hydrates vs. carbonation

To better illustrate the phase evolution in the pastes during carbonation, the process
calculation with a stepwise increase of CO; content of 0.5 g was conducted through
thermodynamic modelling using GEMs.

Figure 6.20 shows the evolution of phases and pH values in binary pastes during
carbonation, with B50S50 as a representative example. As previously discussed, C-S-H gels,
ettringite, hydrotalcite, and Friedel’s salt are the primary hydrates in the binary pastes. Once
contacting with CO,, C-S-H gels and ettringite are found to undergo direct decomposition,
indicating their vulnerability to carbonation from the thermodynamic perspective.
Hydrotalcite, on the other hand, remains stable until more than 5 grams of CO; is introduced.
This is because carbonate initially binds as anions in the interlayer structure of hydrotalcite.
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Similar phase transformation is also observed in the carbonated BFS blended cement.
Figure 6.21 presents the carbonation evolution C1 and C3 to compare WBFA on the
carbonation of BFS blended cement. The phase evolution is in general similar to that found in
the binary pastes. The final carbonation products are aluminate silica gels, calcium carbonate,
dolomite, and gypsum. In C3, the syngenite forms as the major sulfate-bearing salt due to its
rich in potassium. During the carbonation process, the Ca-Al AFm phases (monosulfate in C1
and Friedel’s salt in C3) serve similarly to hydrotalcite in absorbing carbonate as anions in
their structure to form monocarbonate. The presence of these hydrates with layered double
hydroxide (LDH) structure is beneficial in improving carbonation resistance.

The evolution of pH values during carbonation reveals a decreasing ladder-shaped trend
in all mixtures. It is observed that the pH begins to decrease noticeably after the complete
carbonation of portlandite. In B50S50, where portlandite is absent, there is a direct reduction
in pH, whereas C1 and C3 exhibit a steady stage period initially. The significance of portlandite
in controlling the carbonation process in cementitious materials is widely acknowledged
[263,307]. The conversion of portlandite to calcium carbonate leads to volume expansion,
which contributes to matrix densification in cementitious materials. It is necessary to note
that in real situations, the carbonation of hydrates should occur simultaneously. However,
the more interesting finding from the pH evolution is that carbonation resistance is not
directly correlated to the portlandite content. If we regard pH values as the indicator of
carbonation resistance, when comparing C3 and C1, the pH values drop from 13.70 to about
9.50in C3, compared to a drop from 13.33 t0 9.83 in C1 when 15 grams of CO; are introduced.
In other words, the mixture with higher portlandite content (C3) is less capable in CO; binding.
The CO; binding capacity is, therefore, more related to the overall compositions of hydrates
other than the pure portlandite content.

To improve the carbonation resistance, from the perspective of hydration products, a
higher amount of LDH hydrates, such as Fridel’s salt and hydrotalcite, can benefit carbonation
resistance. These phases can 'store' CO; during early carbonation, slowing down the rapid
carbonation of other vulnerable phases. However, it may be challenging to demand a higher
amount of Fridel’s salt and achieve better carbonation resistance simultaneously. This is
because WBFA is the main source of chloride in the WBFA-containing binders suggested in
this thesis. Adding more chloride would lower the amount of BFS while increasing the amount
of WBFA in the mixtures, which would then affect the amount of other hydrate phases as well.
Instead, a practical approach would be to introduce extra magnesium minerals into the
binders to increase the content of hydrotalcite. Additionally, introducing extra lime or
portlandite in the binder can be an option to enable longer carbonation buffer effects.

6.4.2 Pore structure vs. carbonation

The microstructure of pastes consists of hydrates, anhydrous particles, and pores. These
pores act as pathways for mass migration, enabling CO> gas to infiltrate, dissolve in the pore
solutions, and react with hydrates. To evaluate the pathways, two parameters are considered
of greatimportance, i.e., the critical pore size and pore connectivity. The former one indicates
the size of the majority of pores, and the latter one determines the accessible routes for mass
movement within the microstructure.



126 |Page Chapter 6

Table 6.3 Pore parameters of pastes at 28-day hydration obtained by MIP

Groups B30S70 B50S50 B70S30 C1 Cc2 c3

Critical pore size (hm)  47.87 16.68 19.42 11.13 14.70 29.46
Pore connectivity (%) 32.90 35.95 39.80 31.04 43.81 46.67

Effective porosity (%)  13.64 12.65 14.37 497 6.61 9.00

Based on the MIP results, the pore connectivity of pastes before carbonation can be
calculated according to the volume percentages of pores subtracted by inkbottle porosity
[200], and the results are present in Table 6.1. A detailed pore structure calculation is
illustrated in Figure A6.3. It is interesting to note that the pores parameter correlates well
with the carbonation rate of pastes. B50S50 that has the smallest effective porosity and
critical pore size exhibits the lowest carbonation coefficient in binary pastes. Besides, in BFS
blended cement pastes, an increase in critical pore size and effective porosity is found for
pastes with increased WBFA, which is in line with the trend of the carbonation coefficient.

The increased pore connectivity with the increased amount of WBFA is seen in all pastes,
which can be explained by the porous structure of WBFA particles. Unlike BFS particles as
solid grains, WBFA particles are heterogeneous and part of them are porous, as seen in
Figures 6.14 and 6.16. These anhydrous WBFA particles remain in the matrix and connect with
the capillary pores formed during hydration, enabling the formation of more pathways. To
improve the carbonation resistance of cementitious materials containing a high volume of
WBFA, a more sophisticated mixture design is suggested from the particle packing perspective
to increase the packing density of matrix. Besides, it is advisable to reduce the water-to-
binder ratios with the help of superplasticizers when use the WBFA-containing binders.
Grinding can be also an effective option to reduce the porous WBFA particles, further
reducing the pore connectivity in the pastes with WBFA.

6.5 Conclusions

1) WBFA-BFS binary pastes show a faster carbonation rate compared to cement pastes
reported in the literature, which is due to the lack of buffering hydrates and porous
microstructure. In BFS blended cement pastes, replacing BFS with WBFA leads to a
faster carbonation rate. Still, the carbonation coefficient is comparable to that of
cement pastes in the literature.

2) Degradation of hydrates under carbonation is observed in two binder systems. The
primary carbonated products for the pastes are identical, including calcium carbonate,
silica aluminate gels, and gypsum,

3) In both system, carbonation causes the porosity decrease, and this is more
pronounced in BFS blended cement pastes due to the higher amount of portlandite.
Pore coarsening is found in all mixtures after carbonation, which should be due to the
degradation of hydration products, deterioration of microstructure with the
formation of carbonated products.
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4)

5)

By comparing the phases composition and microstructure of pastes before
carbonation, it is seen that portlandite content is not determinative for the
carbonation kinetics of pastes. Instead, pore structure such as the critical pore size
and pore connectivity is more critical governing the carbonation resistance of two
types of pastes.

To improve the carbonation resistance, from the reaction perspective, it is applicable
to increase the content of hydrotalcite in hydrates by adding extra magnesium; from
the pore structure point, a compacted microstructure is suggested by reducing the
water-to-binder ratios and reducing the pores in WBFA.
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Appendix

Y

Figure A6.1 Phase segmentation of B50S50 before (left) and after carbonation (right) (The red area indicates
the pores, yellow area indicates the anhydrous particles, blue area indicates the reaction products)

Figure A6.2 Phase segmentation of C1, C2 and C3 before and after carbonation (The red area indicates the pores
and cracks, yellow area indicates the anhydrous particles, blue area indicates the reaction products in the matrix)
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Figure A6.3 shows the MIP results of intrusion and extrusion process. The mercury
captured in the matrix after extrusion process is assumed to be retained in the ink bottles.
Theink bottles are considered as blocked path in the microstructure of cementitious materials.
The effective porosity ¢, and pore connectivity @ can be calculated based on equation A6.1

and A6.2, respectively.

0.18 ~

0.12 1

0.06

Intrusion porosity (ml/ml)

0.00

129 |Page

Qe = P1 — P2
¢ — P1—P>2
P1

Intrusion porosity:
D

Ink bottle porosityf
) ‘

T
0.01 0.1 1 10 100
Pore diameter (um)

Figure A6.3 Example of MIP results interpretation for pore connectivity and effective porosity
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Chapter 7

Utilization of wood biomass fly ash as a construction
material and environmental assessment - Case studies
in brick and cement production

7.1 Introduction

Previous chapters have presented validated evidence supporting the feasibility of
utilizing WBFA as a valuable component in binder formulation. To demonstrate the
applicability of WBFA in developing sustainable construction materials from an industrial
perspective, manufacturing construction products using WBFA is of great interest.

Based on the results in Chapters 4 and 5, two products are proposed as potential
applications. For WBFA-BFS binary binder, the proposed product is non-fired brick. The
moderate compressive strength of the binary binder shall meet the requirement for bricks.
Considering the long setting time and low initial strength of the binary pastes, it is inapplicable
to apply vibrating and demoulding methods for brick manufacturing. Instead, the
compression moulding method, one of the most common methods in brick manufacturing
[6], is adopted to guarantee a fast brick production process. This can help to avoid the
limitations associated with traditional demoulding techniques and is aligned with the demand
in engineering practice. These bricks are denoted as "bio-ash bricks" within the context of this
research. Besides, in BFS blended cement system, the introduction of WBFA for BFS
replacement leads to the formulation of a new type of cement. For clarity, the term 'bio-ash
composite cement' is employed in this research to refer to this specific cement.

While it is widely acknowledged that employing industrial by-products for cementitious
materials is environmentally advantageous [308], it remains imperative to conduct
guantitative research to verify the environmental benefit, and explore further improvement.
Life cycle assessment (LCA) is a pivotal tool for assessing the environmental impact of specific
products and activities [309], and has been widely used in the construction industry [310—
312]. The valorization of WBFA for construction product manufacturing should be addressed
from the environmental perspective to better highlight the value of WBFA for the
construction industry.

This chapter is dedicated to upscaling the WBFA-involved binders for construction
product manufacturing. The technical properties of the construction products are firstly
examined. Furthermore, the environmental impact analysis of these products is studied. A
cradle-to-gate LCA is carried out for the construction products made with WBFA, and results
are compared with conventional products with similar physical properties, aiming at
highlighting the environmental benefits of using WBFA in developing construction products
and proposing possible improvements.
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7.2 Products development and technical properties

7.2.1 Materials and products development

Raw materials include WBFA, BFS, and Portland cement (CEM | 42.5 N ENCI Heidelberg).
Detailed material properties can be found in Section 3.3.2.

Two products were developed with the integration of WBFA.
- Bio-ash bricks

As discussed in Chapter 4, the WBFA-BFS binary binder exhibits moderate compressive
strength at the paste scale, enabling it suitable for low-strength demanding products.
Therefore, brick is considered to be an appropriate product for upscaling WBFA-BFS binary
binder. The mixture composition of 1 litter of bricks is provided in Table 7.1. The brick
manufacturing process is illustrated in Figure 7.1.

Initially, a mixture of BFS, WBFA, and sand is premixed for 5 minutes to ensure
homogeneity. Water is then added, followed by an additional 5 minutes of mixing. The binder
to sand ratio is maintained at 1:2, and the water to solid (binder and sand) ratio is fixed at 0.1
to obtain an earth moisture state mortar. The mortar is cast into steel moulds with dimensions
of 240x115x53 mm and subjected to a compression force of 10 MPa for 30 seconds.
Subsequently, the bricks are demoulded and cured in a fog room with a relative humidity
above 95% and a temperature of 20°C for 28 days before being tested on the technical
properties.

- Bio-ash composite cement (BCC)

The research findings in Chapter 5 convey the feasibility of incorporating WBFA as a
valuable mineral additive in BFS blended cement, up to 30% by weight of the binder. This
enables the development of a new type of cement, named as bio-ash composite cement
(BCC), as the final product. It is important to note that BCC is currently excluded in the type
of cement according to EN 197-1:2018 [132], as WBFA is not included as the mineral in cement
industry. BCC proposed in the current research aims at promoting WBFA as a potential
constituent for cement production.

Two types of cement, CEM | 425 N and CEM | 52.5 R, were employed for BCC
formulation, in order to attain a strength class of 42.5 MPa for BCC. Mixtures formulated with
CEM 142.5N and CEM | 52.5 R are referred to as the N-series group (NC1, NC2, and NC3) and
R-series group (RC1, RC2, and RC3), respectively. According to EN 197-1: 2018 [132], the
reference mixture (NC1 and RC1) consists of 40% CEM | cement and 60% BFS, which can be
classified as CEM III/A cement based on its composition. Upon incorporating WBFA at 15%
and 30%, the newly formulated BCC exhibits compositions similar to CEM V Slag-pozzolanic
cement. The detailed cement classifications and their compositions are listed in Table 7.2.

Table 7.1 Mixtures of 1L of Bio-ash Bricks

BFS (g) WBFA (g) Sand (g) Water (g)

Bio-ash Brick 318.20 318.20 1272.70 190.90
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Figure 7.1 Schematic of bio-ash bricks manufacturing process

Table 7.2 Compositions of BCC (%) and comparison with common cement defined in EN 197-1

Main constituents (wt. %)

Minor additional Refer to types of cement
Group cli a constituents (wt. %) (EN 197-1:2018)
inker BFS WBFA
NC1 38-40 60 - 0-2 CEM HlI/A
NC2 38-40 45 15 0-2 CEM V/B
NC3 38-40 30 30 0-2 CEM V/A
RC1 38-40 60 - 0-2 CEM HI/A
RC2 38-40 45 15 0-2 CEM V/B
RC3 38-40 30 30 0-2 CEM V/A

(a: The clinker content is calculated EN 197-1, which requires the clinker content in CEM | should be higher
than 95%. N-series used CEM | 42.5N cement and R-series used CEM | 52.5R cement)

7.2.2 Products testing methods
- Bio-ash brick

The tested properties of bio-ash brick include compressive strength, cold water
absorption, and 5-hour boiling water absorption, which are the general physical requirements
for bricks from ASTM standards. The test methods follow ASTM C67. The compressive
strength of bricks was directly measured after 28 days of curing. For water absorption,
specimens cured after 28 days were firstly oven-dried at 105 °C for 24 hours. Afterwards,
samples were naturally cooled to room temperature for the water absorption test. The
saturation coefficient is the ratio of 24-hour cold water adsorption to 5-hour boiling
adsorption. All brick properties were determined from the average of three specimens.

- Bio-ash composite cement (BCC)

The properties of BCC include the setting time, flexural strength, and compressive
strength of standard mortar at curing ages of 2 days and 28 days.

The setting time of cement follows the procedures outlined in EN 196-3 [313]. Pastes
with standard consistency were cast into the Vicat mould, and the setting time was
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automatically measured using a digital Vicat apparatus. The strength of cement is measured
according to EN 196-1 [314] by testing standard mortar samples. Mortars were prepared with
one portion of cement to three portions of standard sand by weight, with a water-to-binder
ratio maintained at 0.5. After mixing, the mortars were cast into the prism moulds with
dimensions of 40x40x160 mm. The top surface of the specimens was sealed with plastic films
to avoid moisture loss after casting. Mortars were demoulded after 24 hours and then cured
in the standard curing room until strength test.

7.2.3 Technical properties of construction products
Product 1: Bio-ash brick

Table 7.3 presents the properties of the bio-ash brick fabricated using BFS and WBFA,
alongside the requirements for bricks with various engineering purposes according to ASTM
standards, and the comparison with bricks for different applications. Since the oven-dried
density of bio-ash bricks is 2140 kg/m3, only normal weight concrete building block is listed
for comparison with bio-ash brick.

Table 7.3 Technical properties of bio-ash bricks and comparison with bricks for different applications

Water
Average . .
A . absorption Water Saturation
Grade/Classification®  compressive . .
strength (MPa) by 5-h absorption Coefficient
g boiling (%)
- 9.34%

Bio-ash - 22.69 13.54 0.69
Bricks 202 kg/m?

SW >20.7 <17.0 - <0.78
Building
bricks MW >17.2 <22.0 - <0.88
(ASTM C62)

NW >10.3 - - -
(I;Eir;;:ste Normal weight
ik 8 (density > 2000 >17.2 - < 208kg/m’
(AsTM cs5)  <&/m3)

- 0, -

Paving brick MX 59207 <14%
(ASTM C902) NX ’ i i i

(a: The classification of building bricks and paving brick is mainly determined by the weathering resistance.
For building bricks, SW, MW, and NW refer to severe weathering conditions, moderate weathering condition,
and negligible weathering, respectively. For paving brick, MX implies that brick is intended for exterior use
where resistance to freezing is not a factor, and NX implies that brick is for interior use where it is protected
from freezing when wet)
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In general, bio-ash brick exhibits satisfactory engineering properties. The average
compressive strength reaches 22.69 MPa at 28 days, satisfying the requirement for
applications in buildings and pavement, as specified in Table 7.3. Water adsorption plays an
important role in influencing various aspects of brick from casting to service life, including the
adhesion of mortars between bricks, the formation of ice on surfaces, and the growth of moss,
among others [315]. The cold-water absorption of bio-ash brick is 9.34% (202 kg/cm3),
meeting the requirements of concrete blocks and pedestrian bricks according to the ASTM
standards. The 5-hour boiling water absorption and saturation coefficient of bio-ash bricks
can also comply with the requirements for building bricks. As no requirement is mentioned
for concrete blocks and pedestrian in boiling water absorption, a comparative evaluation in
this regard is not feasible.

Overall, the physical properties of bio-ash bricks satisfy all the specifications for concrete
bricks, building bricks, as well as pedestrian and light traffic paving bricks specified in ASTM
standards, implying its potential for a wide range of engineering applications.

Product 2: BCC

The setting time of pastes is listed in Table 7.4. A slight increase in setting time is
observed with more WBFA, which can be attributed to the increase in sulfate content with
the addition of WBFA, as well as the increased water demand for pastes with WBFA to attain
standard consistency. In EN 197-1, only the initial setting time of common cement is regulated
in detail, with a requirement of no less than 60 minutes for cement with a strength class at
42.5 MPa, and no less than 75 minutes for cement with a strength class at 32.5 MPa. The
initial setting time of BCC complies with this requirement.

The flexural and compressive strength of cement mortars are presented in Figure 7.2.
Similar to the results in Chapter 5, replacing BFS with WBFA in BFS blended cement can be
beneficial for strength development, especially at early ages (2 days). As shown in Figure 7.2
(a) and (b), in both the ‘N-series’ group and ‘R-series' group, a clear increase in flexural
strength is seen in mortars containing WBFA compared to those of reference mixtures (NC1
and RC1). Mortars with 15% of WBFA show the highest flexural strength. Specifically, a 69.01%
increase in flexural strength in NC2 compared to NC1 at 2 days, and a 13.51% increment at 28
days. In the R-series, the flexural strength of RC2 is 49.58% higher than that of RC1 at 2 days,
and 15.53% higher at 28 days.

Table 7.4 Setting time of BCC and comparison with requirements for common cement

Strength Class (MPa)

NC1 NC2 NC3 RC1 RC2 RC3
32,5 42.5

Initial setting (min) 170 210 205 165 185 190 >75 > 60

Final setting (min) 365 425 440 310 365 375 - -
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Figure 7.2 Flexural strength and compressive strength of mortars

While flexural strength is not required in common cement according to EN standards,
the compressive strength of mortars is one of the most important parameters for cement
classification. The compressive strength of mortars is shown in Figure 7.2 (c) and (d). Three
dash lines in the figures indicate the requirements for ordinary early strength at 10 MPa (N),
high early strength at 20 MPa (R) and strength class at 42.5 MPa, respectively.

In N-series mortar, reference mixture NC1 shows the low early strength of 8.82 MPa.
With the addition of WBFA, a clear enhancement of early age strength is detected. The
compressive strength of mortars NC2 and NC3 at 2 days can be above 10 MPa. Among the
three mixtures, only NC2 attains compressive strength exceeding 42.5 MPa at 28 days,
indicating compliance with the cement strength class of 42.5 N. NC1 and NC3 should only be
assigned to the 32.5 Land 32.5 N grades, respectively.

A similar phenomenon is also seen in the R-series group. The reference mixture RC1
meets the 42.5 N strength requirement with 2-day compressive strength of 14.59 MPa and
28-day strength of 46.19 MPa. Comparatively, BCC exhibits enhanced strength development.
RC2 and RC3 show the 2-day strength at 22.01 MPa and 21.13 MPa, and the 28-day strength
at 51.67 MPa and 48.31 MPa, respectively. The strength grade of ‘R-series’ BCC mortar can
be categorized as 42.5 R, given that both RC2 and RC3 exhibit early strengths above 20 MPa.
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7.3 Life cycle assessment (LCA)

Based on the findings in Section 7.2, WBFA has been approved from a technical
perspective with the capability to be used for manufacturing construction products. For the
by-product valorization, in addition to assessing technical properties, it is crucial to evaluate
the environmental impact of these products to determine whether the utilization process is
justified. LCA of the specific products, therefore, can be an important approach for evaluating
the utilization process based on the environmental perspective.

7.3.1 Goal and scope

The goal of the LCA is to evaluate the environmental impact of utilizing WBFA in the
production of construction products, in the cases of bio-ash bricks and BCC as mentioned in
Section 7.2. A cradle-to-gate analysis is conducted based on NEN-EN 15804 with CML-IA
method [316], focusing primarily on material aspects, encompassing the sourcing of raw
materials (A1) and the manufacturing of products (A3). All materials are considered locally
available; thus, the transportation process (A2) is excluded.

The functional unit for bio-ash bricks is 1m3. The environmental influences of bio-ash
bricks are compared with the commercially available brick database from their Environmental
Product Declarations (EPDs). The resources of detailed EPDs are listed in Table A7.1.

For BCC, the functional unit is 1 ton, with a strength grade of 42.5 MPa at 28 days.
Commercial cements CEM [ 42.5 N and CEM IIl 42.5 N are used as the benchmarks, reference
sample RC1 is also used as a comparison to BCC with addition of WBFA.

7.3.2 Life cycle inventory (LCl)

In total 11 environmental impact categories are assessed, with detailed categories and
their corresponding abbreviations provided in Table A7.2. The environmental impacts of raw
materials in these 11 categories have been collected from the NIBE EPD database [317]
(sourced from Dutch Nationale Milieudatabase 3.8 and Ecolnvent 3.6) and presented in the
same table.

For now, there is no environmental profile for WBFA in the current database. As WBFA
is the by-product in biomass energy production that does not have an economic value, the
environmental burden is considered negligible from a material perspective. A Similar strategy
has been also adopted in [80]. However, it is important to note that the pretreatment
processes of WBFA, including drying and grinding described in Chapter 3, involve energy
consumption. The environmental impact of these processes should be assessed and
considered as part of the environmental impact of WBFA.

To quantify the environmental impact of the WBFA pretreatment process, the electricity
consumption during the pretreatment is taken into account. The environmental profile of
WBFA can therefore be calculated from the electricity consumption, by adopting the
environmental profile of the Dutch medium voltage electricity supply, which is commonly
used for industrial production [318].

The industrial instrument parameter configuration is directly adopted to determine the
energy consumption of WBFA treatment. The WBFA treatment includes drying and grinding
process.
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- WBFA drying process

A rotary drum dryer is assumed to be used for the WBFA drying process. The energy
consumption is estimated to be in the range of 1.35-6 kWh/t [319]. To avoid underestimation,
the upper limit of the energy consumption, which is 6 kWh/t, is adopted as the parameter in
this research.

- WBFA grinding process

It is important to note that there is a great disparity in equipment capacity between lab-
scale grinding machines and industrial milling systems. To avoid the miscalculation of the
energy used for WBFA grinding process, a raw slag grinding process is conducted using the
same lab scale milling machine. Based on the particle size distribution (PSD) of slag ground
for different time durations and comparing it with the PSD of commercially supplied BFS
(results present in Appendix Figure S7.1), it is suggested that a grinding process of 3 hours is
required to ensure the slag can be ground to obtain identical PSD with commercial slag.
Considering that the WBFA grinding process lasts for 10 minutes as stated in Section 3.3.1, an
equivalent energy consumption of the WBFA grinding process can be assessed. In the BFS
production industry, the power consumption of the vertical roller mill system is
approximately 45 kWh/t [320]. Consequently, for WBFA grinding, an energy consumption of
2.5 kWh/t of WBFA is anticipated.

In total, the electricity consumption of the pretreatment process of WBFA including
drying and grinding is 8.5 kWh/t. The environmental impact of WBFA is then calculated based
on the electricity consumption using the environmental profile of Dutch medium voltage
electricity supply, as listed in Table A7.2.

Regarding energy consumption during product manufacturing, no additional steps are
required for BCC once all of these materials are supplied as ground powders. In the case of
bio-ash brick production, a commercial automatic interlocking brick machine is assumed to
be used. The energy consumption for 1 m3 of bricks is about 1.85-5.21 kwh [321]. Assumption
of 5.21 kwh is therefore used for LCA analysis.

The detailed inventories of 1 m3 non-fired bio-ash brick and 1 ton of BCC are shown in
Figure 7.3 and 7.4, respectively.

Raw WBFA
Pretreatment (8.5 kWh/t)

Sand WBFA BFS Water
1500 kg 375kg 375kg 225kg

Compression molding (5.21 kWh/m?3)

1 m? of non-fired bricks

Figure 7.3 Inventory of 1 m3 non-fired bio-ash bricks
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Raw WBFA

Pretreatment (8.5 kWh/t)

Clinker (CEM I) WBFA BFS
400 kg 150/300 kg 450/300kg

| J
f

1 ton of composite cement

Figure 7.4 Inventory of 1 ton of BCC

7.3.3 Environmental cost indicator (ECI)

ECl is a single-point score used for evaluating the environmental performance of
products/activities and is monetarily expressed in euros [322]. It indicates the environmental
shadow cost that is required to compensate for the negative impact caused by the production
of materials/activities and is required in the Netherlands for construction buildings. It is
feasible to employ ECI as a weighting factor to compare various products in terms of
environmental preference [323]. The ECI calculation can be determined using Equation 7.1:

ECI :ZEIL X M; X m; (7.1)

where ECI indicates the total environmental cost indicator of the products under its function
unit. The letter i refers to the specific process or material involving the products
manufacturing. EI; denotes as environmental impact category equivalents, M; indicates the
monetary value of the associated environmental impact category (see Table A7.1), m; refers
to the weight of the specific material or the amount of electricity used for manufacturing
process under the functional unit in this research (see Figure 7.3 and 7.4).

7.4 Life cycle impact assessment

7.4.1 Bio-ash brick
7.4.1.1 Contribution analysis

An overview of the environmental performance of bio-ash brick as illustrated through 11
environmental indicators is presented in Table 7.5.

The relative percentages of each contributor (materials and manufacturing process)
regarding their environmental impact in each individual environmental category are
presented in Figure 7.5. It is clear that BFS contributes the most to the environmental impact,
followed by sand, the manufacturing process, and WBFA in all aspects. BFS is normally
considered to have less environmental burden when used in SCMs in construction materials
[324,325]. However, due to the extremely low environmental impact of sand and WBFA, BFS
stands out as the largest contributor in this scenario. It is important to note that the absolute
value in all these categories is relatively low compared with commercial bricks. To clarify the
environmental advantages of bio-ash brick, a comparison between bio-ash brick and
commercial bricks is conducted as shown in Figure 7.6. Due to variations in the data sourced
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from commercial bricks that often focus on different aspects, not all environmental indicators
can be directly compared. Therefore, only GWP, ODP, AP, and EP that are widely available in
the EDPs of products are compared. Detailed EDPs of commercial bricks are listed in Table

A7.2.

Table 7.5 Environmental impact of 1 m? bio-ash bricks

Category abbr. Unit
Global Warming potential GWP kg CO2 eq 3.21E+01
Ozone layer Depletion potential oDP kg CFC11 eq 1.95E-06
Human Toxicity potential HTP 1.81E+01
FreshV\{ater Aquatic Eco-toxicity FAETP 138E-01
potential
. . o kg 1,4-DB eq

Marlne. Aquatic Eco-toxicity MAETP 4.56E402
potential
Terrestrial Eco-toxicity potential TETP 6.59E-02
Photochemical Oxidation potential POCP kg ethylene eq 4.34E-02
Acidification potential AP kg SO2 eq 1.16E-01
Eutrophication potential EP kg PO4 eq 1.81E-02
Abiotic Depletion potential-fossil ADPEE 5 34E-01
fuel

o . . kg Sb eq
Abiotic Depletion potential-non ADPE 9.45E-05

fossil fuel

[ ]Sand[_]BFS[__|WBFA[ | Manufacturing

ADPE |

ADPFF | |

EP

AP | |

poCP | |

TETP

MAETP | |

FAETP |

Environmental categories

HTP | |

ODP

owp | |

Figure 7.5 Relatively percentages of 11 environmental categories of bio-ash bricks contributed from
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Figure 7.6 GWP (Global Warming potential), ODP (Ozone layer Depletion potential), AP (Acidification
potential), and EP (Eutrophication potential) of bio-ash bricks and commercial bricks with data from EPD

The GWP of bio-ash bricks is only 32.07 CO, eq /m3, which is about at least 5 times lower
than concrete blocks and fired clay bricks. The main reasons for the low GWP in bio-ash brick
are the use of low-carbon raw materials and a less energy-intensive production process.
Comparatively, concrete blocks typically require about 10% cement, which introduces a high
GWP. For fired bricks, on the other hand, the burning process at high temperatures is the
main contributor to their high GWP. This result highlights the significance of GWP reduction
in bio-ash bricks compared with commercial bricks.

ODP indicates the reduction of ozone concentrations as a consequence of specific
chemicals being released to the environment. The overall ODP of bio-ash bricks is 1.95E-06 kg
CFC 11 eqg/m3, which is comparable to that of most concrete blocks, and significantly lower
than that of fired clay bricks. AP is the acidic substance that actively affects the soil, water,
and construction materials, leading to a severe condition. The AP of bio-ash bricks is 1.16E-01
SO, eq kg/m3, much smaller than those in concrete block and clay bricks. This is because AP
is mainly related to the acid gases release. Both cement production and clay brick
manufacturing require high temperature condition. The burning of fuels might greatly
contribute to the high AP of these two products. The EP is 1.81E-02 PO4 eq kg/m?3 in of bio-
ash bricks, and is approximately 10 times smaller than those in concrete block and clay bricks.
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In general, in all aspects, bio-ash brick has lower environmental impact than the commercial
concrete brick and fired-clay bricks, highlighting its low environmental burden.

7.4.1.2 ECI analysis

The ECI of bio-ash bricks is about 4.03 euro/m3, indicating that the production of 1 m3 of
bio-ash bricks requires a hidden cost of 4.03 euros to compensate its impact caused to the
environment. It is worth highlighting that this value is relatively low when compared with
commercial bricks. Although not all aspects of the contributors can be precisely calculated for
comparison with bio-ash bricks due to limited data, a simplified ECI cost of commercial bricks
obtained from the GWP, ODP, AP, and EP (if available) reveals a cost of at least 10 euros, as
shown in Figure 7.7. This is already more than 2 times larger than the whole ECI of bio-ash
bricks. The accumulation of environmental costs from the other indicators can further lead to
a bigger gap between the ECI of bio-ash bricks and commercial ones. Bio-ash brick is proved
with great environmental advantageous compared with commercial bricks based on the ECI
analysis.

Fired-brick 2
o ewp
Fired-brick 1 - oDP
] Hre
Concrete block 3 FAETP
MAETP
TETP
Concrete block 2 POCP
EAp
Concrete block 1 EP
ADPFF
. ) ADPE
Bio-ash brick
o 10 20 3 4 50

ECI cost (Euro/ton)

Figure 7.7 ECI cost of bio-ash brick and comparison with commercial bricks (The data for Fired Bricks 1 and 2
are sourced from the 13th and 15th types of fired bricks in Table A7.2; data for Concrete Bricks 1, 2, and 3 are
sourced from the 1st, 8th, and 10th types, respectively.)
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7.4.2 Bio-ash composite cement (BCC)

The designed strength class for BCC is 42.5 MPa. Based on the results in Section 7.2.3,
the BCC for LCA analysis include NC2, RC2, and RC3 as stated in Table 7.2, and compared with
reference mixture RC1.

7.4.2.1 Contribution analysis

Figure 7.8 compares the environmental impact across 11 different categories for three
types of BCC, with a comparison of reference mixture RC1. Generally, there is a consistent
reduction in the environmental impact across all 11 categories as the increasing substitution
of BFS with WBFA. This reduction is attributed to the intrinsically lower environmental impact
associated with WBFA in comparison to BFS. It is important to note that despite the same
strength grade of R-series mixtures, BCC shows enhanced compressive strength at 2 days. The
positive influence of WBFA on strength properties while simultaneously reducing
environmental burdens should be highlighted.

NC2 that is composed of CEM | 42.5 N cement exhibits the same strength class as RC1
but demonstrates a considerably lower environmental impact across all aspects, except for
TETP (Terrestrial Eco-Toxicity Potential). This discrepancy can be attributed to the
employment of different types of cement. In most scenarios, CEM | 52.5R cement shows a
higher environmental impact than CEM | 42.5N cement, as shown in Table A7.1. This can be
explained by the variation of clinker compositions. To achieve a higher strength level, CEM |
52.5 R typically contains a greater proportion of alite and/or a higher specific surface area
than that in CEM | 42.5 N [326,327]. Consequently, this leads to an anticipated higher
environmental impactin CEM 152.5 R. BCC contains CEM 1 52.5R (RC2 and RC3) are, therefore,
seen with greater values in most of environmental indicators compared with NC2.

GWP
ADPE 400, ODP

“/ SO

ADPFF /
12*7\/

POCP TETP
—=—RC1 —e— RC2 —4— RC3 NC2

Figure 7.8 Comparison of 11 Environmental impact categories indicators of three types of BCC (RC2, RC3 and
NC2) and reference mixture RC1
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Figure 7.9 ECI calculation of various types of cement

7.4.2.2 ECI analysis

The ECI costs of BCC (RC2, RC3, NC2) are calculated with the illustration of specific
contributions from 11 environmental categories. The results are listed in Figure 7.9 and are
compared with reference mixture RC1 and commercial cement CEM | 42.5 N.

It can be seen that CEM 142.5 N shows the largest ECI cost with a value of 45.60 euro/ton,
in which GWP contributes about 85% of the total ECI costs. Reference mixture RC1 is found
with the ECI cost at 26.84 euro/ton, which is 41.14% lower compared to CEM |I. This is
primarily attributed to the reduction in GWP resulting from the substitution of clinkers by BFS.

For BCC, by introducing WBFA for BFS replacement, a gradual decrease in the ECI cost is
seen. RC2 and RC3 are determined with a ECI cost at 25.51 euro/ton and 24.18 euro/ton,
respective. NC2, on the other hand, is observed with the lowest ECI cost among all, at 22.49
euro/ton. Compared with RC1, the ECI cost reduction ratios for RC2, RC3, and NC2 are 4.97%,
9.93%, and 16.30%, respectively. However, the reduction is less significant, which is mainly
because that clinker phases are the primary contributor to the environmental cost in the
cement production. The environmental benefits from WBFA are less significant when it is
used for BFS replacement in cement production.

7.5 Discussions

7.5.1 Recommendations for improvement
7.5.1.1 Bio-ash brick

The advantages of bio-ash bricks over fired-clay bricks are mainly attributed to the
exclusion of high temperature burning process. In comparison to concrete blocks, on the
other hand, the exclusion of cement is of great benefit. It is interesting to note that for
conventional concrete bricks, the binder constitutes only accounts for about 10% of the total
weight. Comparatively, approximately 30% of the mass proportion in bio-ash bricks is
attributed to the binder constituents. The overall environmental impact of bio-ash bricks is
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significantly reduced due to the lower environmental impact of BFS and WBFA in nature
compared with cement, which contributes to the overall sustainability of bio-ash bricks.

While bio-ash bricks already demonstrate a considerably lower environmental burden,

it may be still possible to achieve a further reduction in its environmental impact. Further
improvement can be suggested from the following perspectives:

Increasing the WBFA to BFS ratio: As shown in Figure 7.5, BFS has the largest
contribution in all 11 environmental categories. Lowering the proportion of BFS can
effectively decrease the environmental impact of bio-ash bricks. Results reported in
Chapter 4 indicate that binary pastes with a larger WBFA to BFS ratio might have a
slower strength at early ages but a significant strength development in later stages.
Bio-ash bricks with an increased WBFA to BFS ratio might also attain satisfactory
property, where an extend of curing period should be considered.

Increasing the proportions of sand: Since sand has a lower environmental impact than
BFS, another option is to increase the sand proportions in the bio-ash bricks. However,
it is important to note that increasing the sand content may lead to higher energy
consumption during the manufacturing process. This could be due to the need for a
higher compression force to achieve proper compaction of the brick. Therefore, the
balance between the environmental impact resulting from sand proportions and the
potential increase in manufacturing energy consumption should be carefully
evaluated.

7.5.1.2 BCC

In this research, WBFA with a lower environmental impact is used to partially replace

BFS in BFS blended cement, thus leading to a decrease in the environmental impact of BCC
compared with the BFS blended cement. Further approaches can be applied to obtain a more
sustainable cement.

Pretreatment of WBFA: The environmental burden of WBFA comes from the energy
consumption during the pretreatment process. The primary goal for the pre-
treatment process is to ensure that WBFA is free from metallic aluminium and free
lime, which would cause unfavoured volume expansion. A lowest energy demanding
process is employed during this process. Nevertheless, it is still commendable to
consider an additional pretreatment process if it can lead to a better performance in
the products. Previous results in Chapter 5 indicate that a finer particle size might lead
to a denser particle packing in the microstructure and an improved strength. If
applicable, grinding can be applied to upgrade the cement strength. Still, a
comprehensive evaluation should be conducted to determine if the energy cost and
performance benefits justify this step.

Composition optimization: The idea of substituting BFS with WBFA originates from the
investigation of BFS-WBFA binary pastes. However, WBFA might also be capable of
cement replacement, although the mass proportion of cement replacement cannot
be excessively high to ensure the comparable strength grade can be achieved. This
method can effectively reduce the environmental impact, considering that cement has
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the most significant environmental impact compared to slag and biomass fly ash. This
should be addressed for future research.

7.5.2 Limitation of the LCA
7.5.2.1 Transportation

Transportation plays a significant role in increasing the environmental impact of final
products. In cradle-to-gate analysis, the transportation of raw materials can exhibit variability
in both distance and mode, depending on the accessibility of sources. This variability
consequently leads to fluctuations in the environmental impact of the resulting products. As
seen in Table A7.2, transportation is the least contributing factor in major indicators in the
EPD of commercial bricks. Therefore, this suggests our research results are representative
even when the transportation process is not considered. Nonetheless, it is essential to note
that in practical application, the availability of materials should be given careful consideration,
as long-distance transportation can still constitute a substantial component of the overall
environmental impact of the final products.

7.5.2.2 Research boundaries

This LCA primarily focuses on a cradle-to-gate analysis, emphasising the environmental
benefit of employing WBFA for the production of bio-ash bricks and BCC within the scope of
this research. For a more comprehensive evaluation of the environmental impact of WBFA
utilization, it is recommended to adopt a cradle-to-grave or even cradle-to-cradle analysis. To
achieve this goal, however, more data and information should be provided. The durability of
these products is one of the concerning factors to address the life span of the materials. It is
firmly established that an extending service life can be beneficial from the environmental
perspective, as fewer interventions are needed. However, durability evaluation should also
be based on the application purpose as well as the prevailing environmental conditions during
the service life. More research, therefore, should be conducted on these aspects to further
provide sufficient data for a cradle-to-grave LCA analysis. Moreover, the leaching
performance of these WBFA-containing construction products needs to be investigated in
future research to gain knowledge on the release of heavy metals to the environment, thus
providing detailed insight during the service life of the products. Future works are expected
to focus on these aspects.

7.6 Conclusions

Based on the findings in Chapters 4 and 5 concerning utilizing WBFA in different binder
systems, this chapter extends the scope by upscaling these binders for product
manufacturing. The conclusions can be summarized as follows:

e Bio-ash bricks exhibit 28-days compressive strength at 22.69 MPa, with cold water
adsorption at 9.34%, 5-hour boiling water adsorption at 13.54%. The physical
properties of bio-ash bricks align with the ASTM standards designated for bricks used
in various applications.

e The incorporation of WBFA as a substitute for BFS, up to 30% in BFS blended cement,
positively contributes to the strength development of standard mortars. This
improvement is characterized by a notable early strength gain, while maintaining the
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same strength grade at 28 days. The formulation of BCC, comprising WBFA, BFS, and
cement clinker, can be expected as a novel cement type for construction applications,
with similar mass composition to CEM V cement.

e The environmental impact of WBFA concerning 11 environmental categories is
calculated based on the electricity usage during its pretreatment. The results indicate
a much lower environmental impact of WBFA in all aspects compared with that of BFS,
indicating its potential as low environment burden mineral in construction industry.

e A cradle-to-gate Life Cycle Assessment (LCA) is conducted for both bio-ash bricks and
BCC. In the case of bio-ash bricks, a noteworthy reduction in ECI costs is observed
when compared to commercial bricks. To further reduce ECI costs in bio-ash bricks, it
is recommended to augment the weight proportion of sand and WBFA. However, it is
imperative to carefully consider potential compromises in physical properties and the
energy required for moulding. In the case of BCC, a moderate decrease in ECI costs is
observed in BCC when introducing WBFA as BFS replacement. Suggestions for ECI cost
reduction can be additional grinding of WBFA to further improve the mechanical
properties of BCC, or partially substituting cement with WBFA.
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Figure A7.1 Particle size distribution of raw slag under different grinding durations by lab milling machine
and comparison with commercial slag



Table A7.1 Environmental impacts categories and the associated value for raw materials per kg

Monetary Electricity
Category abbr. Unit value BFS Sand (medium WBFA CEMI1525R | CEMI1425N
(euro/kg) voltage in NL)

S(')c;:f]'ti\;\farm'”g GWP kg CO2 eq 5.00E-02 6.06E-02 | 2.56E-03 | 6.33E-01 5.38E-03 | 8.57E-01 7.82E-01
Ozone laver oDP kgCFClleq | 3.00E+01 3.71E-09 | 2.87E-10 | 3.11E-08 2.64E-10 | 1.09E-08 9.89E-09
Depletion potential
Human Toxicity HTP 9.00E-02 4.64E-02 | 9.82E-04 | 5.49E-02 4.67E-04 | 2.40E-02 2.29€-02
potential
Freshwater Aquatic ) o\ prp 3.00E-02 3.06E-04 | 1.31E-05 | 1.48E-03 1.26E-05 | 1.14E-03 6.68E-04
Eco-toxicity potential
Marine Aquatic E kg 1,4-DB eq

arine Aquatic £co= |\ AeTp 1.00E-04 9.67E-01 | 4.46E-02 | 6.74E+00 5.73E-02 | 3.34E+00 2.70E+00
toxicity potential
Terrestrial Eco- TETP 6.00E-02 1.22E-04 | 1.07E-05 | 1.01E-03 8.57E-06 | 9.83E-04 1.54E-03
toxicity potential
Photochemical

otochemical POCP kg ethylene eq | 2.00E+00 1.16E-04 | 1.50E-06 | 8.81E-05 7.49E-07 | 7.58E-05 5.33E-05
Oxidation potential
/;;'t‘i':tcizf'on AP kg SO2 eq 4.00E+00 2.56E-04 | 1.22E-05 | 1.09E-03 9.296-06 | 1.10E-03 6.08E-04
Ezt;%’:glcat'on EP kg PO4 eq 9.00E+00 3.50E-05 | 2.79E-06 | 2.39E-04 2.03E-06 | 3.16E-04 1.49E-04
Abiotic Depletion

: . ADPFF 1.60E-01 4.80E-04 | 1.90E-05 | 4.77E-03 4.056-05 | 2.11E-03 1.21E-03

potential-fossil fuel
Abiotic Depletion kg Sb eq
potential-non fossil | ADPE 1.60E-01 2.22E-07 | 5.61E-09 | 1.09E-06 9.25E-09 | 5.28E-07 6.80E-08
fuel




Table A7.2 EDPs of commercial bricks (per m3)

Environmental Indicator

Production Number Process GWP oDP AP EP File sources
approach
kg CO2 eq kg CFClleq | kgS02eq kg PO4 eq
1 Al1-A3 3.69E+02 1.79E-05 7.82E-01 1.15E-01
2 Al-A3 2.86E+02 1.88E-05 1.27E+00 1.18E-01 https://www.marshalls.co.uk/commercial/epd-library
3 Al1-A3 2.59E+02 1.24E-05 5.92E-01 9.17E-02
Al 1.78E+02 4.63E-06 3.73E-01 -
https://www.astm.org/products-
4 A2 4.87E+00 2E-10 6.61E-02 - services/certification/environmental-product-declarations/epd-
A3 5 76E+01 2 8E-07 5 75E-01 i pcr/epd-for-jandris-block.html
Al 2.71E+02 9.38E-05 8.30E-01 -
5 A2 5.00E+01 1.29E-05 2.50E-01 -
Concrete A3 3.20E+01 8.39E-06 1.10E-01 -
brick Al 1.70E+02 8.90E-05 5.40E-01 -
6 A2 5.10E+01 1.31E-05 2.50E-01 -
A3 3.20E+01 8.32E-06 1.10E-01 - https://pcr-epd.s3.us-east-
2.amazonaws.com/389.EPD_for_Hard_Block_Factory EPD_2018-
Al 2.90E+02 9.52E-05 8.80E-01 - 06-18.pdf
7 A2 5.10E+01 1.30E-05 2.50E-01 -
A3 3.20E+01 8.45E-06 1.10E-01 -
Al 4.20E+02 8.07E-05 1.23E+00 -
8 A2 4.10E+01 1.05E-05 2.00E-01 -
A3 2.70E+01 6.79E-06 1.00E-01 -




Table A7.2 EDPs of commercial bricks (per m3) (Continued)

Environmental Indicator

Production Number | Process | GWP oDP AP EP File sources
approach
kg CO2 eq kg CFC11leq | kg SO2 eq kg PO4 eq
Al 4,22E+02 8.04E-05 1.23E+00 -
https://pcr-epd.s3.us-east-
9 A2 4.10E+01 1.05E-05 2.10E-01 - 2.amazonaws.com/389.EPD_for_Hard_Block_Factory_EPD_2018-06-
18.pdf
Concrete A3 2.70E+01 6.73E-06 1.00E-01 -
brick 10 A1-A3 | 1.73E+02 2.52E-06 5.31E-01 -
https://pcr-epd.s3.us-east-
11 A1-A3 1.95E+02 2.56E-06 5.73E-01 -
* 2.amazonaws.com/619.EPD_FOR_Angelus_Block.pdf
12 Al1-A3 2.16E+02 2.60E-06 6.14E-01 -
https://www.wienerberger.co.uk/content/dam/wienerberger/united-
13 Al1-A3 2.13E+02 1.85E-05 3.49E+00 1.07E-01 kingdom/marketing/documents-
magazines/sustainability/correct/UK_EPD_UK_Clay_Brick_202402.pdf
Al 1.42E+01 1.44E-06 1.18E-01 3.48E-02
Fired-birck https://www.igbc.ie/wp-content/uploads/2021/07/EPD-Kingscourt-
14 A2 4.82E+00 8.87E-07 | 1.33E-02 L99E-03 | it 19.07-2021EPDIE-21-51.pdf
A3 1.93E+02 1.92E-05 3.62E-01 7.54E-02
15 ALA3 5 02E+02 8.10E-07 1.60E+00 3.30E-01 https://www.epd.dk/uk/epd-database/randers-tegl-a-s/tile-brick-

based-on-red-burning-clay-hammershoj/

(Note: the processes A1, A2, and A3 implies the extraction and processing of raw materials, transport to the production site, and manufacturing processes, respectively)
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Chapter 8
Retrospection, conclusions, and prospects

8.1 Retrospection

In the beginning of this thesis, the present state and potential future advancements of
biomass energy are illustrated. The accumulation of wood biomass fly ash (WBFA), one of the
primary by-products of biomass energy, poses a significant challenge to the sustainable
development of biomass energy. The high demand for raw materials in the construction
industry, on the other hand, provides an opportunity for WBFA utilization, which benefits
both the energy and construction industries.

The primary goal of this thesis is to enhance the utilization of WBFA for the development
of sustainable low-carbon cementitious materials. To achieve this, it is essential to understand
the properties of WBFA, conduct proper pretreatment for WBFA, and further propose proper
utilization approaches based on the knowledge of WBFA and cementitious materials. Chapter
2 reviewed the characteristics of WBFA from a large number of cases in the literature. Besides,
the up-to-date research on valorising WBFA in cementitious materials development is
summarized. A WBFA classification method was proposed by associating their chemical
compositions and current utilization approaches, providing a brief guideline on the utilization
method for WBFA in cementitious materials. Still, it was found that the utilization of WBFA in
the construction sector remained limited, due to its infeasibility to be directly used as
conventional supplementary cementitious materials (SCMs) in cement or as precursors in
alkali-activated materials (AAMs). WBFA only provided a limited contribution to hydrate
formation.

The experimental research in this thesis starts by characterizing three types of WBFA
collected in the Netherlands. By evaluating their properties, one type with representative
physicochemical properties aligned with the literature review was selected. A pretreatment
process was adopted to eliminate the metallic Al and free lime in WBFA, to prevent volume
expansion when using WBFA in cementitious materials. The dissolution of WBFA was
conducted in solutions with different alkalinities, in order to mimic the dissolution of
elements Ca, Si, and Al, the most interesting elements for hydrates formulation in
cementitious materials, from WBFA. The results suggested to use WBFA to enhance the
reaction of pozzolanic materials instead of adopting WBFA as conventional SCMs. This
strategy was further implemented in Chapter 4.

In Chapter 4, a clinker-free binder was formulated with WBFA and BFS, following the
strategy proposed in Chapter 3. The positive findings in Chapter 4 further implied the
possibility of using WBFA to replace BFS in BFS blended cement, which was investigated in
Chapter 5. Results from Chapters 4 and 5 conveyed that WBFA can be used for developing
cementitious materials for low strength and high strength applications, respectively. The
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reaction kinetics, and microstructure development of these binders were studied thoroughly,
enabling a comprehensive understanding of how WBFA functions in the binders, which can
be used as knowledge to tailor the performance of these binders for different engineering
practices.

In Chapter 6, the carbonation resistance of the binders developed in Chapters 4 and 5
was studied to obtain a further understanding on their performance from the durability
perspective. By comparing the microstructure alteration of binders before and after
carbonation, the governing factors for controlling the carbonation resistance of these binders
were discussed, suggestions on improving carbonation resistance were provided accordingly.

In Chapter 7, construction products are developed based on the cementitious materials
studied in Chapters 4 and 5, converting research results into engineering practices. The WBFA-
BFS binary binder was upscaled to produce compressed bio-ash bricks. Meanwhile, the
properties of BFS blended cement containing WBFA were evaluated according to common
cement standard, in order to verify the feasibility of WBFA as a mineral constituent in cement
production. The physical properties of these products can meet the requirements in
standards. Meanwhile, the life cycle analysis for the two products shows the benefits of WBFA
in developing cementitious materials. Overall, the results demonstrate that WBFA can be
effectively utilized in cementitious materials, offering a win-win solution for both the biomass
energy and construction sectors.

8.2 Conclusions
The main conclusions of this thesis can be summarized as follows:
WBFA characteristic and pretreatment:

- WBFA is commonly rich in calcium, alkalis, and sulfate, while containing a limited
content of aluminosilicates. One of the most feasible WBFA samples was selected
among three ashes for detailed investigation, based on its representative chemical
compositions and low contamination content.

- A cost-effective two-step pretreatment process was proposed to eliminate the
metallic aluminum and free lime in WBFA, improving its feasibility to be utilized in
binder development. Analysis of the mineral compositions and dissolution results of
the treated WBFA revealed low availability of aluminosilicates but high alkalinity,
calcium, and sulfate content, which were advantageous for promoting aluminosilicate
hydration. This formed the basis for WBFA utilization in WBFA-BFS binary binder and
as a replacement for BFS in BFS blended pastes.

WBFA-BFS binary pastes:

- Hydration kinetics
Neither WBFA nor BFS can exhibit a hydration peak from the isothermal
calorimetry test solely, while the combination of these two materials led to a clear
cement-like heat release characteristic, indicating a substantial contents of hydrates
generation.
An increase of WBFA in the pastes led to a slower initial reaction but proves
beneficial for long term hydration, this conclusion can also be evidenced by results
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of bound water contents from TGA test, and BFS reaction degrees from SEM-EDS
mappings.
Microstructure

The main hydration products in the binary pastes are C-S-H gels, ettringite, and
Friedel’s salt. Hydrotalcite was also observed as the secondary hydrate from the XRD
and FTIR results. The packing of hydrates and anhydrous particles formed the
microstructure of the binary pastes. Accumulation of hydrates during hydration leads
to the refinement of pore structure with time, and pastes with more WBFA lead to a
more significant porosity reduction at a later age, aligning well with the kinetics of
binary pastes. However, the overall porosity of the binary pastes remained large,
above 30% at 60 days from MIP test.
Mechanical properties

A mixture with 50% of treated WBFA and 50% of BFS with a water to binder
ratio at 0.40 exhibited the highest compressive strength, reaching about 40 MPa at
60 days. This indicated that the binary pastes can be used for moderate strength
applications.

WBFA in BFS blended cement pastes:

Hydration kinetics

WBFA can largely accelerate the hydration of both BFS and Portland cement at
early age. This can be evidenced by the increased total heat release, largely increased
bound water in pastes containing WBFA at 1 day and 7 days. At long term hydration,
the reaction degrees of cement were comparable regardless of the proportion of
WBFA based on the QXRD analysis, while an increased BFS reaction degree can be
seen with the increment of WBFA based on the EDS-mapping analysis.
Microstructure

In BFS blended cement, the main hydration products in the pastes were C-S-H
gels, monosulfate and hydrotalcite after 28 days and onwards. When WBFA was
introduced, besides C-S-H gels and hydrotalcite, it led to the formation of Friedel’s
salt and ettringite. By adding WBFA, the porosity of pastes significantly decreased at
1 day, owing to the accelerated hydration of cement and BFS with accumulation of
more hydrates. For samples at 90 days, the increment of WBFA led to a gradual
increase in porosity.
Mechanical properties

The introduction of WBFA significantly enhanced the early age compressive
strength of BFS blended pastes. For long term strength, replacing 15% of BFS with
WABFA can still positively contribute to the compressive strength. The mixture with
30% of BFS replacement with WBFA only showed about 8% strength decrease at 90
days. This indicated the great significance of WBFA in promoting the low early-age
strength of BFS blended cement while maintaining comparable long-term strength.

Carbonation resistance:

WBFA-BFS binary pastes exhibited poorer carbonation resistance compared to
cement pastes. The carbonation of binary pastes resulted in a strength loss of
approximately 50% upon reaching complete carbonation. This was attributed to the
decomposition of hydrates, including C-S-H gels, ettringite, and Friedel’s salt. This
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decomposition further led to the coarsening of pores, resulting in a decrease in
strength.

- In BFS blended cement system, the introduction of WBFA led to a reduction in
carbonation resistance. For all mixtures, the compressive strength initially increased
due to the carbonation of portlandite converting to calcite with a volume increase.
Later, the compressive strength started to decrease with the extension of
carbonation exposure period. Similar to binary pastes carbonation, the
decomposition of hydrates is observed. The strength of pastes after 70 days of
accelerated carbonation is still comparable to samples before carbonation.

- Pore connectivity was found as a more important in controlling the carbonation
resistance in the pastes, instead of the contents of carbonation buffering mineral
portlandite. It was suggested that further grinding WBFA to reduce the porous
structure of grains could enhance the carbonation resistance of WBFA-containing
cementitious materials.

Environmental benefits:

- Bio-ash brick with satisfactory engineering properties is developed based on the
binary WBFA-slag binder. The cradle-to-gate life cycle analysis (LCA) of bio-ash bricks
reveals a significant reduction in environmental impact compared to commercially
available bricks. The environmental cost indicator (ECI) for bio-ash bricks is less than
50% of that for commercial bricks.

- Bio-ash composite cement (BCC) is formulated by integrating WBFA into BFS blended
cement as a replacement for BFS. From the perspective of cement composition, BCC
can fit the scope of CEM V and CEM VI type of cement, depending on the proportion
of WBFA. The physical properties of BCC meet the requirements for common
cements, suggesting the potential of WBFA as a mineral constituent in cement
production. The Cradle-to-gate LCA analysis demonstrates a reduced environmental
impact in BCC compared to both OPC and BFS blended cement, highlighting the
environmental benefits of valorizing WBFA in cement production.

8.3 Contributions of this thesis

e New strategies for utilizing WBFA in cementitious materials have been proposed:

Unlike previous research focusing on using WBFA to replace cement, this thesis proposes
to use WBFA to enhance the reaction of pozzolanic materials. This was verified through the
development of cement clinker-free WBFA-BFS binary pastes. This knowledge was further
extended to BFS blended cement systems by replacing BFS with WBFA. The results,
demonstrating higher early age strength and comparable long-term strength in pastes with
WBFA, confirm the successful use of WBFA as a functional mineral in developing cementitious
materials.

e The detailed reaction process of WBFA containing binders was investigated:

Through the investigation from reaction kinetics and microstructure evolution, this
research provides a fundamental understanding of how WBFA affects the reactions in BFS and
cement. These findings can offer valuable insights for tailoring the performance of WBFA-
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containing cementitious materials according to specific application requirements. These can
serve as theoretical knowledge for further implementation of utilizing WBFA in construction
materials.

e The carbonation of WBFA-containing cementitious materials was studied

The impact of WBFA on the carbonation performance of cementitious materials was
analysed. The governing factors affecting carbonation resistance when WBFA was introduced
were concluded, and possible solutions were proposed accordingly. These findings expand
the understanding of the performance of WBFA-containing cementitious materials, offering
theoretical knowledge for industrial applications where carbonation needs to be considered.

e Verified the engineering practice of using WBFA in preparing construction products:

By developing Bio-ash brick and Bio-ash composite cement with qualified technical
properties, this thesis verifies the applicability from an industrial perspective for employing
WBFA in developing construction products. The environmental benefits determined through
LCA further indicate the positive impact of using WBFA to develop low-carbon construction
materials.

To sum up, this thesis provided systematic research on circulating WBFA in developing
cementitious materials. It covers investigations spanning from raw materials characterization
and binder formulation to understanding the fundamental reaction mechanisms and the
carbonation process, culminating in the production of final products, emphasizing the
benefits of utilizing WBFA in the construction sector. The ash studied represents a broad
range of WBFA in terms of physicochemical properties, offering valuable insights for industrial
applications and providing a methodology for WBFA utilizing in the construction sector.
However, it is necessary to mention that due to the variety of WBFA, there are variations in
chemical composition. For example, some ashes are rich in silica rather than calcium and
alkalis, which fall outside the scope of this research. Additionally, some ashes may contain
contaminants, particularly heavy metals, which might require further pretreatment
processes. These can be extended for future research.

8.4 Prospects

Besides the scope of this thesis, there are some interesting research topics can be
extended for future research.

e From both literature and current research, it can be seen that the quality of WBFA is
relatively low for cementitious materials. This can be attributed to the high chloride
content, heavy metals, relatively low reactivity, etc,. Further pretreatment on WBFA
to improve its quality is suggested for future research.

e This research extensively incorporated WBFA into binder formulation with minimal
costs in pretreatment, while the results implied that the porous microstructure in
WBFA might be one of the factors impeded the performance of the WBFA-containing
binder. To further improve the performance of these binders, further refinement on
the grinding process can be studied. Meanwhile, optimizing the mixture design of the
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binders considering both physical performance (from experimental results) and
environmental cost (from LCA analysis) is suggested for future research.

e Integrating the experimental results into a numerical hydration model, for instance,
CEMHYD3D, HYMOSTRUC or GEOMICRO 3D, is suggested in future research. This
enables the prediction of the microstructure evolution and mechanical properties of
WBFA-containing binders, promoting the efficiency of mixture designs.

e In this research, only BFS was used as the pozzolanic material to react with WBFA. It
is advised to incorporation other pozzolanic materials to replace the gradually scarce
BFS, for instance, calcined low-quality clay, red mud, and MSWI ash etc. This can
further reduce the dependence on the currently used SCMs under limited supply. This
brings great research and engineering interests.

e From the industrial point of view, it is suggested to conducted more case studies on
using WBFA-containing binders for different construction products manufacturing.
This can help the exploration the potential of these binders in engineering practice.
Based on the application purpose, the research on durability of the products and
further improvement, if necessary, can be conducted.

e The LCA study employed in this thesis is confined to a cradle-to-gate boundary. It is
advisable to enhance the comprehensiveness of the analysis by conducting a more
extensive LCA, such as a cradle-to-grave analysis. This would provide a holistic
understanding of the environmental impact of building products incorporating WBFA.
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Propositions
accompanying the dissertation

Valorization of Wood Biomass Fly Ash for the Development of Sustainable
Low-carbon Cementitious Materials

By
Xuhui LIANG

1. The term ‘by-product’ should be used for wood biomass fly ash instead of ‘industrial
waste’ when it is used in the construction industry. (This proposition pertains to this
dissertation)

2. Government decisions and commercial interests, rather than solely research results,
determine the roadmap for the valorization of industrial by-products. (This

proposition pertains to this dissertation)

3. Enhancing a particular property in cementitious materials often involves the trade-
offs with other properties, much like our life.

4. All knowledge is provisional, temporary, capable of refutation at any moment (Karl
Popper)

5. Trial and error impart more insights than literature alone.
6. The greater your knowledge, the humbler you become.

7. Acknowledging limitations holds more significance than simply recognizing
accomplishments.

8. Emotion management is more crucial than time management when pursuing a PhD.

These propositions are regarded as opposable and defendable, and have been approved by
the promoters Prof.dr. G. Ye and Prof.dr.ir. E. Schlangen
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