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"MECHANICAL ACTIVATION TO ENHANCE THE REACTIVITY OF COAL
GANGUE FOR TAILORING GEOPOLYMER PROPERTIES" by
Siti Natrah Binti Abd Bakil

Throughout her doctoral career, the candidate has consistently demonstrated exceptional
intellectual rigour and highly innovative thinking, driving a research agenda with
profound impact in geopolymer research and applications. Her work is fundamentally
dedicated to advancing mechanical activation as a green technology to systematically
overcome the low reactivity of coal gangue, a critical barrier that severely limits its
widespread adoption as a viable secondary material. The candidate's thesis, which focuses
on enhancing the reactivity of coal gangue for high-performance geopolymer
applications, places her research decisively at the forefront of international efforts in
sustainable construction materials and industrial waste valorisation. Crucially, she
successfully developed and integrated mechanical activation into a comprehensive,
robust framework for the rigorous evaluation of coal gangue waste reactivity from the

Biikkabrany opencast lignite mine in Borsod-Abatj-Zemplén County, Hungary.

The candidate's doctoral research presents findings with immediate and significant
translational value for the sustainable construction sector. The work extends the use of
coal gangue as a crucial secondary raw material, moving beyond established geopolymer
development to offer a versatile methodological framework that can be readily adapted
to optimise sustainable cement production. The first investigation empirically quantifies
how different mechanical stress regimes, such as compression, shear (attrition), impact,
and collision, fundamentally alter and systematically enhance the reactivity of coal
gangue powder. This produced a predictive framework capable of accurately forecasting
the resulting powder characterisation for different grinding devices, along with the
associated specific energy consumption of mechanical activation. Finally, the candidate
provided a crucial and comprehensive characterisation of the mechanically activated coal
gangue powder, rigorously focusing on key parameters that directly determine the
subsequent geopolymerization reaction kinetics and ultimate material performance.

Collectively, these innovations establish a robust pathway for high-impact resource
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valorisation. This work transforms a problematic waste into a high-performance resource,

directly contributing to a competitive and resilient market.
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publications in leading, high-impact (Q1) journals, underscoring the rigour, quality, and
international relevance of her scientific contributions. In addition to these technical
achievements, the candidate has consistently demonstrated outstanding academic and
professional qualities, including an unwavering work ethic, deep intellectual curiosity,
and the ability to address complex resource valorisation challenges with creativity,
determination, and innovative solutions. We confidently recommend that she be awarded
the PhD degree, as she has successfully fulfilled all the academic and research
requirements for this qualification. We certify that this dissertation contains only valid
data, and the presented results represent the candidate's own work. In our opinion, it meets
the scope and quality requirements set by the Mikoviny Sdmuel Doctoral School of Earth
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1. INTRODUCTION

1.1 Background

Mining and mineral processing represent a persistent and growing environmental
challenge worldwide. Over the past century, the surge in global demand for metals, minerals,
and energy resources has led to a dramatic increase in both active open-pit and underground
mining operations [1,2]. Among these resources, coal remains a cornerstone of global power
generation. Among these resources, coal remains a cornerstone of global power generation.
However, its extraction produces substantial quantities of coal gangue, a solid waste by-product
that typically accounts for approximately 10 - 25 % of total coal production, or roughly 0.15
tons per ton of coal mined [3]. The Biikkabrany opencast lignite mine in Borsod-Abauj-
Zemplén County, Hungary, produces significant quantities of coal waste as a by-product of
mining, as shown in Fig 1.1 [4]. This waste material consists of sandy, muddy, and clay
sediments that lie between the lignite, as well as overburden layers that must be removed. The
coal gangue is composed of fine-grained clay and interbedded sediments within the lignite
deposits. Large quantities of coal gangue are associated with environmental problems related

to disposal, polluting soils and groundwater.
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Fig 1.1: Location and sampling site of coal gangue

In recent years, the transition to a circular economy has emerged as the key sustainable
alternative to the traditional linear economic model. This paradigm shift is driven by the need

to optimize material recycling and repurpose industrial by-products for new, value-added
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applications. Unlike primary raw materials, which are increasingly costly and resource-
intensive to extract, secondary materials offer a viable solution. However, their heterogeneous
composition often poses technical challenges that require innovative processing approaches.
This shift directly aligns with the European Commission ambitious 2030 climate target plan,
which aims to reduce greenhouse gas emissions by 2030 and achieve climate neutrality by 2050
[5]. Achieving these targets will require systemic changes in resource management, particularly
in high environmental impact sectors such as mining, manufacturing, and energy, where waste
recovery and circular economy principles can significantly reduce the carbon footprint. The
principles of the circular economy have rapidly been adopted and implemented by most
countries, fundamentally changing global economic perspectives and influencing national
strategic plans [6]. To maximize the potential of recycling coal gangue and address the
associated environmental concerns, it is crucial to explore recent advancements in processing

techniques and gain a deeper understanding of the coal gangue properties.

Global research into waste-derived geopolymers as sustainable building materials has
increased significantly. This emerging field has attracted great scientific and industrial interest
because geopolymers represent a highly promising, environmentally friendly alternative to
traditional Portland cement. Geopolymers not only exhibit exceptional mechanical properties,
including high compressive strength and durability, but their manufacture also produces
significantly lower carbon emissions [7]. These properties make geopolymer technology
particularly attractive for sustainable construction applications, aligning with global efforts to
reduce the environmental impact of building materials. Nevertheless, a major obstacle to using
coal gangue in geopolymerization is its inherently low reactivity. This low reactivity means
coal gangue particles frequently fail to achieve complete dissolution before the finalized
hardened structure forms. This limitation presents substantial challenges in accurately
quantifying reaction progression in coal gangue-based geopolymers [8],[9]. Methods such as
mechanical activation [10],[11], calcination activation [12],[13], and chemical activation [14]
represent alternative strategies to recycle coal gangue and significantly improve its reactivity
for geopolymerization. Calcination activation, despite its effectiveness in enhancing the
reactivity of certain materials, presents significant drawbacks that hinder its widespread
industrial application. High energy consumption is the primary issue, as the process typically
requires maintaining temperatures ranging from 650 - 900 °C extended durations. This energy
demand directly contradicts the principles of sustainable resource utilization [15],[16]. In

contrast, the mechanical activation process requires specialized high energy mills that employ
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various working regimens, including compression, shear, and impact forces, to increase the
material surface energy by inducing amorphization or defect into crystal lattice [17].
Mechanical activation represents a particularly promising approach as it modifies raw material
reactivity through surface property alterations without fundamentally changing the overall
chemical structure. This methodology is increasingly recognized as a pioneering and
environmentally friendly processing technique, with applications extending across diverse
technological fields, such as cement [18],[19], metal extraction [20], mineralization [21], and
the extraction of rare earth elements [22]. Mechanical activation is a recognized strategy to
enhance the reactivity of raw materials for geopolymer applications, a fact that has been
consistently demonstrated in recent years. The underlying mechanisms include particle size
reduction, increased specific surface area, the creation of crystal lattice defects, and higher
amorphous content 25]. As a result, significant improvements in geopolymer properties for
their utilization, such as compressive strength, setting time, and rheology characteristics, are

now thoroughly reported [25-28].

1.2 Research objective

This research aims to investigate the mechanical activation of coal gangue through a dry
grinding process, employing high-energy milling to enhance its reactivity. The primary
objective is to determine the optimal grinding parameters to achieve the most favourable
reactivity while also identifying limitation of specific grinding energy. Ultimately, this study
seeks to establish a comprehensive understanding of both raw and mechanically activated coal

gangue and effect on the performance characteristic of resulting geopolymer properties.

i. To investigate a comprehensive analysis and characterization of raw coal gangue

ii. To systematically optimize the key grinding parameters, grinding media size (dgm),
revolution per minute (rpm), and grinding time (tg) for high-energy milling to
achieve mechanically activated coal gangue properties while determine specific
grinding energy (Ewm) consumption. Furthermore, to critically compare the
effectiveness of two distinct high-energy milling techniques (vibratory vs. planetary
ball milling) on the resulting coal gangue reactivity

iii. To conduct comprehensive analysis of the mechanically activated coal gangue to
specifically examining changes in particle size distribution (PSD), aggregation/
agglomeration and deagglomeration, specific surface area (Sger) and geometric

surface area (Sm), powder morphology (SEM), functional groups via (FT-IR) that
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cause its molecular bonds to vibrate (stretch and bend), and phase composition

(XRD).

Characterization and optimization of raw and mechanically activated coal gangue for
geopolymer applications.

i. To experimentally synthesize geopolymers using both raw and optimized
mechanically activated coal gangue as the primary precursor. This includes
systematically optimizing the key geopolymerization parameters (liquid-to-solid
ratio, NaOH molarity, sodium silicate percentage, and curing temperature) to
evaluate and maximize the resulting mechanical strength and performance
characteristics.

ii. To develop a comprehensive matrix and establish a predictive correlation between
the physicochemical properties of the mechanically activated coal gangue and the

final geopolymer performance.
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2. LITERATURE REVIEW

This chapter provides the theoretical background required to understand the scope and the
main scientific questions of this research. In particular, aspects related to mechanically

activated coal gangue and geopolymers are discussed.

2.1 Mining industry and waste

Critical raw materials are essential to the EU economy and a wide range of key
technologies in strategic sectors such as renewable energy, digital technology, aerospace, and
defence. The Critical Raw Materials Act (CRM Act) aims to ensure a secure and sustainable
supply of these materials for the EU and to help Europe meet its 2030 climate and digital
targets. For example, EU demand for rare earth metals is expected to increase six-fold by 2030
and seven-fold by 2050, while demand for lithium is projected to rise twelve-fold by 2030 and
twenty-one-fold by 2050. Currently, Europe is highly dependent on imports, often from a single
country, and recent crises have highlighted these strategic dependencies [27]. This dependence
on imports and the growing demand for critical materials emphasises the importance of the
mining industry. The expansion of the mining industry brings with it both opportunities and
challenges. Navigating this complex landscape raises the pressing question of how the mining
sector can simultaneously create new economic value, minimise its harmful social and
environmental impacts and effectively reduce the long-term liability associated with mining
waste [28]. While the active operation of open pit and underground mines to extract vital metal
and energy resources is critical to global development, it also generates massive waste streams,
particularly gangue and tailings, which require innovative management to reduce the
significant environmental impacts. Gangue is the commercially valueless material that
surrounds or is intimately mixed with a desired mineral in an ore deposit [29]. Tailings, a major
waste stream from mineral processing, consists of fine-grained (1 - 600 pm) crushed rock left
behind after the extraction of valuable minerals or ore processing [30]. Crucially, this waste is
associated with process water, which may contain dissolved metals and residues of reagents
from ore processing, posing a potential environmental risk [31,32]. By aligning with the
principles of Sustainable Development Goal 12 and adopting sustainable practises, the mining
sector can continue to meet global resource needs while reducing its environmental footprint
and making a positive contribution to the Sustainable Development Goals [33,34]. To achieve
a truly sustainable future, the mining industry must undergo a fundamental transformation.

This requires the development and implementation of comprehensive, long-term strategies
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aimed at achieving a zero environmental footprint. Despite recent advances in mining
management, there is still a lack of optimal scenarios for mining waste that deliver overall
sustainable benefits. Recycling is essential for the security and sustainability of the supply of
critical minerals for the transition to clean energy. Recycling reduces the need for new mines
and increases safety and sustainability. The Clean Industry Deal emphasises the circular
economy, which aims to reduce waste and extend the life of materials by promoting recycling,
reuse and sustainable production. Maximising the EU limited resources and reducing over-
reliance on third country raw material suppliers is crucial for a competitive and resilient market
[35]. The circular economy model emphasises the importance of closed loops that reduce the
need to extract and process new resources. With this in mind, a Circular Economy Act is
planned for 2026 to accelerate this transition. The aim of this law is to ensure that scarce
materials are used and reused efficiently, reduce global dependencies and create quality jobs,
with the aim of making 24 % of materials circular by 2030. Globally recognized as one of the
most abundant and widely distributed energy resources, coal remains a critical cornerstone of
power generation, steelmaking, and cement production. Its pivotal role continues to underpin
the world's economic infrastructure, significantly supporting the escalating energy demands of
a developing human society [36]. Consequently, the imperative to meet these energy needs
through extensive open-cast mining operations inevitably generates substantial volumes of
waste materials, encompassing rock, soil, and a diverse suite of mineral constituents. This
discarded material, commonly termed overburden or gangue [37], represents a considerable yet
largely unexploited of potential resources. Specifically, coal gangue, a mineral-rich byproduct
generated during coal extraction processes accounting for a substantial 10 % to 25 % of total
coal mining production [34]. The indiscriminate disposal of this gangue poses a significant
dual threat to environmental sustainability such as occupation of valuable land resources, and
it frequently precipitates severe environmental pollution and engenders critical health risks for
local populations. Despite increasing efforts towards the utilization of coal gangue, its
generation volume continues to be substantial, presenting a persistent environmental challenge.
Recognizing its inherent mineralogical composition, primarily comprising SiO2> and AlO;3,
coal gangue can be strategically re-envisioned as a valuable resource rather than waste product,
provided appropriate beneficiation strategies are implemented. The dominant mineralogical
phases typically include 1:1 kaolinite and other 2:1 clay mineral such as illite, alongside non-
clay minerals like quartz, sodium feldspar, and calcite, often reported as impurity phases within
these complex structures [38]. The mineralogical of coal gangue exhibits a striking

resemblance to that commonly observed in mine tailings, which are predominantly composed

6
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of quartz, feldspar, albite, and muscovite [39,40]. The chemical composition of mine tailing or
gangue, on the other hand, formation predominantly of silicon, aluminium and calcium oxides,
with content ranging from 60 % and 90 % [41]. In the purpose of reducing the environmental
construction impact, the aluminosilicate inorganic polymers, also called geopolymers present
attractive alternative materials [42]. The escalating global demand for coal, evidenced by China
leading production of 4940 Mt and India 1363 Mt annually, alongside the European
Commission projection of over 293 Mt consumption in 2025, underscores the continued

significance of coal as an energy source as shown in Fig 2.1 [43].

Fig 2.1: Global coal consumption, sources International Energy Agency (IEA) data from 2000-
2026

2.2 Reaction mechanism of geopolymer formation

This groundbreaking work paved the way for the complete substitution of ordinary
Portland cement (OPC) with innovative binders called alkaline cements. These alternative
materials, which include both alkali-activated materials (AAM) and geopolymer, are
synthesized through the alkaline activation of various industrial byproducts and natural
minerals rich in alumina and silica. The term alkali-activated material (AAM) is often used
interchangeably with geopolymer, particularly when emphasizing the alkali activation of an
aluminosilicate source material derived from industrial waste [44,45]. In the 1940s, the Belgian
scholar A. O. Purdon discovered that combining alkali and slag produced a new, rapidly
hardening binder. By the early 1950s, the use of alkali-activated slag cement became
widespread, with V. D. Glukhovsky playing a pivotal role in the development of AAM [46].
Despite their similar origins, AAM and geopolymer have fundamental differences in their

chemistry. AAM are defined by their hydration process and are not polymers as its harden and
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gain strength through chemical reaction with water. The solid binding phase formed is also
disordered, but in the presence of sufficient calcium, its nanostructure is based on the calcium
silicate hydrate (C-S-H) or C-(A)-S-H) binder phases which form in traditional Portland-type
or pozzolanic hydraulic cements. This distinction makes terms like N-A-S-H or K-A-S-H
(which describe hydrated gel phases) irrelevant in the context of geopolymer [47]. Therefore,
they cannot be classified as geopolymers [48]. Geopolymers, conversely, are polymers, not
hydrates.

In the 1970s, the French scientist Joseph Davidovits introduced the term geopolymer. He
revolutionized the field of cementitious materials by explaining the mechanism of
geopolymerization, a process that creates compounds with remarkable cementitious properties.
Geopolymers are a type of inorganic polymer with a 3D cross-linked polysialate chain
structure. This structure forms through the hydroxylation and polycondensation of natural
minerals like clay, slag, and fly ash when activated by a highly alkaline solution at temperatures
below 160 °C. This inorganic polymer was first named polysialate in 1976, Davidovits later
coined the term geopolymer. Geopolymers are fundamentally composed of an aluminosilicate
framework characterized by a cross-linked structure of tetrahedral AlO4 and SiO4 units, for
which the chemical designation poly(sialate) has been proposed. Aluminosilicate source
materials abundant in alumina (Al,O3) and silica (SiO2) are essential for initiating the
geopolymerization reaction, typically requiring a highly alkaline environment to facilitate the
dissolution and subsequent polycondensation of these precursors [49]. These source materials
play a pivotal role in geopolymer formation by providing the crucial AI** and Si** ions that
constitute the structural backbone of the binding system. Geopolymers are synthesized by
activating solid aluminosilicates with alkaline activator such as sodium hydroxide and sodium
silicate through a series of dissolution. The OH ions attack the silicon-oxygen (Si-O) and
aluminium-oxygen (Al-O) bonds within the alumina-silicate framework, and the detailed

mechanism of Al and Si dissolution can be understood from Fig 2.2 [50].

Sio, AlO, Si0, AlO;

Fig 2.2: Schematic representation of the mechanism of dissolution of Si and Al
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It is assumed that a highly reactive intermediate gel phase is formed by co-polymerization of
individual alumino and silicate species, from which the geopolymer gel is formed. The binding
property of the geopolymer results from the amorphous alkali aluminosilicate gels, which have

a general formula as eq. (1):
My[—=(Si =0, )z — Al = 0],wH,0 (1)

wherein M represents one or more alkali metals and zis 1, 2 or 3 and n is degree of
polymerization. Positive ions (Na*, K*, Li*, Ca*" Ba**, NHs", H;0") must present in the
framework cavities to balance the negative charge of AI** in IV-fold coordination. The final
product has Si-O-Al backbone. Davidovits classified the geopolymer structure into three types
with a Si/Al ratio of 1:1, poly(sialate-siloxo) with a Si/Al ratio of 1:2 and poly(sialate-disiloxo),
with a Si/Al ratio of 1:3 as shown in Fig 2.3 [51] [52].

SiO,
i . Sio. 4
Si0, AlO, $i0, AlO, Si0, 4 AlO,
0o g b J 00— 0 Al D1 —0 ——e—— —@
é S é 0 & é
1) Poly sialate (PS) (-Si-0-Al-) | Si/Al=1 b) Poly sialate-siloxo (PSS) (-8i-0-Al-0-Si-) E
5‘% AlO, S% S?O
00— = H—0e— 1 —0 .
& é é <) Poly sialate-disiloxo (PSDS) (-Si-0-Al-0-8i-0-5i-)

¢) Poly sialate-disiloxo (PSDS) (-Si-0-A1-0-5i-0-Si-)
Fig 2.3: Type of polysialate
Under a high concentration of alkali activator and complicated mechanism, polymerization
happen when reactive alumina silicates are dissolved and free [SiO*]- and [AlO*]- tetrahedral
ions are released in solution consequently produce polymeric Si-O-Al bonds [53]. The released
[SIO(OH);]~ and AI(OH); polycondense into amorphous or semicrystalline oligomers by
attractions between OH groups as eq. (2), eq. (3) and eq. (4).

AlL,O; + 3H,05 + 20H™ - 2AI(0H); )
Si0, + H,0 + OH~ - [SiO(OH)5]" 3)
Si0, + 20H~ - [Si0,(0OH),]?~ (4)
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Reorganization and diffusion of dissolved ions with formation of small coagulated structures
as eq. (5). Bonding of the solid particles into the polymeric framework and hardening of the
whole system into a final solid polymeric structure. Since the geopolymer framework is
developed in the aqueous phase, it comes across the active surface sites of the solid particles,

where it is possible to react bonding the undissolved particles in the final geopolymer structure.
NaOH(aq) + NaAl(OH),(aq) — Na,(Si0);(aq) (5)

The ultimate properties of geopolymers are critically dependent on the physicochemical
characteristics of the precursor materials. Specifically, materials exhibiting a predominantly
amorphous state, a high density of microstructural defects, or significant crystal lattice
distortions demonstrate enhanced reactivity in the geopolymerization process. Singh et al. [54]
further elucidated that the activation and reactivity of the precursor are intricately influenced
by its chemical and mineralogical composition, morphology, fineness (particle size
distribution), and the proportion of the amorphous phase. Consequently, the complex process
of geopolymerization is governed by a multitude of interacting factors, as schematically
illustrated in Fig 2.4 [55][56,57]. Indeed, the amorphous phase is crucial for facilitating
structural reorganization within the bonding network, as it constitutes the primary reactive
material that undergoes dissolution and transformation during the initial depolymerization
stage of geopolymerization. The reactivity of the precursor is typically characterized by its
solubility in the alkaline activation solution, which represents the critical first step in the
geopolymerization mechanism. Elevated reactivity of the source material promotes rapid gel
formation, leading to a densification of the microstructure and reduction in porosity, ultimately
enhancing the mechanical properties of the geopolymer matrix [58,59].

(a) sio, AlO,

(b) I Geopolymerization |

I
! | ! }

The quantity of Curing temperature Particle size Amount and type of
reactive phase in alkaline activator
precursors

Fig 2.4: (a) Structure of AlOj4 crosslink with SiO4 (b) Factor influencing geopolymer process

10
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2.3 Mechanical activation

In the pursuit of sustainable material production with enhanced technical performance,
significant research efforts are directed towards developing processes that minimize
environmental impact. Among these, mechanical activation has garnered considerable
attention as a promising strategy. The foundational concept of mechanical activation, or
grinding, was initially defined by Smekal et al. [60] as a process driven by mechanical energy
input, resulting in chemical reactivity of the system without inducing alterations in its bulk
chemical composition. Building upon this, Butylating [61] the mechanical activation is defined
as an increase in reaction ability due to change in solid structure by sudden impact between
particles or grinding media. The primary objective of mechanical activation is the liberation of
inherently intergrown mineral grains through a sequence of four principal stress-related events,
compression, shear (attrition), impact, and collision [62,63]. In other words, under the
synergistic influence of frictional forces, particle collisions, shear stresses, and other
mechanical interactions within the milling environment, a portion of the imparted mechanical
energy is transduced into increased entropy and internal energy within the solid structure,
particularly in the near surface region of the particles [64]. This energy accumulation at the
surface level is a key driver for enhanced reactivity. Expanding on this, P. Baldz [17] due to
that mechanical activation typically induces an increase in the entropy of the material's
structure, often accompanied by generation of defects or other metastable forms can be
registered. Further elaborating on the mechanistic aspects, Juhdsz [65] proposed a subdivision
of processes occurring under mechanical activation into primary and secondary phenomena, as
schematically illustrated in Fig 2.5.

Mechanical activation

¥ ¥
Primary stage Secondary stage
-increase of internal and -aggregation
surface energy -adsorption
-increase of surface area, -recrystallization

-decrease of the coherence
energy of solids

Fig 2.5: Mechanical activation can be subdivided into primary and secondary stages
Within solid materials, structural units are typically arranged in geometrically close-packed or
tightly interconnected network structures, dictated by the nature of the interatomic chemical

bonds. Consequently, the migration of ions or other chemical species is contingent upon their

ability to disrupt these ordered arrangements, often facilitated by the generation of structural

11



DOI: 10.14750/ME.2026.031

Siti Natrah Abd Bakil PhD Thesis

defects. The formation and propagation of micro and nano cracks (typically below 30 pm)
along grain boundaries during mechanical activation produce selective comminution effects
[66], as visually depicted in Fig 2.6. In crystalline materials, specific defects such as amorphous
regions, point defects, and dislocations can induce significant local strain concentrations,
potentially leading to the rupture of atomic bonds and transcrystalline cleavage fracture, as

illustrated in Fig 2.7.

<«——grain

molecule

A nucleus
1}

Proton

Fig 2.6: Element of component

b) <)

Fig 2.7: Defect during mechanical (a) amorphous region; (b) dislocations; (c) point defect

Dislocations are a prevalent type of linear defect commonly observed in crystalline solid
substances. Furthermore, the formation and characteristics of defect phases can be modulated
by the overall chemical composition of the material and the applied processing parameters
[67,68] [69]. Currently, the most widely accepted theory explaining the phenomenon is that of
mechanical activation. This theory posits that mechanical forces induce a metastable state in
solids by displacing atoms from their equilibrium lattice positions and distorting chemical
bonds, thereby accumulating significant potential energy [70]. It claims that mechanical forces
produce a metastable state in solids, atoms are shifted from their lattice positions and the
distorted chemical bonds accumulate potential energy. Initially, this stored energy is dissipated
through localized heating and particle fragmentation. However, as particles are progressively
reduced to a critical size, additional processes become increasingly prominent including
amorphization, the accumulation of lattice defects, and the initiation of solid-state chemical

reactions, as illustrated in Fig 2.8 [71].
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Fig 2.8: The period and duration of excitation states effects

The comminution process in is usually determined by stress model. Therefore, in order to
reduce the experimental expenditure and to improve the optimization result, a physical grinding
model should be developed, which describes the effect of the different operating parameters by

characteristic numbers in a combined form [72].

Stress model of product [73]:

a) SNr = how often each feed particle and its resulting fragments are
stressed and thus by the number of stress events of a feed particle

b) SI = how high the specific energy or specific force at each stress event

Stress model of mill:

a) SFwm = the number of stress events which are supplied by the mill per unit
time
b) SE = the energy which can be supplied to the product particles by the mill

at each stress event

The stress energy SE is determined by the energy dissipated in each ball contact. The contacts
can occur as collisions between two balls or a ball and the beaker and as a gliding contact of

balls along the wall [74].

2.3.1. Mechanical activation of waste material and coal gangue in geopolymer

In recent years, mechanical activation has emerged as a route to gain increasing interest for
geopolymer applications, capturing growing interest from both academic researchers and
industrial practitioners. This surge in attention stems from its potential as a clean and energy-
efficient alternative to traditional thermal treatment methods for activation of raw and waste

material as in Table 2.1 Mechanical activation offers a compelling approach to precisely tailor
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the reactivity of raw materials by specifically modifying such as increasing specific surface
area and introducing structural defects at the particle level without altering the bulk chemical
composition of the material. A key principle in achieving higher reactivity for geopolymer
synthesis through mechanical activation is the production of finer particles, as this increases
the surface area available for reaction and enhances the dissolution kinetics of the precursors
[75,76]. The dry grinding appeared to be more effective in imposing significant structural
changes, even despite problems related to high temperature or agglomeration. At the same time,

wet grinding can intensify shrinkage, cracking and deformations of the material exposed to the

subsequent drying.
Table 2.1. A comparison mechanical activation (MA) of waste material
Main raw MA Grinding time rpm Method of Application Ref
material grinding
Low grade Ring mill 4 and 8 hours - Dry Geo [77]
clay
Waste clay Planetary ball 5 and 30 min 650 Dry Geo [78]
from marine mill
Gold ore Planetary ball 40 and 80 min - Dry Cement [79]
tailing mill
CDW Stirred media 1,3,5,10 5 m/s Dry Cement [80]
mill
Nickel-laterite RIM-102 30 and 200 min 200 and Dry Geo [81]
mine waste benchtop ball 500
mill.
Blas furnace Planetary ball 1-9 hours 50 rpm Dry Cement [82]
slag mill

*MA = Mechanical activation, Geo= geopolymer, rpm =rotational per minute

Utilization of mechanically activated coal gangue as a supplementary cementitious material is
also well discussed in previous research [83]. Figiela et al. [84] have shown that by grinding
coal gangue to a size of less than 200 um, improved strength properties of geopolymers can be
achieved while saving energy without the need to further grind the particles to a size of less
than 200 um, with the proportion of quartz being 42.5 %, muscovite 12.5 % and kaolinite 36.5
%. However, a crucial aspect of their methodology that combined mechanical grinding with a
thermal treatment in a chamotte furnace at 700 °C for 24 h. Meanwhile, a study by Li et al.
[85] has shown that mechanical activation with an optimum particle size of 200 mesh in coal
gangue-based geopolymers and the increase in compressive strength. Zhao et al. [86], the
reactivity of coal gangue was significantly enhanced by the proposed mechanical activation
and thermal treatment which could be employed as primary cementitious materials. Frasson et
al. [87], demonstrated that a composite activation 5 min mechanical activation as pre-grinding

step followed by a substantial 24-hour thermal pre-treatment at 700 °C effectively enhanced
14
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the reactivity of coal gangue. However, despite these promising laboratory-scale results, the
reliance on prolonged high-temperature thermal treatment presents significant challenges for
large-scale industrial implementation. These limitations, as highlighted by Yang et al. [16]
include substantial energy consumption, the generation of considerable waste residues
associated with the thermal process, and the often narrow temperature window within which
the desired calcination reactions optimally occur. Consequently, while the combination of
mechanical activation and thermal activation offers a route to improved coal gangue reactivity,
its practical applicability is severely constrained by inherent economic and environmental

sustainability concerns.

2.3.2. Grinding process parameter

Mechanical activation is usually carried out using devices depending on the type of mill, the
stresses occurring during milling may include compression, shear (attrition), stroke impact and
collision impact. From reported data, the geopolymer reactivity of mechanically activated
materials depends on factors such as type of mill and grinding time. The different mill
parameter as well as mill types lead to characteristic change of the crystal lattice of solids. The
type of reaction is not only determined by type of reaction but also kind and intensity of applied
mechanical energy, since the factor also determine the formation of defects mainly responsible
for reactivity of powder as the phase transformation of a solid material strongly depends on the
process and device utilized for that purpose [88]. A number of various types of high energy
density milling equipment can be used for the mechanical activation for geopolymer
application including vibratory ball mill, planetary ball mills or stirred media mill as shown in

Fig 2.9.

Vibratory ball mill Stirred media mill

Fig 2.9: Types of high energy milling equipment: (1) vibratory ball mill (2) planetary ball mill

(3) stirred media mill used to enhance reactivity of raw material
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Economic benefits generally come from the good mechanical properties of the geopolymer
concretes or pastes, these benefits must balance the energy consumed for milling. In practical
terms, the milling needs to be carried out with the lowest possible energy consumption that
gives the best outcome, as judged by the particle size reduction and crystalline structure
distortion. The same mill may be operated either under continuous dynamic or batch static
conditions [89]. Planetary ball mills, a widely employed mechanism in mechanical activation
research, generate high dynamic energies through the differential rotation of grinding jars and
balls, resulting in both significant shear and impact forces. Numerous studies have
demonstrated the effectiveness of this technique in enhancing geopolymer reactivity by
facilitating faster dissolution and reaction kinetics due to decreased particle sizes, increased
specific surface area (SSA), the formation of a reactive amorphous layer on grain surfaces, and
the introduction of structural defects through raw material disordering [90-93]. Nevertheless,
despite their well-established benefits at the laboratory scale, the suitability of planetary ball
mills for larger-scale industrial production is questionable, particularly regarding their ability
to consistently meet the accuracy, consistency, and reliability requirements needed for
continuous industrial processes, often facing challenges related to energy consumption,
throughput limitations, and maintaining uniform milling quality at larger volumes. In contrast
to planetary ball mills, the vibratory ball mill represents another type of mill that has found
successful as continuous industrial application [94]. It has been reported that the use of high-
energy vibratory mills can induce significant changes in the structure and surface properties of
solid phases, such as increased defects and enhanced surface energy [95]. In this type of mill,
the drum containing the balls and powder is subjected to high-frequency, low-amplitude
vibrations, generating substantial milling forces to promote effective mechanical activation
[96,97]. Building upon the successful industrial application of vibratory ball mills, several
studies have investigated their specific impact on the mechanical activation of precursors for
geopolymer synthesis. For instance, Kumar [98] demonstrated the importance of selecting the
activation duration in an eccentric vibratory ball mill for fly ash, highlighting that optimal
activation is material-dependent. Similarly, Chu et al. [99] found that vibratory milling of fly
ash can trigger mechanochemical reactions, leading to the formation of new chemical bonds
relevant for geopolymer application. Takumi Sangu et al. [100] reported that the specific
surface areas of coal ash particles increased after two hours of mechanochemical treatment and
surface decreased due to particle agglomeration after prolonged grinding time of four and six
hours. Recent studies on mechanical activation that employ grinding times ranging from 1 to

240 min, exploring their efficacy and implications in enhancing reactivity and material
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properties. Nana et al. reported where despite a reduction in specific surface area after 90 min
of pegmatite grinding in an eccentric vibratory ball mill, compressive strength continued to
increase. Recent studies on mechanical activation employ grinding times ranging from 1 to 240
min exploring their efficacy and implications in enhancing reactivity and material properties.
For example, Nana et al. [101], reported that despite a reduction in specific surface area after
90 min of pegmatite grinding in an eccentric vibratory ball mill, the geopolymer compressive
strength continued to increase. Niu et al. [102], mechanical activation phlogopite mica mining
tailing via vibratory ball mill for geopolymer between 1-16 min grinding time show altered
minerology, enhanced alkaline reactivity and larger specific surface are. Souri et al. [103] in
previous results showed that the increased specific surface area of the mechanochemically
kaolin enhanced the early age hydration speed and the strength development of blended
cements. Wang et al. [91] have studied the effect of mechanically activated kaolin combination
with the calcination method for geopolymer. The specific surface area of powder and
compressive strength geopolymer increases according to grinding time. A similar result was
reported by Kumar and Kumar [104]. Meanwhile Gao et al. [105] investigated the different
reactivity of fly ash in terms of specific surface area in geopolymer and found that a higher
specific surface area 476.5 m?/g does not contribute to higher compressive strength. It is
undeniable, although milling plays a crucial role in the production of coal gangue as precursors,
it should be highlighted that a prolonged milling time may significantly reduce the economic
and environmental benefits of recycling coal gangue in geopolymer production. Many studied

have investigated the mechanical activation of coal gangue as shown in Table 2.2.

Table 2.2. A comparison mechanical activation (MA) coal gangue

Main raw MA Grinding time = Rpm/grinding Method Application  Ref
material media size

dom

Coal gangue  Ball milling 0.5,1, 1.5 hours 400 rpm/1,2,4 dry - [106]
mm

Coal gangue Drum tank 18 and 8 hours 450 rpm/8-25 dry/wet cement [107]
mm

Coal gangue Laboratory - 600 rpm/- dry geopolymer [108]

+ lime grinder

Coal gangue Vertical 0,30,60,120 min 450 rpm/2-10 wet cement [109]
stirred mill mm

Coal gangue  Planetary ball 2,10,20 hours 400 rpm/- dry geopolymer  [110]

mill
Coal gangue  Planetary ball 5 min - dry geopolymer [111]

+ red mud

mill
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Furthermore, prior to using a starting material as a geopolymer, it seems essential that this
optimum fineness should be determined to avoid potential adverse effects of over-grinding.
Balczar et al. [112] point out in their study of kaolin for geopolymer mortar that the maximum
compressive strength decreases slightly after 240 min of grinding due to possible
agglomeration with an amorphous content of 60 %. This trend is consistent with the findings
of Szabd et al. [76], who reported similar fluctuations in compressive strength during the
mechanical activation of perlite, where variations were closely linked to changes in the
geometric surface area (cm?/g) due to agglomeration. Although grinding plays a crucial role in
improving the reactivity of coal gangue as precursors, prolonged grinding time may
significantly diminish the economic and environmental benefits of recycling coal gangue for
geopolymer production. Therefore, increased grinding kinetics may lead to a more efficient
process. The efficiency of the grinding process depends on several parameters, such as grinding
time, grinding media size, and grinding speed (Hz or rpm). Optimising these parameters is
crucial for achieving higher reactivity rates of the raw material within shorter processing times.
While the literature predominantly focuses on longer grinding or activation durations for coal
gangue [106] [107] [108]. For example, Tole et al. [113] investigated the process parameters
of clay for cementitious properties between 400 and 600 rpm and grinding times of 15 to 60
minutes, and found that 600 rpm produced a high degree of amorphous content. Previous work
by Balczar et al. [112], using mechanochemical activation of kaolinite (500 rpm rotation speed
and 75 min grinding time), showed that a compressive strength of 44.5 MPa can be achieved,
which is comparable to the result (43.0 MPa) obtained by thermal activation (700 °C and 1
hour heat treatment) of geopolymer mortar. The most important parameters controlling the
reactivity of raw material process are the rate of stress and the efficiency of the energy transfer
in the mill. Several collisions occur in a ball mill within the specified milling time. Each
collision transfers energy to the total mass of the treated powder. The transferred energy and
number of collisions are directly dependent on the number and mass of the used balls. The
evaluation of the specific grinding energy of the mechanical treatment can be defined by the

following eq. (6)

£ [é] :fot(P ;Po)dt (6)

According to industrial data, the energy required for the calcination or thermal treatment of
kaolinite is approximately 1600 kWh/t. Mechanical activation was found to have the required

energy for the mechanical treatment of kaolinite, is expected to be in the range of 200-
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1000 kWh/t [103]. The data obtained by Mucsi et al. [114] revealed a relationship between
grinding operating parameters (specific grinding energy) and material characteristics for fly

ash such as phase change.

2.3.3. Reactivity of mechanically activated raw material

Optimizing the properties of raw materials through mechanical grinding stands as a pivotal step
in enhancing the performance of geopolymers. It has been found that mechanical activation
leads to structural changes accompanies higher specific surface area that led to more reactive
sites [115,116]. A higher specific surface area provides a greater interfacial area for the alkaline
activator to interact with the precursor material, thereby accelerating the leaching of Si and Al
and fostering the formation of the aluminosilicate gel network. During mechanical activation,
the mechanism induces two primary mechanistic effects, as conceptualized by as Juhasz and
Opoczky [117] shown in Fig 2.10, how mechanical activation effect on particle is primary

involved mechanical dispersion (size reduction) and surface activation [117,118].

N

4 \
| Crystalline
\ 7

\
0 H"‘
I

S - a' Surface activation

c ': Amorphous

Mechanical dispersion
(size reduction)

@) (b)

Surface activation s

Fig 2.10: Schematic various states of mechanical activation: (a) mechanical dispersion,

(b) surface activation

Research by Temuujin [119] and others indicates that mechanical activation of fly ash can
reduce particle size, alter its morphology, and enhance its reactivity when used to prepare
geopolymer cement. The resulting geopolymer material showed an 80 % increase in strength
compared to geopolymer made from non-mechanically activated fly ash. Kumar [104] study
further suggests that mechanical activation significantly improves the reactivity of fly ash, as
its activity is directly proportional to its particle size. When the particle size of fly ash is less
than 5 - 7 pum, it has sufficient reactivity for polymerization reactions to occur at room
temperature. At ambient temperature, the rate of geological polymerization is very slow. The

use of ultrafine metakaolin with smaller particle sizes will also increase the reactivity of the
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geopolymer [120]. Other researchers have investigated the effects of mechanical grinding to
elucidate the surface modifications induced by through various instrumental techniques such
as XRD, Fourier Transform Infrared Spectroscopy (FT-IR), pozzolanic reactivity, leaching
test, and physical properties. For example, Cristelo et al. [121] observed changes in fly ash
powder during mechanical activation. Their study, which used a ceramic bowl at 300 rpm for
15 - 240 min, noted a darkening of the fly ash after 240 min. This colour change was attributed
to the physical alteration of unburned carbon (coal) content, which became more prominent

after different milling time as shown Fig 2.11.

i (1 §

| Omin 15 min 30 min 60 min 120 min 240 min

Fig 2.11: General view of the fly ash after different milling time

FT-IR method offers the capability to probe alterations in the vibrational modes of surface
functional groups, the potential formation of new chemical bonds, and shifts in the structural
arrangement of the precursor material with grinding time. In previous study, Frost et al. [122]
reported on clay minerals that were ground for 1-10 hours. In their study, the band at 1103 cm™
! shifted to lower wavenumbers, indicating lattice distortion in kaolinite, while the bands at
1034 cm™ and 1056 cm™ shifted to higher wavenumbers due to the removal of hydroxyl groups
and the onset of amorphization. In a study by Guo et al [123] it was reported that the Si-O-T
peaks shifted from 1033 cm! to 1095 cm™! after grinding gangue in a planetary ball mill for 20
hours. Likewise, Tan et al. [124] explained that the main Si-O-T asymmetric stretching bond
vibrations, initially cantered at around 1028 cm™ in raw construction demolition waste, shifted
to a higher wavenumber of 1036 cm™ and became broader after 4 hours of milling. In the study
by Yankwa Djobo et al. [125] investigated the mechanical activation of volcanic ash in an
eccentric vibratory ball mill for 120 min. Due to the glassy nature of the raw material, the Si-
O-T wavenumber shifted from 1006 cm™ to 1057 cm™. A reported by Rescic et al. [126], who
found that the concentration of silica (Si) extracted from kaolin for geopolymer applications
decreased after 40 minutes of grinding in a planetary ball mill at 720 rpm. However, the study
did not explicitly attribute this decline to aggregation or agglomeration. Additionally, previous
studies [127],[128] have consistently reported that silica (Si) and alumina (Al) leaching

generally increases with grinding time.
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3. MATERIAL AND METHODS

3.1. Raw material and properties

Coal gangue, the primary material for these experiments, was sourced from the

Biikkabrany coal mine in Hungary. During the initial exploratory phase of this study, three

representative samples were collected from this single mining site. The purpose of analysing

these initial samples was to conduct a preliminary characterization of the coal gangue

properties before subjecting it to further mechanical activation processes. Additionally, a

characterization was performed to assess the coal gangue suitability as a geopolymer precursor.

The step-by-step methodological framework of this study is illustrated in the schematic outline

in Fig 3.1.

Raw material

Crushing

Particle size
distribution (PSD)
by sieve
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Fig 3.1: Schematic outlining the study methodological approach.
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As anext step in the sample preparation, the collected coal gangue samples underwent a drying

process in an oven at 105 °C for 24 hours until a constant mass was recorded, ensuring the

removal of any free water. Initially, the particle size distribution of the raw coal gangue was
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determined through sieving, and the results are depicted in Fig 3.2. The characteristic x10 value
for particle size ranged from 0.078 to 0.079 mm across the different coal gangue samples. The

median particle size x50 showed a wider range of values, from 1.262 to 1.849 mm, as shown in

Table 3.1.
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Fig 3.2: Raw material of coal gangue

Table 3.1: Characteristic particle size of raw material after crushing

Coal gangue X10 (mm) X50 (mm) X990 (Mm)
Coal gangue 1 0.078 1.262 12.029
Coal gangue 2 0.066 1.435 12.147
Coal gangue 3 0.079 1.152 12.397

As an initial step, the coal gangue sample was crushed using a hammer crusher for quantitative
sample preparation to approach required particle size. This preliminary crushing was
performed to reduce the size of the raw coal gangue, which was deemed too large for direct
analysis of particle density and for chemical composition. Furthermore, to ensure effective
mechanical activation, the median particle xso size was targeted to be less than 1000 um for
further investigations. The particle density of the crushed coal gangue was then determined
using the pycnometer method, with alcohol as the liquid medium, following eq. (1). The bulk
density was also subsequently measured. The results for moisture content, bulk density, and
particle density of the raw coal gangue after crushing are summarized in Table 3.2.
M, — M,
(M, —M3) + (M, — My)

e — 8 (1)
p Particle = x p Alcohol (0.79 cm3)
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M; = Measure the clean empty pycnometer

M, = The mass of the pycnometer, now containing the coal gangue and sealed with its cap,
was measured

M; = Alcohol was then carefully added to the pycnometer containing the material. The mass
of the pycnometer, including the material, alcohol, and cap, was measured

My = The mass of the pycnometer, now filled solely with alcohol, was measured

Table 3.2: Coal gangue characterization

Type of coal Moisture Particle density Bulk density
gangue content (%) (g/cm®) (g/cm®)
Coal gangue 1 1.37 2.28 0.73
Coal gangue 2 0.94 2.62 0.89
Coal gangue 3 1.09 2.26 1.16

Chemical composition analysis of all coal gangue samples revealed a substantial combined
content of S10,, Al,O3, and Fe,0s, ranging from 84.03 % to 89.33 %, as detailed in Table 3.3.
This determined value significantly exceeded the minimum requirement of 70 wt% stipulated
by ASTM C618 for Class N pozzolans. Trace elements were also detected, including Cu (36
ppm), Zn (127 ppm), Pb (12 ppm), Rb (118 ppm), Sr (102 ppm), Ba (526 ppm), As (12 ppm),
Cr (100 ppm), Ni (52 ppm), and Zr (244 ppm). The concentrations of these metals were found
to be much smaller than permissible [129]. Consequently, based on the criteria outlined in
ASTM C618 [130], the investigated coal gangue samples were determined to possess
pozzolanic activity and certain cementitious characteristics. In addition to their favourable
oxide composition, all coal gangue samples exhibited relatively low loss on ignition (LOI)
values, which ranged from 4.5 % to 7.9 %. These measurements fell well below the maximum
allowable limit of 10 % as outlined in ASTM C618 standards. Loss on ignition was identified
as a critical parameter in assessing the geopolymerization potential of the samples, as research
indicates that the presence of unburned carbon in such materials can significantly impact
performance by absorbing the activator solution during the geopolymerization process [131].
The phase analysis of the coal gangue samples (1-3) indicated that the primary mineral
components were kaolinite 1:1 clay mineral and illite 2:1 clay mineral, with quartz being the
dominant mineral phase. Based on the phase analysis presented in Table 3.4, the amorphous

content was determined to be less than 20 %.
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Table 3.3: Chemical composition of raw coal gangue

Component Coal gangue 1 Coal gangue 2 Coal gangue 3

Si0, 59.2 61.1 72.1

AlLO; 20.8 17.8 13.4

MgO 2.30 1.92 1.07

CaO 0.68 0.67 0.65

Na,O 0.55 0.69 0.86

K>O 3.50 2.99 2.20

Fe 0O 7.08 5.67 4.33

MnO 0.127 0.104 0.123

TiO, 1.076 0.959 0.624

P,0s 0.093 0.103 0.084

S 0.14 0.13 0.02

F <0.3 <0.3 <0.3

Total 95.5 92.1 95.5

Si0; + Al,O3 + Fe03 87.08 84.57 89.33

LOI 4.5 7.9 4.5

Table 3.4: Phase analysis of raw coal gangue

Type of minerals Coal gangue 1 Coal gangue 2 | Coal gangue 3
wt% wt% wt%

Kaolinite 6.2 4.5 6.3

Illite 22.5 16.2 12.6

Quartz 30.7 45.2 56.3

Muscovite 14.1 9.6 5.6

Albite 4.5 5.7 6.1

Microcline 2.8 2.6 2.1

Amorphous 16.3 13.8 8.8

For characterization of the grindability, 3 samples of 50 g coal gangue were used for Hardgrove

Grindability Index (HGI) and calculated Bond - Work Index. HGI measurement as eq. (2)

where:

HGI=13 +6.9 m7s

HGI — Hardgrove Grindability Index,

my7s — mass of the product which below 75 pm (g).
Using the result of HGI the Bond — Work Index can be calculated by eq. (3) which is the Csdke

[132] empirical formula:

(2)

(3)
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The grindability of the coal gangue samples was characterized using the Hardgrove
Grindability Index (HGI), and the results were presented in Table 3.5. The determined HGI
values exhibited a significant range, from 91 to 237. It is crucial to note that a lower HGI value
signifies a greater resistance to grinding, implying that coal gangue with a lower HGI is harder
and would necessitate a considerably higher energy input to achieve the desired level of
fineness. Specifically, coal gangue 3, with its notably low HGI of 91.309 indicated a
particularly challenging material to grind. This challenge can be primarily attributed to its
chemical composition, which features a dominant SiO> content (71.2 wt %) and a high quartz
content (56.3 %) identified via phase analysis. Considering the impracticality and energy
intensity and amorphous content, no additional mechanical activation steps were undertaken to
modify the properties of coal gangue 3. As mentioned above, since the physical and chemical
properties of coal gangue from different location vary, this research preliminarily focused only

the coal gangue 1 and 2 as precursor material.

Table 3.5: Hardgrove grindability index (HGI)

Type of coal Hardgrove Grindability Index | HGI derived bond-Work Index
gangue [-] [KWh/t]

Coal gangue 1 217.851 5.732

Coal gangue 2 222.721 5.520

Coal gangue 3 91.309 11.542

3.2. Geopolymerization of raw coal gangue and test procedures

The raw coal gangue was investigated to optimize the alkaline solution. The optimization of
the alkaline activator in this study is schematically represented in Fig 3.3. The alkaline solution
used in the geopolymerization process was a combination of sodium hydroxide (NaOH) and
sodium silicate (Na2SiO3). The molarity of the alkaline activator was crucial for establishing
the environment necessary for the dissolution of aluminium (Al) and silicon (Si) species. For
the alkaline solution, laboratory-grade sodium hydroxide (NaOH) and sodium silicate were
used as activators. An 8 — 14 M (NaOH) solution was prepared by dissolving sodium hydroxide
pellets in double-distilled water. The sodium silicate solution used in this stage had a

composition of Na,O (14.2 %), SiO> (31.12 %), and H>0 (54.68 %) by mass.
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Fig 3.3: A systematic preliminary of geopolymerization of raw coal gangue

Firstly, the raw material with a median particle size x50 of 83.09 um was used without
mechanical activation. The geopolymer samples, with a liquid-to-solid (L/S) ratio ranging from
0.63 to 0.80, were prepared and tested for 7 days compressive strength and flowability. Next,
after optimizing the liquid-to-solid ratio, initial mixtures excluded sodium silicate to allow for
a focused investigation of the effects of NaOH concentration on the geopolymerization process,
as detailed in Table 3.6. Following the selection of the optimized NaOH concentration, the next
step involved incorporating sodium silicate (Na2SiO3) solution into the mixture. To ensure a
homogeneous geopolymer paste, the coal gangue and alkaline solution were thoroughly mixed
using a mechanical mixer for five minutes. The geopolymer paste was placed into pre-oiled 20
mm x 20 mm x 20 mm plastic molds, followed by compaction via vibration to remove any
entrapped air and ensure a uniform density. To prevent premature drying and moisture loss, the
samples were immediately covered with plastic sheets and left to cure at ambient room
temperature (20 + 1 °C) for the first 24 hours. Following this initial stage, the final curing was
performed in a drying oven at a different temperature for 36 hours. After this period, the
samples were allowed to cool naturally to room temperature before being carefully demoulded.
The samples of geopolymer were then stored until they were tested for compressive strength at

7 days.
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Table 3.6: Mixture compositions and sample numbers

Median particle size xso

Curing time

Compressive strength

83.09 um 36 hours 7 days

Samples Coal gangue NaOH NaOH Na:SiO3 L/S
@ €3 (mol/L) (L)

Liquid-to-solid ratio (L/S)
0.80 33.33 26.67 8 0 0.80
0.67 35.92 24.08 8 0 0.67
0.63 36.81 23.19 8 0 0.63
Sodium hydroxide (NaOH)
8 M 36.81 23.19 8 0 0.63
10 M 36.81 23.19 10 0 0.63
12M 36.81 23.19 12 0 0.63
14 M 36.81 23.19 14 0 0.63
Sodium hydroxide (NaOH): Sodium silicate (Na,SiO3)
NH100:SS0 36.81 23.19 8 0 0.63
NH75:SS25 36.81 17.4 8 5.79 0.63
NHS50:SS50 36.81 16.2 8 16.2 0.63
NH25:SS875 36.81 5.79 8 17.4 0.63
NHO0:SS100 36.81 0 8 23.19 0.63
Drying temperature °C
60 36.81 5.79 8 17.4 0.63
70 36.81 5.79 8 17.4 0.63
80 36.81 5.79 8 17.4 0.63
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3.3. Mechanical activation and geopolymerization

3.3.1. Mechanical activation in vibratory ball mill

Mechanical activation was achieved using a vibratory ball mill operating in parallel mode under
dry grinding conditions, as depicted in Fig 3.4. The mill was equipped with two 1000 mL steel
bowls; each charged with 2542.5 g of 15 mm diameter steel grinding media. Detailed process
parameters are provided in Table 3.7. The grinding media filling ratio was maintained at 70%
(v/v), while the material filling ratio relative to the media pore volume was set at 110% (v/v),
based on optimized conditions according to the methodology used previous works by Musci et
al. [114]. The electrical power consumption was cumulatively recorded using a digital energy
meter, enabling the calculation of the specific grinding energy based on the difference between

the initial and final meter readings.
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Fig 3.4: Schematic diagram of M. A coal gangue in vibratory ball mill for geopolymerization

Table 3.7: Investigated parameters of mechanical activation

Parameters Value Unit
Frequency 50 Hz
Volume of grinding chamber Vgc 1000 mL
Grinding media size (steel) dom 15 mm
Density grinding media dgm= 15 mm, zom 7.87 g/cm’
Grinding time 1, 5,10, 15, 30, 60, 120 min

3.3.2. Mechanical activation in planetary ball mill

The schematic diagram for the mechanical activation of coal gangue in a planetary ball mill for

geopolymer applications was illustrated in Fig 3.5. A material to ball ratio of 1:10 was
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maintained, following the manufacturer technical data. Grinding was performed at 450, 600,
650, and 700 rpm for durations of 1, 5, 10, 15, 30, 60, and 120 min, as shown in Table 3.8. To

mitigate the high temperatures generated by long-term grinding, the operation was paused after

every 20 min for a 20 min cooling period.
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Fig 3.5: Schematic diagram of M.A process coal gangue in planetary ball mill

Table 3.8: Investigated process parameters

Parameters Value Unit
Rotational speed 450, 600, 650, 700 rpm
Grinding media size (steel) dom 5,10 mm
Density grinding media dov= 5 mm, zom 0.956 g/em®
Density grinding media dom = 10 mm, pom 1.332 g/em®
Grinding media filling ratio giom 2.662,2.773 -
Grinding media size (steel) dom 5,10 mm

3.3.2.1. Stressing conditions

The specific grinding energy En was determined according to Burmeister et al. [133], who
established the relationship between the stress energy SE and the grinding media size dgw,
rotational speed rpm, and filling ratio. These parameters were modelled with the discrete
element method using the software package EDEM 2.5 for a planetary ball mill. The stress
energy was given by eq. (4). The calculated collision frequency CF, as a function of the process
parameters, was given by eq. (5). The constants c1 and c2, which were unknown in this case
and therefore neglected, accounted for factors such as the friction generated by the product.
This calculation was based on the assumption that the stress energy was proportional to the
kinetic energy of the grinding media transferred per collision. The material-related stressing

was described by the stressing intensity S, which considered the active mass (ma) captured
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between colliding media and, therefore, received the dissipated energy. This approach assumed
that stress energy was proportional to the kinetic energy transferred per collision. The stressing
intensity S/, given by eq. (6), further characterized the material stressing by considering the

active mass (ma) captured between colliding media and thus receiving the dissipated energy.

SE = cL.nifh. diiF. ol @

CF = c2.ndf. dgii”. ol ®)
SE

1= & ©)

The power consumption (P) of a planetary ball mill was the sum of the stress energy and
collision frequency, as shown in eq. (7). The specific grinding energy Em was dependent on
power and grinding time, as seen in eq. (8). To calculate Po, the grinding media and grinding

media filling ratio were neglected.

P =SE.CF =k ™
_ f(P_PO) _ - 8
E, = W.tg—k]gl (8)

3.3.3. Geopolymerization of mechanically activated coal gangue

The mechanically activated coal gangue was investigated for the optimization of an alkaline
solution. For geopolymer preparation, the process followed a methodology similar to that
previously discussed in Section 3.2. However, the study adjusted the liquid-to-solid (1/s) ratio
to a range of 0.87-1.0 and utilized a finer median particle size as detail in Table 3.9. The
molarity of the alkaline solution was also varied between 8 - 12 M. To optimize the liquid-to-
solid ratio, the molarity of the sodium hydroxide (NaOH) solution, and the ratio of sodium
hydroxide to sodium silicate (Na2Si0s3) solution, the compressive strength was tested after 7
days. Once the systematic approach was established, the compressive strength was further
tested for durations of 14 and 28 days for all samples of mechanically activated coal gangue

and three replicate samples were tested to ensure statistical reliability
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Table 3.9: Mixture compositions and sample numbers

Parameter Unit
Raw material x50 -83.09 pm
Vibratory ball mill X50-6.56 um
Planetary ball mill X50=6.17 um
Vibratory ball mill, liquid-to-solid ratio (L/S) 0.87
Planetary ball mill, liquid-to-solid ratio (L/S) 1.0
Sodium hydroxide (NaOH) 8, 10,12 M
Sodium hydroxide (NaOH): Sodium silicate (Na>Si103) 100:0, 75:25, 50:50, 25:75
Drying temperature °C 60, 70, 80
Curing time 24 hours
Compressive strength (optimization) 7 days
Compressive strength 14, 28 days

3.4. Test procedures

3.4.1.Particle size distribution and geometric surface area of coal gangue powder

The particle size distribution (PSD) of both the raw and mechanically activated coal gangue
was determined using a HORIBA LA-950V2 laser particle size analyser and deionized water
(H20) served as the dispersion medium. The PSD was estimated from the measured data using
Fraunhofer's approximate method. The geometric surface area, a parameter related to the
external or relative surface area, was obtained by software-based calculation from the PSD
data, assuming a spherical particle surface S [134]. To evaluate the potential for particle
aggregation or agglomeration, selected samples were tested with sodium pyrophosphate (Na4

P>07) as a dispersing medium. This specific test was performed on samples ground for 60 and

120 min.
3.4.2. Morphology of coal gangue powder and geopolymer samples

Powder coal gangue and geopolymer samples morphology was assessed via scanning electron
microscopy (SEM) using a JEOL JCM-7000NeoScope™ Benchtop. Secondary electron (SE)
imaging was performed at an accelerating voltage of 30 kV. Samples were sputter-coated with

a gold layer to facilitate electron conduction and improve signal detection.
3.4.3. Specific surface area of coal gangue powder

For the measurement of the total specific surface area Sger, Tristar 3000 from Micrometrics
Corporation was used. Before each measurement, the sample was degassed. From the adsorbed
gas, the surface area of the particle is determined. The BET (Brunauer, Emmett, and Teller)

method is used to determine the specific surface area of the particles including meso- and
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micropores. To degas the powder, the samples were dried at 90 °C for 30 min and additionally
at 300 °C for 180 min in flowing nitrogen gas in the Micrometrics Smart prep before the
adsorption measurements were taken. The gas used for adsorption was nitrogen, and the
adsorption temperature were 190 °C. The complete adsorption isotherms were recorded. The
specific surface area was calculated by a five-point BET method. The weight of each sample

was approximately 1 g.

3.4.4. Saturated lime test of coal gangue powder

The saturated lime test was conducted to assess the pozzolanic reactivity of both raw and
mechanically activated coal gangue. For each material, 2 g was placed into separate plastic
bottle containers, followed by the addition of 100 mL of a saturated lime solution Ca(OH),.
The containers were then sealed and thoroughly shaken. To ensure continuous interaction, the
containers were manually shaken once daily. At 2-day intervals, a 50 mL of the solution was
extracted for titration with a 0.05 mol/L hydrochloric acid solution, using methylene orange as
an indicator. Immediately after each sampling, 50 mL of fresh saturated lime solution was
added back to the respective plastic container to maintain a consistent. Based on the titration
results, the amount of CaO uptake by the 2 g of each material was subsequently calculated to

evaluate its pozzolanic activity.
3.4.5. Alkaline leaching test of coal gangue powder

The reactivity of both raw and mechanically activated coal gangue was evaluated by
quantifying the release of alumina (Al) and silica (Si) during leaching in 8 M sodium hydroxide
(NaOH) solution. Specifically, one gram of each material was stirred at 400 rpm in 40 mL of
the NaOH solution, maintained at a temperature of 60 °C for a duration of 2 hours. Following
leaching, the resulting suspensions were subjected to centrifugation at 5000 rpm for 3 min and
subsequently acidified using 37 % HCI. The concentrations of the leached Al and Si were then

determined using microwave plasma atomic emission spectrometry (MP-AES).

3.4.6. Phase composition analysis of coal gangue powder

The crystalline phases of both raw and mechanically activated coal gangue samples were
identified using X-ray diffraction (XRD) with a Rigaku Mini flex II diffractometer with CuKa

radiation and a monochromator, scanned at 1°/min and matched against the ICDD database.
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3.4.7.Fourier transform-infrared spectroscopy (FT-IR)

The vibrational characteristics of molecular structure (stretching and bending) in the raw,
mechanically activated coal gangue and geopolymer samples were determined by Fourier
transform - infrared spectroscopy (FT-IR) using a JASCO FTIR 4200 system equipped with a
diamond ATR for reflection measurements. To ensure reproducibility, three parallel
measurements were carried out for each sample with each spectrum were recorded in the

absorbance range of 4000 - 400 cm™! at a resolution of 4 cm™.
3.4.8.Mini slump cone test geopolymer paste

A mini-cone mould made of poly(tetrafluoroethylene) was selected to assess slump according
to liquid to solid ratio (L/S). The mini-slump test setup used in this study was a downscaled
cone with the following geometry: a 19 mm top diameter, a 38 mm bottom diameter, and a 57
mm height, as illustrated in Fig.3.6. Before the test, the interior surface of the mould was
lubricated with mould oil. The fresh mixture was then agitated ten times using a glass stick.
The excess material was slowly scraped off with a trowel, and the cone was lifted as slowly as
possible. After one minute, the spread diameter was measured in two perpendicular directions.
Three repetitions were conducted.

19 mm
—

57 mm

38 mm

Fig.3.6: Mini slump cone mould

3.4.9. Optical microscopic of geopolymer samples

Optical microscopy using a Carl Zeiss Primo Star Light Microscope was employed to

investigate the microstructure of coal gangue geopolymer samples.
3.4.10. Setting time of geopolymer paste

The setting time of the fresh geopolymer paste was determined in accordance with ASTM C191
[135]. The initial setting time was identified using a Vicat apparatus, where a penetration depth
of 25 mm was taken as the benchmark. The penetration depth was recorded over time for
geopolymer pastes produced with mechanically activated coal gangue that was subjected to
varying grinding times. The results were then plotted to illustrate the relationship between

penetration depth and grinding time.
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3.4.11. Compressive strength

The compressive strength of the 20 mm x 20 mm x 20 mm hardened geopolymer samples was
evaluated at the ages of 7 days. A Controls Automax5 universal testing machine was used to
apply a compressive load, with a consistent loading rate applied to all specimens. For each
testing age, three replicate samples were tested to ensure statistical reliability. The maximum
load at failure for each sample was recorded and subsequently divided by the specimen cross-
sectional area to calculate the compressive strength. The average compressive strength for each
testing age was determined from the three replicate tests, and the standard deviation was

calculated to represent the dispersion of the data.
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4. RESULTS AND DISCUSSION

4.1. Preliminary investigation of raw coal gangue, grinding parameter and
geopolymerization

4.1.1 Preliminary investigation of coal gangue properties

Coal gangue can be utilized as a source material for producing geopolymer because the
geopolymerization process is fundamentally based on an aluminosilicate chain. In this study,
coal gangue 2 was used across all experimental results. The median particle size x50 of the raw
coal gangue was 83.09 um, which is consistent with the cumulative undersize curves shown in
Fig 4.1(a). This raw coal gangue had a corresponding specific surface area Sggr of 6.69 m*/g
and geometric surface area of 1738 cm?/g. Furthermore, its morphology, shown in Fig 4.1(b),
was composed exclusively of coarser and irregular particles. The phase analysis of the raw coal
gangue exhibits a complex crystalline structure with distinct peaks associated with kaolinite,

microcline, and albite, as seen in Fig 4.1(c¢).
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Fig 4.1: Raw coal gangue, (a) particle size distribution, (b) morphology, (c) phase analysis

4.1.2 Preliminary investigation of grinding process

A systematic preliminary mechanical activation was designed and conducted to achieve an
optimal particle size distribution and high specific surface area, a critical factor for enhancing
the reactivity of coal gangue. A planetary ball mill was used to determine precisely the most
effective grinding media size for maximising the geometric surface area (Sm). Three grinding
media sizes (10, 20, and 30 mm) were tested, consistently maintaining a grinding time of 5 min
and 450 revolutions per minute (rpm), to investigate specifically the effect of grinding media
size. The resulting cumulative undersize was analysed via laser particle size distribution, as
illustrated in Fig 4.2(a). A comparative analysis of the results presented in Table 4.1 clearly
demonstrates that the smallest grinding media size, 10 mm, yielded the most significant

increase in geometric surface area. After determining the optimal grinding media size, the
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effect of rotational speed on the mechanical activation of coal gangue was systematically
studied. Three revolutions per minute (300, 325, 400 and 450 rpm) were used, while the
grinding time was kept constant at 5 min and the optimal 10 mm grinding media was employed.
Fig 4.2(b) and Table 4.1 reveal a direct relationship, the highest rotational speed resulted in a
greater increase in geometric surface area. Specifically, 450 rpm speed produced the most
significant increase in specific surface area, highlighting the importance of this parameter for

optimizing mechanical activation processes.
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Fig 4.2: Cumulative undersize with (a) different grinding media size (b) rpm

Table 4.1: Characteristic particle size of coal gangue with different grinding media size

Grinding media size X10 X50 X90 Geometric surface area Sp,

(mm)/ revolutions per | (pm) (pm) | (pm) (cm?/g)
minute (rpm)

raw coal gangue 8.22 83.09 | 224.08 1738.05
dom 10 mm 1.87 5.87 12.89 7638.26
dom 20 mm 2.08 8.12 22.97 6351.74
dom 30 mm 3.86 10.26 26.80 4001.80
300 rpm 3.21 6.72 11.69 2021.30
325 rpm 2.62 6.13 11.18 3526.01
400 rpm 1.39 5.93 30.57 5415.07
450 rpm 1.87 5.87 12.89 7638.26

Given the utilization of the vibratory ball mill maximum operating frequency of 50 Hz and
grinding media size dgm 15 mm, a preliminary investigation to determine optimal frequency
was deemed unnecessary. Furthermore, the applicability and performance characteristics of
this specific vibratory ball mill have been previously established by Mucsi et al. [114], who
conducted a comprehensive study on the mechanical activation of fly ash using the same

equipment and a grinding media size 15 mm.
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4.1.3 Preliminary investigation of geopolymerization of raw material

Fig 4.3(a) shows the 7 days compressive strengths of the geopolymer samples as affected by
the liquid-to-solid (L/S) ratio. The liquid-to-solid (L/S) ratio in geopolymer is a critical mixing
parameter that defines the mass ratio of the alkaline activating solution (the liquid) to the mass
of the coal gangue (the solid). From Fig 4.3(a), it can be observed that the highest compressive
strength 0.48 MPa was achieved with a geopolymer sample at liquid-to-solid ratio of 0.63. It
is apparent, therefore, that there is an optimum liquid-to-solid ratio that is favourable for
producing geopolymer with good compressive strength. Fig 4.3(b) presents the compressive
strength of coal gangue geopolymer using NaOH at various concentrations (8 to 14 M). The
results show that the compressive strength reached a maximum of 0.415 MPa at 8 M NaOH.
Excessive molarity beyond the ideal range can negatively impact geopolymerization,
potentially leaving unreacted sodium hydroxides within the matrix. This was evidenced by the
reduced compressive strength observed at 10 M NaOH. Visual inspection of these geopolymer
samples indicated deterioration, suggesting inadequate bonding between the gel matrix and the

coal gangue particles.
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Fig 4.3: Compressive strength of geopolymer as a function of (a) liquid-to-solid ratio (L/S) (b)
NaOH concentration

Subsequently, when the alkaline activator comprised a NaOH: Na>Si0O; concentration ratio of
25:75, the resulting geopolymer exhibited a compressive strength of 2.31 MPa. This sodium
silicate (Na>SiO3) appears to offer favourable conditions for the geopolymerization process.
Conversely, the geopolymer binder composed of 100 sodium silicate failed to set, resulting in
a sticky and dense paste. This complication made controlling the geopolymer paste difficult,
as illustrated in Fig 4.4(a), highlighting the importance of balanced activator components for

successful binder development. Fig 4.4(b) illustrates the influence of elevated temperature on
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compressive strength. The increase in temperature from 60 °C to 80 °C appears to enhance the
dissolution of reactive components within the raw coal gangue by the alkaline solution. The
highest compressive strength of 2.31 MPa was achieved in the sample cured at 80 °C for curing
36 hours. This elevated temperature likely accelerated the geopolymerization process,

specifically the dissolution mechanism of the precursor materials, leading to improved strength

development.
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4.2. Mechanical activation of coal gangue in vibratory ball mill

4.2.1 The effect of mechanical activation on particle size distribution

The aim of mechanical activation by grinding was to increase and activate the particle surfaces
on which the polymerization reactions take place. Thus, particle size measurements were
carried out to observe how particle sizes with grinding media size 15 mm varies depending on
the grinding time. Based on the determined particle size distribution, the relative span (RS) was
calculated, which is a measure of the width of the particle size distribution. The relative span
(RS) is defined, where x10, Xs0, and xg9o represent the proportion of particles below 10%, 50%
and 90% of all particles. From the perspective of different grinding time, the variation of
particle size led to a narrower distribution as shown in Fig 4.5. Broader distributions were
observed when the grinding time was varied and resulting in the production of particles of

varying fineness.
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Fig 4.5: Cumulative undersize of raw and mechanically activated coal gangue

To elucidate the impact of mechanical activation on particle granulometry, the characteristic
particle diameters X10, X50 and xoo were meticulously tracked as a function of grinding time, as
visually represented in Fig 4.6. This analysis provides critical insights into the evolution of coal
gangue particle sizes across varying fineness levels achieved through mechanical activation
process. The median particle size Xso, a key indicator of the overall particle size distribution,
was observed to range from 7.95 um to 12.93 pum after mechanical activation. The decrease in
particle diameter xso and Xo9o continued up to 30 min grinding time respectively and then
increased. The particle size decreases were most significant during the first 30 min of grinding.

There, it can be observed from 4.20 um and 6.56 um for x10 and Xso.
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Fig 4.6: Characteristic particle size of x10, Xs50, and x90 with grinding time

The median particle size x50 exhibited a notable increase in fineness from 6.56 pm to 7.66 um
after 30 min of grinding likely due to the initiation of particle agglomeration or aggregation by
weak Van der Waals forces [136]. The broadening of the particle size distribution curve during
the 60 min of grinding further suggests the formation of aggregation or agglomeration. The
relative span (RS), a measure of particle size uniformity, provides key insights into the
mechanical activation process. Initially, for shorter grinding times (1 to 5 min), the relative
span remained remarkably consistent, ranging from (RS = 5.69 - 5.98). This high RS value
indicates a broad particle size distribution with a significant presence of coarser particles. This
observation is further supported by the x99 values for mechanically activated coal gangue,
which ranged from 77.82 to 75.72 initially as illustrated in Fig 4.6. A notable reduction in
particle size is evident when comparing the raw material median particle size x50 of 83.09 um
to the median particle sizes xso after 1 to 5 min of grinding, which fell between 11.69 and 12.63
um. Grinding of mechanically activated coal gangue for 30 min resulted in the most uniform
particle size distribution, characterized by a relative span of (RS = 0.94) as depicted in Fig 4.7.
These finding highlights 30 min as the optimal grinding time for producing a narrow and
uniformity particle size. In addition to uniformity, maximizing the fineness of particles is
critical for enhancing specific surface area (SSA). The observed broadness in particle size
distribution, indicating the co-existence of both fine and coarser particles, strongly suggests a
significant role of grinding time in determining the final particle characteristics that enhance
specific surface area. The grinding in the beginning can be correlated to Rittinger stage. The
second is attributed to aggregation led to decreased in particle size [137],[138]. This inherent

tendency of fine particles to agglomerate through adhesive forces is a critical consideration
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when processing particulate solids, as it can impact their overall characteristics and behaviour
[139].
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Fig 4.7: Relative span [-] as function of grinding time

Notably, investigation shows that sodium pyrophosphate (N2P4O7) as chemical dispersant in
overcoming these strong bonds and achieving better dispersion as shown in Fig 4.8.
Furthermore, observations indicate that in the absence of this dispersant, the primary
mechanism behind the increase in particle size is aggregation driven by weak van der Waals
forces, which provide minimal resistance against dispersion. A significant analysis and
discussion on particle size and agglomeration was present by Guzzo et al. [140] by comparing

water and alkaline solution in particle size distribution.

100 100 —
—e— 0 min { —e— 0 min :d”v
—_— —9— 60 min (H,0) i — —@— 120 min (H,0) ¥
= 80+ 60 min (Na,P,0,) ?‘ = 804 120min (Nap0) | oF
[ (]
G 60- @ 60-
-] o°
c c
= =1
3 404 2 401
5 5
E =
5 204 E 204
(8] o
0 T 0 T L} T
0.1 1 10 100 1000 0.1 1 10 100 1000
Particle size [um] Particle size [um]

Fig 4.8: Cumulative undersize measured by laser scattering in water (H>O) and sodium

pyrophosphate (N2P4O7) of grinding time 60 and 120 min
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4.2.2 Correlation between specific surface area and specific grinding energy

Mechanical activation significantly increases the surface energy, primarily by enlarging its
specific surface area (SSA). This enhanced SSA is vital for promoting effective contact and
subsequent reaction with alkaline activators. Consequently, accurate evaluation of the specific
surface area throughout the process becomes crucial. Optimizing the grinding process is
paramount for achieving maximal energy efficiency and minimizing high grinding costs, as it
directly controls the kinetics of particle aggregation and agglomeration, phenomena which can
undesirably reduce the final specific surface area (SSA) of the mechanically activated coal
gangue. The influence of specific grinding energy on both the specific surface area measured

by nitrogen physisorption Sger and the geometric surface area derived from laser scattering is

illustrated in Fig 4.9.
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Fig 4.9: Specific surface area Sger and geometric surface area Si as function of grinding time

Notably, the geometric surface area minimal change between 60 and 120 min of grinding (3493
and 3496 cm?/g, respectively), with the highest value observed at 30 min of grinding (3690
cm?/g). This contrasts significantly with the specific surface area Spgr results, where the
maximum specific surface area Sger was obtained after 120 min of mechanical activation. This
is because the magnitude of specific surface area Sger depends on the morphology of the
absorbent, or more precisely on the size of its internal pores and cracks, and on the shape and
curvature of the external surface. It seems that the internal surface of aggregates remains
accessible to the molecules of nitrogen gas. However, the granulometric surface values are
markedly affected by the presence of the finest size fractions [141]. During the initial Rittinger
stage (up to 30 min of grinding), a high rate of specific surface area increase was observed, and

the relationship between specific grinding energy and specific surface area was linear. After
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this period, specifically around 60 min, the particle of mechanically activated coal gangue
entered an aggregation stage. At this point, the accumulated specific surface area and specific
grinding energy became high enough to facilitate the attachment of particles through Van der
Waals forces. This aggregation phenomenon signifies the attainment of an apparent specific
grinding limit, where further energy input no longer yields significant benefits in surface area

enlargement.

4.2.3 Specific surface area and cumulative pore volume

The coal gangue specific surface area Sger and median particle size Xso as a function of grinding
time of the raw and mechanically activated coal gangue are shown in Fig 4.10. Fig 4.11
displays the relationship between specific surface area Sger and cumulative pore volume as a
function of grinding time. Mechanical activation enhances the reactivity of coal gangue
particles by simultaneously decreasing particle size, increasing specific surface area, and
altering the inter-pore distribution [142]. The significant difference between the values of the
various specific surface area Sger with cumulative pore volume can be explained by the porous
structure of the coal gangue particles [143]. In the 120 min mechanically activated coal gangue,
the cumulative pore volumes increased even more than those in the 30 min mechanically
activated sample. This non-linear trend for cumulative pore volume in study differs from the
consistent linear relationship between specific surface area and cumulative pore volume cm?/g
reported by Huo et al. [14] in their investigation of combined chemical and mechanical

activation of coal gangue.
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4.2.4 The effect of specific grinding energy on morphology coal gangue

Coal gangue is characterized by a complex mineralogical composition. A significant fraction
of this material comprises clay minerals, which are often present as distinct mineral particles
within the gangue matrix. These clay particles are typically held together by relatively weak
Van der Waals forces making them susceptible to disaggregation under mechanical stress
including compression, impact, shear, and attrition [144]. These forces are crucial in inducing
various fracture mechanisms within the coal gangue structure. Within the investigated specific
grinding energy range 2.286E+01 - 2.754E+03 J g}, particle breakage events were consistently

observed as anticipated leading to particle size reduction in Fig 4.12.
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The weak interlayer bonding attributed to Van der Waals forces in clay minerals renders them
particularly vulnerable to inter-particle fracture that breaking of bonds between individual
mineral particles, leading to liberation. Intra-particle fracture, cracking and fragmentation
within the individual mineral grains themselves [63]. These mechanisms collectively lead to
particle breakage, where larger particles are reduced into smaller ones. As the result, the
physical properties of the mechanically activated coal gangue exhibited remarkable stability
across this broad energy range as clearly illustrated in Fig 4.13(A). This preservation of
physical characteristics despite substantial specific grinding energy input and demonstrable
particle size reduction prompted further detailed microstructural investigation by scanning
electron microscopy (SEM). Particle size analysis, supported by SEM was conducted at
selected step of mechanical activation process in Fig 4.13(B). The morphology of raw coal
gangue is characterized by plate-like, pseudohexagonal particles as shown Fig 4.13B (a). SEM
images of mechanically activated coal gangue after 30 and 120 min of grinding Fig 4.13B (b-
¢) distinctly show the formation of smaller particles. These observations indicate the presence
of fine particles adhering to the surface of larger, partially fractured particles, as well as weak
aggregation of fine particles on coarser surfaces. The evolution of particle morphology during
grinding has been investigated in previous studies which reported that the type of material
being ground, the mill type, as well as the mode of breakage may have a large impact on the

particles produced [145].

45



DOI: 10.14750/ME.2026.031

Siti Natrah Abd Bakil PhD Thesis

|—e—raw coal gangue

211912025
-yl
0.1 1 10 100 1000
Particle size [um]
100
?F
]
i L L L
9

Cumulative undersize [%]

o
7718 BEECRCE 24 4 BN O 8| RO B L1 SO OO B8 1
I
20 /° | 50Hz,d =15 mm ¥ "
°,° —@—30 min % {
0 _"1_'4 T T igh-vac. 5 AT & lodoo5
0.1 1 10 100 1000

Cumulative undersize [%)]

50 Hz, d = 15 mm |
—®—120 min

2/12/2025

100 1000
Particle size [um]
(B)

Fig 4.13: (A) Photograph of raw and mechanically activated coal gangue. (B) Cumulative

undersize and SEM images of (a) raw and mechanically activated (b) 30 min and (c) 120 min

46



DOI: 10.14750/ME.2026.031

Siti Natrah Abd Bakil PhD Thesis

4.2.5 The FT-IR of raw and mechanically activated coal gangue

Fourier Transform Infrared (FT-IR) spectroscopy was employed to identify and characterize
the key functional groups in coal gangue that cause its molecular bonds to vibrate (stretch and
bend), as shown in Fig 4.14. This analysis allowed for the revelation of structural defects
induced on the particle surfaces as a direct consequence of the grinding process. For crystalline
solid materials, the characteristics of absorption bands are closely related to the degree of
crystallinity, well-crystallized materials typically exhibit sharp and intense bands, whereas
poorly crystallized or disordered structures yield broader and weaker bands. This well-
documented correlation is further detailed in the Handbook of Inorganic Non-metallic

Materials [146].
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Fig 4.14: FT-IR of raw and mechanically activated coal gangue with different grinding time

The absence of significant absorption in the 3000 - 3700 cm™! indicates minimal hydroxyl -OH
stretching, reflecting a relatively low content of free water [147]. The absorption peaks between
1000 and 1200 cm™! and 900 - 1100 cm™! correspond to the stretching of the T-O bond and the
asymmetric stretching vibration of the Si-O-T bond (T = Si or Al), respectively [78]. Further
analysis of the asymmetric stretching vibration peaks of Si-O-T (T = Si or Al) revealed a shift
wavenumber from 998 cm™ in the raw coal gangue to 996 cm™ after short duration grinding
(1-15 min). With prolonged grinding in the range of 30 - 120 min, the mechanically activated
coal gangue exhibits a progressive shift in the characteristic absorption band toward 993 cm™.
This shift reflects due to decreasing particle size. It is evidently clear from the findings that that
the increasing grinding time resulted in lower wavenumber number of finesse particle [110].
In previous research by Mucsi et al. [148] grinding construction demolition waste (CDW), the

wavenumber increased with increasing grinding time as the particles become smaller, and more
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vibrations can be observed from more tiny particles. The band at 473 cm™ produced by Si-O
vibration which indicate asymmetrical bending vibration has no obvious change, indicating

that the quartz structure remains unchanged [ 149]. This similar report by Delogu et al. [150].
4.2.6 Phase analysis raw and mechanically activated coal gangue

Phase analysis of the raw and mechanically activated coal gangue, conducted using X-ray
diffraction XRD and presented in Fig 4.15. The major crystalline phases detected are kaolinite
type 1:1 clay (ALS120s5(OH)s), illite type 2:1 clay (K, H30)Al>Si3Al010(OH).,), albite a mineral
from feldspar group (NaAlISiOsg), muscovite KAlx(S1,Al)4010(OH)2 and quartz (Si02). Phase
analysis revealed the absence of any new crystalline phases in the mechanically activated coal
gangue. Coal gangue is a heterogeneous particle composed of multiple crystallites and
mechanical activation breaks down the particle, which will either expose smaller crystallites
[151],[152]. Consequently, the intensity of diffraction peaks for the mineral phases, specifically

kaolinite, illite, albite, and muscovite, decreased as the grinding time increased (30, 60 and 120

min).
A A
® Muscovite A quartz
@ Albite @ Kaolinite
" Mior # Microcline 4 quartz

# Microcline ® Muscovite ® Kaolinite
A A, ® Albite = liite
AAA A
15 minA: E,, = 2.2868E+02 J g-
A, A i A A
L _x S i _Ada
10 mIR E.=1.704E+02 J g
A A A
A A A A

(J
. LA A \ A 444 .
120m|n En '2754E+03Jg1

Intensity (a.u.)

Intensity (a.u.)

1 min
AAAA A

10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80
20 (degree) 20 (degree)

Fig 4.15: Phase analysis of raw and in vibratory ball mill mechanically activated coal gangue

However, the results showed that a specific grinding energy of 2.754E+03 J g (120 min of
grinding), the albite peak exhibited a greater reduction in diffraction peak intensity in contrast
to other mineral phases such as kaolinite and illite. The differential peak reduction among the
individual mineral phases within the coal gangue was likely attributable to variations in their
hardness and the relative stability of their crystalline lattice structures [153]. Moreover, the
mechanical activation occurred due to complex motions within the jar, involving four contact

types, impact, torsion, shearing, and rolling between the coal gangue, grinding media, and the
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mill wall [154]. Despite the resilience of quartz to mechanical activation, several studies
indicate that its presence can enhance the process of amorphization [155]. This is often due to
the higher hardness of quartz particles allowing them to act as effective grinding media for
softer minerals like kaolinite, thereby accelerating the grinding process [156]. However, in this
study, the quartz did not affect the softer minerals. Consequently, the primary effect of this
grinding process was mechanical dispersion (particle size reduction). This outcome is
consistent with the findings of Mucsi et al. [114] and Sanjay et al. [104] who similarly observed
limited structural transformation in mechanically activated fly ash under vibratory milling

conditions.

4.2.7 Leaching of raw and in vibratory ball mill mechanically activated coal gangue

Unlike cement, which is structurally strengthened through the hydration of calcite and C-S-H
gels, the strength of geopolymers is dependent on the dissolution and condensation of silica-
alumina precursors in an alkaline solution to create geopolymerization [157]. To investigate
the effects of mechanical activation at different grinding times (1 - 120 min) and the
corresponding changes in specific surface area Sger and the leaching rates of silica (Si) and
alumina (Al) from both raw and mechanically activated coal gangue in an 8 M NaOH solution

presented in Fig 4.16.
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Fig 4.16: Concentration of Si and Al with specific surface area as function of grinding time

The results are essential for the estimation of alumina (Al) and silica (Si) and how the decrease
in specific surface area Sger leads to aggregation of the mechanically activated coal gangue
may affect the properties of the geopolymer. Lower concentrations of Si and Al elements were

released from the mechanically activated coal gangue into the alkaline solution. The increase
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in concentration became less apparent when the grinding time exceeded 30 min. Although it
was initially speculated that Si and Al concentrations might decrease after aggregation (60 and
120 min), the results showed a different trend. Despite the mechanically activated coal gangue
of 30 min exhibiting the lowest median particle size Xxso and most uniform particle size
distribution, characterized by a relative span of (RS = 0.94), higher concentrations of Si and Al
were actually observed at 1 and 5 min of grinding, Si range between 10.36 - 10.98 mg/g and
Al range between 12.12 - 13.53 mg/g. Thus, it is speculated that other fine particles may adhere
to the surfaces of the mechanically activated coal gangue between 30 and 120 min, thereby

preventing further Si and Al release [160].

4.2.8 Saturated lime test of raw and mechanically activated coal gangue

The saturated lime test is a specific laboratory method used to evaluate a pozzolanic reactivity.
This test directly measures the amount of calcium oxide (CaO) that raw and mechanically
activated coal gangue consumes over a set period when mixed in a saturated lime solution,
Ca(OH),. The amount of CaO consumed is then used to determine the material reactivity.
Mechanical activation facilitates this reaction by disrupting the crystal structure at the particle
surface and increasing the specific surface area of the coal gangue, thereby making more
reactive sites available for interaction with the lime solution. Fig 4.17(a) illustrates the swelling
of raw and mechanically activated coal gangue. It's clear that the mechanically activated coal
gangue had a slightly swelling than the raw material at the end of the saturated lime test. This
swelling is a visual indicator of the pozzolanic activity taking place. Based on Fig 4.17(b), the
CaO uptake for the 60 min and 120 min of mechanically activated coal gangue decreased over

the measurement period, with values recorded up to the 30 days (15 titration).
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Fig 4.17: (a) Swelling of raw and mechanically activated coal gangue from 1 to 120 min
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The raw control sample showed the lowest CaO uptake at both 15 days (33.6 mg/g) and 30
days (51.3 mg/g) (Fig 4.18). The results indicated that increasing the geometric surface area
led to higher CaO uptake compared to the raw control values. For mechanically activated coal
gangue (30 min), CaO uptake ranged from 46.2 mg/g at 15 days to 75.2 mg/g at 30 days,
representing increases of 27.2 % and 31.7 %, respectively, with the highest geometric surface
area of 3690 cm?/g. Conversely, CaO uptake decreased as the geometric surface area decreased

(3493 - 3496 cm?/g).
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Fig 4.18: Relationship amount of CaO uptake at reaction time of 15 and 30 days with geometric

surface area

This finding suggests that, under the specific griding energy conditions, the mechanical
activation process may not have effectively enhanced the pozzolanic reactivity of the coal
gangue. This observation is consistent with the XRD analysis (as discussed in Section 4.2.6),
which indicated the persistent presence of less reactive mineral phases within the mechanically
activated coal gangue, thereby limiting the generation of highly reactive amorphous phases. In
parallel, other studies, such as that by Tugluca et al.[158], who investigated the grinding of
construction and demolition waste (CDW) from roof tile, hollow brick, and red clay brick,
similarly measured reduced CaO consumption over grinding durations of 60 - 180 min,

suggesting a comparable limitation in pozzolanic activity.
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4.3. Performance of geopolymer produced using mechanically activated coal gangue by
a vibratory ball mill

4.3.1 Effect of NaOH concentration on geopolymerization

To evaluate the optimization of the NaOH concentration ranging from 8 - 12 M for
mechanically activated coal gangue, the compressive strength was tested at 7 days using a
median particle size x50 of 6.56 um as illustrated in Fig 4.19. This median particle size was
selected based on the mechanically activated coal gangue 30 min of grinding. Raw coal gangue
geopolymer was also included for comparison purposes. The use of a median particle size of
x50 of 6.56 um resulted in an overall increase in compressive strength to 0.73 MPa compared
to the raw coal gangue, which exhibited a strength of only 0.0415 MPa. In this case, no NaOH
concentration optimization was required for the raw material, as detailed results were presented

in the previous section (Section 4.1.3).
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Fig 4.19: Effects of NaOH concentrations on the compressive strength of the geopolymer.

The highest compressive strength in the geopolymer was achieved with a 10 M NaOH solution.
It should be noted that the reaction tends to occur more effectively at higher NaOH
concentrations. Nevertheless, the reactivity of the coal gangue is also an important factor that
explains the decrease in compressive strength. It is also noteworthy that the rate of
geopolymerization was considerably slow, even though mechanical activation effectively
reduced particle size and generated finer particles, thereby increasing surface-active sites [159].
This suggests that a single alkaline activator system using 10 molar NaOH leaches more Si and
Al, which enhances the geopolymerization process. These results are consistent with those of

Cheng et al. [12], who also found that increasing NaOH concentration from 8§ M - 16 M NaOH
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increased the strength of coal gangue geopolymer. It is also shown that, in this study,
mechanically activated coal gangue tested with 12 M NaOH beyond the identified optimum
caused a substantial decrease in strength 0.212 MPa, highlighting the importance of

optimization between NaOH concentration.

4.3.2 Effect of NaOH: Na;SiOs; concentration

As the next step in optimizing the alkaline activator, the effect of median particle size x50 of
6.56 um on the ratio of sodium hydroxide NaOH to sodium silicate Na>SiO3; was investigated
(NH100/SS0), (NH75/SS25),(NH50/SS50) (NH25/SS75) as shown in Fig 4.20. This is due to
the fact that NaOH acts as a dissolvent that breaks down the Si-O-Si and Al-O-Si bonds on the
coal gangue surface, while sodium silicate acts as a binder, providing additional soluble silicate
and helping to form the gel in the geopolymerization reaction [160]. The highest compressive
strength value was observed when ratio of sodium hydroxide: sodium silicate was NH25/SS75
used in geopolymer the compressive strength 1.31 MPa highest than raw with median particle
size x50 83.09 (0.061 MPa). In overall, an increase in the alkali reactant ratio increases the
strength of geopolymers. Increasing Na>SiOs content favours the polymerization process
which leads to reaction product with higher compressive strength [161]. Furthermore, Na*
released from Na»SiO; accelerates the geopolymerization process by acting as charged-

balanced ion the system and increasing the amount of soluble silicate present [162].
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Fig 4.20: Effects of ratio NaOH:Na>Si0; on the compressive strength of the geopolymer
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4.3.3 Effect on temperatures series of geopolymerization

On the other hand, the compressive strength of geopolymer samples with a median particle size
x50 of 6.56 um was evaluated under different elevated curing temperatures (60, 70, 80 °C for
24 hours). These samples were activated using the optimal alkaline activator concentration
identified in Section 4.3.2, which was NH SS75. The optimal compressive strength, reaching
1.01 MPa at 7 days, was achieved with a curing temperature of 70 °C Fig 4.21. The hardening
occurs at room temperature or at moderate temperatures below 100 °C depending on the
reactivity of the raw material [163]. Furthermore, prolonged exposure to high curing
temperatures can lead to the immediate and excessive loss of water incorporated in the
geopolymer paste, causing the rate of geopolymer gel formation to surpass and incomplete

reactions [164].
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Fig 4.21: Compressive strength test of geopolymer with different curing temperature
As aresult, elevating the curing temperature to 80 °C led to a significant decline in compressive
strength to 0.893 MPa, likely due to crack propagation within the geopolymer sample, which
is clearly observed in Fig 4.21. Although the ratio of sodium hydroxide NaOH and sodium
silicate (Na,SiO3) was used in the sample, the limitation of the more amorphous phase from
the mechanically activated coal gangue hindered the geopolymerization process. The
dissolution of aluminosilicate materials in the alkaline medium occurs through the severing of
covalent Si-O-Si and Al-O-Al bonds and the formation of silicate and aluminate species.
Alkaline silicate solutions with alkaline hydroxide are usually used for producing geopolymers

referred to as poly(sialate-siloxo) and poly(sialate-disiloxo) [52].
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4.3.4 Visual observation of geopolymer samples

Fig 4.22 provides visual evidence of the relationship between the mechanical activation of coal
gangue and the microstructure properties of the resulting geopolymers. The photographs depict
both the prepared geopolymer and their fracture samples, clearly illustrating a significant
change in colour depending on the specific grinding energy employed during the mechanical
activation process. This distinct colour variation, apparent after 28 days, highlights the
sensitivity of the geopolymer formation to the fineness and potentially the reactivity of the
mechanically activated coal gangue. The findings align with those reported by Marjanovi¢ et
al. [165] in their study on geopolymer mortar, where mechanical activation of fly ash through
varying grinding times resulted in distinct colour changes, suggesting a correlation between

mechanical activation, material reactivity.

2.286E+01 1.257E+02 1.714E+02 2.286E+02: 2.971E+02 : 5.371E+02 2.754E+03
Jg! J g1 Jig? Jgt E Jg' 1 Jg! J gt

=;"5; 1

= ae ng N ~:9..~.51. '3

6.69 m?/g 7.68m2g 7.95m2g 9-73m?g 10.23 mzlg 11.43 mzlg 10.52 m?g 11.51 m?/g

Fig 4.22: A photograph of geopolymer sample with different specific grinding energy and

specific surface area

The colour of geopolymer samples exhibited a noticeable variation depending on the specific
grinding energy and specific surface area. Samples prepared with specific surface area Sggr of
7.68, 7.95,9.73, 10.52, and 11.52 m?/g appeared darker. Mechanically activated coal gangue
geopolymer 10.23 - 11.43 m?/g, corresponding to specific grinding energy between 2.286E+02
- 2.97E+02 J g were brighter in colour. This phenomenon is particularly pronounced in
mechanically activated coal gangue geopolymers subjected to specific surface area Sger 10.52
-11.51 m?/g where specific grinding energy ranged from 5.37E+02 - 2.754E+03 J g''. Fig 4.22
visually represents these observed colour changes. This finding suggests a link between the
mechanical activation process and the resulting colour, likely attributable to alterations in the
reactivity and aggregation of the coal gangue samples. The geopolymer specimens in the

compression tests displayed a viscous/ductile failure, deviating from typical brittle fracture.
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This can be explained by the diffusion of Si*" and AI’" species into the solution, as reported
which reduced their availability for forming a rigid network [166]. The resulting excessively
alkaline solution promoted the formation of a gel layer on the surface of both raw and
mechanically activated coal gangue particles. This gel layer effectively hindered the further
release of reactive Si*" and AI** ultimately contributing to the observed ductile behaviour under
compression. Similarly, Rattanasak et al. [167] observed the formation of a gel layer,
characterized by spherical units (0.5 - 2.0 um), on the surface of fly ash particles treated with
varying NaOH concentrations. The consistently lower strength observed in the geopolymers
across the 1 - 120 min mechanical activation range suggests that full geopolymerization was
not achieved. This is likely due to the limited reactivity of the mechanically activated coal
gangue, even with specific grinding energy between 2.286E+01 - 2.754E+03 J g'!'. A critical
factor contributing to this reduced reactivity might be that the specific grinding energy required
to enhance the coal gangue's surface reactivity also makes it more susceptible to alkali frosting.
This phenomenon, characterized by the loss of the alkaline activator, directly hinders the
geopolymerization process. The findings align with Zheng et al. [168]. Furthermore, as Duxson
et al. [169] pointed out, a greater amount of unreacted material leads to increased material

defects, which are detrimental to the overall strength of the geopolymer specimens.

4.3.5 Morphology analysis of geopolymer samples

Microstructure analysis of selected geopolymer samples as shown in Fig 4.23(a-d). The images
clearly exhibit unreacted raw coal gangue particles still present on the surface of the
geopolymer samples, which did not participate in the geopolymerization reaction, even at 28
days. In geopolymers prepared with mechanically activated coal gangue (30 min, 60 min and
120 min grinding), the microstructure showed no significant changes, as illustrated in Fig
4.23(b-d). This resulted in weak adhesion between the gels and the matrixes, which were full
of loosely packed, unreactive particles with median particle range xso of 6.96 - 7.95 pm. Silva
et al. [170] reported similar effects with different particle sizes (5 - 15 pm). While previous
research emphasizes that the improvement of reactivity of geopolymers is observed with the
reduction of particle size distribution [171] [172] [76]. It has been reported that the mechanical
activation does not alter the chemical composition of the raw material but physically disrupts
the structure, particularly weakening specific bonds such as Si-O-Si and Si-O-Al within the
surface of the particles and releasing previously inaccessible reactive components and

increasing the surface area available for reaction [148],[173]. These weakened bonds within
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the particles are more susceptible react with alkali activators and form a denser microstructure

of geopolymer.

Unreactive
particle

Fig 4.23: Optical image of geopolymer: (a) raw, (b-d) mechanically activated coal gangue 30,
60 and 120 min

4.3.6 Relationship between specific surface area and compressive strength

The compressive strengths of geopolymer binder after 14 and 28 days are shown in Fig 4.24.
The results show that there is an optimum grinding time for the activation of coal gangue with
mechanical activation, beyond which the compressive strength decreases. The compressive
strength of geopolymer binder improved from 0.072 MPa to 0.109 MPa for geopolymer binder
based on the raw coal gangue and mechanically activated coal gangue (1 min grinding)
respectively after curing 14 days. This trend continued over 28 days curing period, where
compressive strength values rose to 0.008 MPa and 0.210 MPa, respectively. The mechanically

activated coal gangue 1 tol5 min exhibit compressive strength less than 1.00 MPa.
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Fig 4.24: Compressive strength of geopolymer as function (a) grinding time (b) geometric

surface area

This is attributed to the fact that aluminosilicate minerals in mechanically activated coal gangue

are present in crystalline state, which has low reactivity and is only partially able to dissolve

under alkaline solution, so that the increase in strength is not significant. The mechanically

activated coal gangue 30 min show a significant improvement in compressive strength value

1.25 MPa after 14 days, and 1.32 MPa after 28 days of curing. The significant increase observed

at 30 min of mechanically activated coal gangue, particularly the 51.20 % improvement over

the 15 min grinding, suggests that prolonged grinding enhances the reactivity of coal gangue

by increasing specific surface area and inducing limited structural disorder, which facilitates

dissolution of aluminosilicate phases during geopolymerization. Comparing the different

geopolymer series, it can be seen that the compressive strength decreases with a value of 0.92

to 0.96 MPa (14 days) and 1.01 to 1.02 MPa (28 days) with mechanically activated coal gangue

60 and 120 min. From this data, it can be interpreted that the geopolymer sample prepared from

mechanically activated coal gangue shows a better compressive strength value as compared to

the sample prepared from raw coal gangue. Dry grinding induced high stresses in the particles,

resulting in mechanically activated layer on the particle coal gangue surfaces, and the

aggregation of particles could affect the geopolymer properties.

58



DOI: 10.14750/ME.2026.031

Siti Natrah Abd Bakil PhD Thesis

In order to compare the geopolymer properties and mechanically activated coal gangue
characteristics, the specific surface area Sger and compressive strength was determined in Fig

4.25.
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Fig 4.25: Compressive strength as a function of specific grinding energy

The highest compressive strength of 1.25 MPa (after 28 days of curing) was achieved using
coal gangue mechanically activated for 30 min, which also exhibited the highest specific
surface area Sper of 11.43 m?/g. As expected, the increase in specific surface area contributed
positively to the compressive strength due to enhanced particle reactivity and dissolution
during geopolymerization. Finer particles provide a larger reactive surface, which accelerates
the dissolution of aluminosilicate phases, thereby promoting a denser and more cohesive
geopolymer matrix. However, beyond the optimal grinding time, particularly after 30 min, the
compressive strength began to decline despite further mechanical activation as, agglomeration
and aggregation had a negative effect on the compressive strength. This phenomenon is clearly
reflected in the observed inflection point, where both the specific surface area Sger 10.54 m*/g
and the compressive strength 0.92 MPa (14 days) and 1.01 MPa (28 days) show a parallel
decrease after 60 min of grinding. This indicates that excessive mechanical activation leads to
a reduction in effective reactivity rather than further improvement. The improved reactivity of
mechanically activated coal gangue can be attributed to the effects of reduced particle size,
increased surface modification by grinding [98]. Research has shown that micro and
nanoparticles can serve as effective nucleation sites for alkaline reaction with surface of
mechanically activated powder thus enhance geopolymerization process [174],[175]. These
results are similar to those reported by Nana et al. [101], where despite a reduction in specific

surface area after 90 min of pegmatite grinding in an eccentric vibratory ball mill, compressive
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strength continued to increase. The increase in specific surface area Sger facilitated the higher
dissolution of the coal gangue particles, thereby resulting in better compressive strength
specimens. In this study demonstrates that the reactivity and the resulting development of
compressive strength in geopolymer binders are strongly correlated with the specific surface
area Sgrr and geometric surface area attained through mechanical activation. This trend is
consistent with the findings of Szabd et al. [76], who reported similar fluctuations in

compressive.
4.3.7 FT-IR characterization of coal gangue geopolymer samples

FT-IR analyses of raw and mechanically coal gangue for selected samples were carried out to

study the evolution of chemical bonding as shown in Fig 4.26 at 28 days.
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Fig 4.26: Geopolymer reaction

Based on the data, the frequency values for different raw mechanically activated geopolymer
are as follows 998, 992, 991 and 991 cm™ correspond to asymmetric stretching vibrations
which represent the formation of geopolymer structural backbone after alkaline reaction, and
suggested the formation of inorganic polymer [176],[177]. These results are in agreement with
previous research by Ozyer at al. [178], the frequency shift around 998 - 980 for less reactivity
material. A decline in the frequency number is indicated by a shift of the Si-O-T stretching
bands to smaller numbers. The shift of frequency toward the lowest frequency suggests it is an
indication of a reaction product related to the alkaline activator in other words, increases in the
polymerization reaction between the Si-O-Al bonds, resulting in the formation

of aluminosilicate gel.
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4.4. Discussion

This study reveals that the mechanical activation of coal gangue via vibratory ball milling
proceeds through two primary mechanisms that dictate reactivity, a fundamental reduction in
particle size, directly increasing the specific surface area, and less significant alterations in the
internal structure (specifically stretching and bending) of the mechanically activated coal
gangue. By comparing the results shown in Fig 4.5 and Fig 4.6, it is evident that beyond 30
min, aggregation occurs, resulting in an increasing median particle size xso and a reduced
specific surface area. In addition, as the result, based on the combined evidence from
persistence of well-defined, high-intensity peaks in both XRD patterns and FT-IR, only minor
shifts in characteristic wavenumbers (FT-IR). This suggests that the mechanical activation
process, with a specific grinding energy ranging from 2.2860E+02 to 2.754E+03 J g”!, resulted
in limited reduction to improve the surface activation and decreased activation energy stored
in the non-equilibrium and disordered crystal lattice of coal gangue. Consistent with the
mechanism of mechanical activation described by Juhasz and Opoczky [117], the study
demonstrates that the primary effect on coal gangue is mechanical dispersion (size reduction),

resulting in a greater specific surface area as shown in Fig 4.27 [117,118].

=
+ \

Crystalline
J

Surface activation

Mechanical dispersion Surface activation N\

(size reduction)

(a) (b)

Fig 4.27: Schematic various states of mechanical activation: (a) mechanical dispersion, (b)

surface activation

The results of the geopolymer properties, presented in Fig 4.19 - Fig 4.21, underline that the
median particle size xso significantly impacted the selection of the sodium hydroxide NaOH
concentration, the sodium hydroxide: sodium silicate ratio, and the curing temperature.
Although mechanical activation enhanced the specific surface area (SSA), the alkaline
activator showed limited reactivity with the mechanically activated coal gangue particles when
the grinding time was in the 1-120 min range. This limited reactivity suggests insufficient

changes in surface activation and structural disorder of mechanically activated coal gangue,
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both of which play a critical role in the development of geopolymer matrix [179].
Consequently, aggregation of the mechanically activated coal gangue restricts
geopolymerization reaction, causing a decline in compressive strength after 30 min of grinding.
These findings suggest that optimizing the grinding time is crucial as insufficient activation (1-
120 min) fails to generate adequately reactive surfaces, while excessive grinding could lead to
particle aggregation or agglomeration, which hinders further reactivity and results in high

energy consumption.
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4.5. Mechanical activation of coal gangue in planetary ball mill

4.5.1 The effect of mechanical activation on particle size distribution

The impact of grinding on the particle size distribution of raw and mechanically activated coal
gangue for a chosen grinding time (1, 5, 10, 15, 30, 60, and 120 min) is shown in Fig 4.28 (a-
b). Obviously, a significant reduction in particle size was observed. The increase in material
fineness was clearly illustrated by the variation of the characteristic particle sizes (x10, x50 and
X90) as a function of grinding time. Specifically, mechanical activation of the coal gangue in a

planetary ball mill 450 rpm resulted in a rapid decrease in the median particle size xso, dropping

from 83.09 um (raw) to 9.06 um within the initial minute of grinding.
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Over the first 10 min, the particle size distribution continued shifting towards finer particles,
with x50 reaching of 4.86 pum, indicating effective particle breakage. However, with prolonged
grinding (15 to 120 min), the Xsoincreased to 6.17 um and 11.19 pum, respectively. This reversal
in particle size reduction suggests the occurrence of aggregation or agglomeration, where
increased interparticle binding forces lead to particle clustering and a subsequent rise in median
particle size [180],[181]. In addition to the experimental parameters, the relative span (RS) was
a crucial factor for enabling a comprehensive comparison of results obtained for particles with
varying size. The relative span value provided a more reliable representation of the width of
the particle size distribution, independent of the median particle size, as shown in Fig 4.29. The

relative span was calculated using eq (1):

RS = X90 ~ X10 (1)

X50
Investigation of variation of characteristic particle size of x10, Xs0, and x99 with grinding time
as a function of grinding time revealed broadening of the relative span (RS = 4.95 - 3.85) for
mechanically activated coal gangue after 60 - 120 min of grinding as illustrates in Fig 4.29.
This wider distribution reflects the simultaneous presence of both fine and coarse particles,
with x99 values recorded at 45.82 pm (60 min) and 42.76 pm (120 min) as shown in Fig 4.28(b).
Conversely, mechanically activated coal gangue 30 min of grinding yielded the narrowest
relative span (RS = 1.91), indicating a highly homogeneous distribution dominated by finer
particles. It is critical to highlight that extending grinding beyond 30 min led to a significant

increase in Xoo to 45.82 um, representing a 63.13 %.
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Fig 4.29: Relative span [-] as a function of grinding time (min)

64



DOI: 10.14750/ME.2026.031

Siti Natrah Abd Bakil PhD Thesis

Next, for the Design of Experiment (DoE), the resulting particle size distributions,
characterized by the xio, Xs0, and x99 percentiles, are presented in Fig 4.30(a-c) via
corresponding bar graphs. Mechanical activation of coal gangue was performed using a
planetary ball mill with grinding times ranging from 15 to 120 min, at rotational speeds of 600
- 700 rpm, and employing grinding media sizes of 5 and 10 mm. A significant reduction in
particle size was observed across all mechanically activated coal gangue samples, with all xso
values dropping substantially below that of the raw coal gangue x50 of 83.09 um, and indeed
falling below 10 um. Specifically, at 120 min of grinding, the lowest x50 value 3.61 - 3.75 pm
was achieved with 5 mm grinding media at 600 -700 rpm. These results clearly demonstrate a
strong dependence on the process parameters, particularly concerning the xi0, Xs0, and Xoo
values. In a planetary ball mill, the centrifugal force generated by the rotational speed is critical
for effective grinding, as it directly influences the impact energy and movement of the grinding
media, thereby governing particle size reduction. An increase in the xso and Xoo particle size
values was observed for mechanically activated coal gangue after 15 min of grinding across
most Design of Experiment (DoE), indicating the formation of aggregation or agglomeration.
An exception was noted for the design utilizing 10 mm grinding media at 600 rpm, where this
increase was not apparent. Furthermore, for the 10 mm grinding media at 600 rpm, continued
grinding for 60 and 120 min did not result in a reduction of these larger x50 and x99 values,
suggesting persistent agglomeration or a lack of deagglomeration under these specific
conditions. The experimental design revealed that 5 mm grinding media consistently produced
a finer particle size distribution compared to 10 mm grinding media, under identical rotational
speed and grinding time conditions. This enhanced comminution efficiency is directly
attributable to the higher frequency of collisions and a greater number of grinding media per
unit volume achieved with the smaller media. This relationship is quantitatively supported by
the constant powder filling ratio and calculations presented in Table 4.2. This observation was
highly consistent with the foundational principles of the findings of Stenger et al. [182] who
emphasized that the achievable optimal median particle size xso was critically dependent on the

stress intensity S/ generated by the grinding media size.
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Table 4.2: Calculated collision frequency and stress energy for grinding media size 5 - 10 mm

and revolution per minute 600 - 700 rpm

Revolution per dem Collision frequency Stress energy

minute [rpm] [mm] CF [s] SE [J g']
600 5 9.68E +09 1.08E-06
650 5 1.00E+10 1.33E-06
700 5 1.03E+10 1.63E-06
600 10 6.05E+08 1.52E-05
650 10 6.26E+08 1.89E-05
700 10 6.46E+08 2.30E-05

4.5.2 The effect of mechanical activation on morphology of coal gangue

Coal gangue is a heterogeneous material susceptible to aggregation and agglomeration, making
the study of these phenomena essential for distinguishing between different particle size growth
mechanisms during grinding. The increase in particle size observed during mechanical
activation must be carefully analysed to differentiate between aggregation and agglomeration.
According to Juhdsz and Opoczky [183], modifications in specific surface area (SSA) and
median particle size x50 can be used to identify distinct phases of the grinding process, including
Rittinger's stage, aggregation, and agglomeration. As illustrated in Fig 4.31(a-b), the particle
size distribution and grinding time (60 and 120 min) was examined using deionized water
(H20) and sodium pyrophosphate (NasP>0O7) as dispersing mediums, alongside morphological
analysis. The results indicate that after 120 min of grinding, the particle size distribution of
mechanically activated coal gangue exhibits similarities in both dispersing mediums.
Moreover, scanning electron microscopy (SEM) confirms significant agglomeration,
suggesting that agglomeration at this stage involves strong, irreversible interparticle
interactions, where chemical bonding plays a crucial role. This finding is further supported by
the observation that agglomerates remain intact despite treatment with sodium pyrophosphate
(Na4P207) as chemical dispersion or ultrasound, indicating that the bonds formed are resistant
to conventional dispersion methods. The increased formation of amorphized agglomerates
might be responsible for the decreases in measured specific surface areas, as the high energy
milling process can result in bonds between agglomerates that are difficult to be separated by
chemical dispersant or ultrasound [116]. In comparison to the aggregation process, the SEM
image reveals that after 60 minutes of grinding, significant amounts of fine powder and coarse

grains are present. Consequently, the particle size distribution shifts toward finer particles when
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sodium pyrophosphate (NasP2O7) is used as the dispersing medium. This suggests that
aggregation at this stage is reversible, where primary particles are loosely connected with
secondary particles through surface forces, primarily due to van der Waals interactions [184].
The results align well with the observed particle size distribution, confirming the presence of
aggregation. For clarity, the values for specific surface area Sger and median particle size Xso
are presented, with particle size distribution measurements taken in a suspension of deionized
water (H20). These findings are consistent with those reported by Tole et al. [ 185] and Manosa
et al. [186] in their studies on mechanically activated clay for cement production, further

validating the relationship between surface area and particle size.
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Fig 4.31: Cumulative undersize of mechanically activated coal gangue using H>O and Na;P4O;

as dispersion solution with morphology analysis: (a) 60 min (b) 120 min

For Design of Experiment (DoE), the morphology of raw and mechanically activated coal
gangue with grinding media of size degm =10 mm, 700 rpm, 120 min was examined as shown
in Fig 4.32(a-b). It was clearly seen that the morphology of the raw and mechanically activated

coal gangue changed after grinding. Initially, the morphology of the raw coal is irregular and
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plate-like, as shown in Fig 4.32a. Since the experimental setup for grinding media with a size
of 10 mm has a higher density, more energy could be transferred to the coal gangue particles
compared to grinding media with a size of 5 mm, as calculated in according to eq. (6). However,
the SEM image clearly shows that the morphology of the mechanically activated coal gangue
could be seen in the form of flakes and coarse particles at a grinding media size of 10 mm, 700
rpm and 120 min Fig 4.32b. This indicates that when using 10 mm grinding media, the
mechanically activated coal gangue is less susceptible to aggregation because it is more
exposed to mechanical stress and less likely to be trapped. Conversely, when milled using 5
mm grinding media (120 min, 600 - 700 rpm), the mechanically activated coal gangue shows
a pronounced tendency toward aggregation/agglomeration. The particles become noticeably
more rounded and lose their initial hexagonal shape, a phenomenon clearly confirmed by the
SEM images in Fig 4.33(a-d). The morphology results in Fig 4.33(b-d) are not fully consistent
with the results of particle sizes X10, X50 and x9o in Fig 4.30, which decrease after 120 min. This
inconsistency could be a consequence of the sample preparation in particle size distribution, as
the mechanically activated coal gangue were dispersed in water as a dispersion medium, which
could lead to a separation of the aggregation seen in the SEM image. This result is consistent
with the explanations of Balaz and M. Achimovic¢ova [187]. In a previous study, Vdovic et al.
[188] reported a similar change in morphology, where the plate-like pseudohexagonal particle
structure of the clay had become a polydisperse powder with irregularly shaped particles
modified by intensive dry milling via planetary ball mill.

Fig 4.32: Morphology of (a) raw (b) dgm=10 mm, 120 min,700 rpm
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Fig 4.33: Morphology (a) raw, dgm= 5 mm, 120 min (b) 600 rpm, (¢) 650 rpm (d) 700 rpm

4.5.3 Specific surface area and cumulative pore volume

The coal gangue specific surface area Sger and median particle size xso as a function of grinding

time of the raw and mechanically activated coal gangue are shown in Fig 4.34. The Sggr values

were significantly higher for all mechanically activated coal gangue than for the raw coal

gangue, 6.65 m?/g. With a grinding time of 1 - 5 min, the specific surface area was between

8.52 and 15.56 m*/g. Higher Sger values of 18.063 m?/g correlate with a finer median particle

size Xs01s 4.86 um with a grinding time of 10 min. Boldyrev et al. [189] have highlighted a

strong correlation between mechanical activation and specific surface area.
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Fig 4.34: Specific surface area with median particle size as a function of grinding time

70



DOI: 10.14750/ME.2026.031

Siti Natrah Abd Bakil PhD Thesis

The specific surface area Sger fell to about 18.023 m?/g, 16.91 m*/g, 12.47 m?/g, and 11.30
m?/g following increasing median particle size range 6.17 - 11.19 um with grinding for 15 to
120 min. It is evident that the rate of formation of new surface is limited by time of mechanical
activation and it appears that more intensive grinding conditions lead to a decrease in specific
surface area Sger values. In accordance with the theoretical grinding process, aggregation and
agglomeration, which is driven by a decline of a specific surface area Sget. This is consistent
with previously published research [127],[190] which showed that during the initial grinding
phase, there was a decrease in median particle size and a rise in specific surface area Sggr.
Regarding the reactivity of coal gangue as a heterogeneous material, the total surface area
available to the alkaline solution reaction can be pointed out. The specific surface area Sger,
determined using the Brunauer-Emmett-Teller (BET) method, reflects the total surface area
available for adsorption, including contributions from mesopores and macropores and
geometric surface area Si data collected from particle size distribution from laser particle size
analyser (LPSA). The two specific surface area Sger measured by the BET method can be

compared with the geometric surface area Si of coal gangue powder as shown in Fig 4.35.
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Fig 4.35: Specific surface area with geometric surface area as a function of grinding time

In this research, it can be seen that the two data set mechanically activated coal gangue over
activation times of 0 - 1 min and 60 - 120 min is quite close to each other with values of 6.65 -
8.52 m%*/g and 12.447-11.30 m?/g respectively, whereby the St values show a slight deviation
between 1.14 - 1.87 m%/g. In contrast, the geometric surface area S, which represents the outer
surface area of the particle's coal gangue, showed a much more pronounced difference. The

values for Sm varied significantly from 1738 cm?/g (raw) with mechanically activated coal
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gangue 1 min of grinding (6585.10 cm?/g) with a considerable difference of 4847.05 cm?/g. In
addition, the grinding of mechanically activated coal gangue with a grinding time of 60 - 120
min resulted in a range of 14,792.31-10,882.69 cm?/g with a significant difference of 3909.62
cm?/g. Nevertheless, the experimental observations regarding the geometric surface area Sy of
coal gangue powder particles support fundamental to rationalize experiment observations even
though the fact that the surface area measurements exploiting the physisorption of gases are
much more accurate than simple geometric estimates [191]. Fig 4.36 displayed the cumulative
pore size produced by the Barrett-Joyner-Halenda (BJH) technique model based on N>
adsorption. Mesopores and macropores were found raw and mechanically activated coal
gangue. Pores with a width of > 50 nm are defined as macropores, pores with a width of 2-
50 nm are defined as mesopores and pores with a width of <2 nm are defined as micropore
[192]. In comparison to raw, continuous grinding increased the amount of cumulative pore

volume.
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Fig 4.36: Cumulative pore volume of coal gangue with pore diameter (nm)

While the cumulative pore volume of raw coal gangue was 0.025 cm?/g. Consequently, the
cumulative pore volume decreased after 10 min of mechanically activated coal gangue due to
aggregation as shown in Fig 4.37. It was likely that changes in the cumulative pore volume and
specific surface area Sger could be controlled by grinding time. Significant differences between
various cumulative pore volumes can be explained by the porous structure of coal gangue. After
30 mi of grinding, there was an increase in cumulative pore volume to 0.076 cm®/g. However,
the specific surface area Sger did not remain constant, as evidenced by a decrease in its value.
Fig 4.29 shows a relative span (RS = 1.91) at 30 min of grinding, which reflects a distribution
containing finer particles that likely contribute to the increase in cumulative pore volume.
Between 60 to 120 min of grinding, strong aggregation and agglomeration reduced nitrogen

penetration into the interior of the mechanically activated coal gangue. As a result, the
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cumulative pore volume showed a slight decrease, ranging from 0.063 to 0.062 cm?®/g, while
the specific surface area Sger decreased from 12.47 m?/g to 11.30 m?/g. These findings align
with similar studies conducted by Arbain et al. [193] and further indicate the influence of
particle aggregation on the reactivity of coal gangue. This behaviour provides additional insight

into the material's reactivity and its potential for use in geopolymer production.
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Fig 4.37: Specific surface area as cumulative pore volume with grinding time

4.5.4 Correlation specific surface area and specific grinding energy

The interpretation of the mechanical activation process relies on understanding the relationship
between structural changes, such as specific surface area and the formation of fine particles in
mechanically activated coal gangue, and the mechanical energy consumed during grinding.
Based on the experimental results, the relationships between specific surface area Sger,

grinding time (min), and specific grinding energy were established, as shown in Fig 4.38.
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Fig 4.38: Grinding kinetics of mechanically activated coal gangue
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The decrease in specific surface area Sgeris closely correlated with both the grinding time and
the specific grinding energy. The specific grinding energy was calculated using the power
consumed by the planetary ball mill with grinding media (P) and non-load power (Po), along

with the grinding time and the mass (m) of the coal gangue powder, as described in eq. (2).

o[ S5

Fig 4.38 shows the specific grinding energy Em consumed for each grinding time. The specific
grinding energy Em consumption data recorded range between 4.620E+04 - 2.310E+05 J ¢! for
the grinding time 1-5 min with specific surface area Sger of 8.52-15.56 m?/g. The specific
grinding energy for a grinding time of 10 min is 4.620E+05 J g'!, whereby the specific surface
area Sgeris highest at 18.063 m?/g and decreases thereafter. At this stage, the specific grinding
energy is proportional to the generated increase in specific surface area (SSA) related to
Rittinger's stage [ 184]. It has been observed that the specific grinding energy leads to a decrease
in the specific surface area Sger after reaching the inflection point of the curve. In this case, the
specific grinding energy is 6.930E+05 J g™! for a specific surface area Sger of 18.023 m?/g and
a grinding time of 15 min. These results are in agreement with previous studies by Mucsi et al.
[194]. It should be noted that the specific grinding energy varies between 6.930E+05 and
2.7720E+06 J g!, which is due to the aggregation of the coal gangue with decreasing specific
surface area Sger. The total specific grinding energy for a grinding time of 120 min was
5.55E+06 J g, with a specific surface area Sger of 11.301 m?/g. The results suggest that this
effectively prevents any comminution as the addition of an order of magnitude of specific
grinding energy has minimal effect on reducing particle size as the particle size approaches the
grinding limit.

Next, the specific grinding energy is influenced by three operating parameters: rotational speed,
grinding media size, and grinding time. The median particle size Xso is based on the fact that
the stress energy SE and the number of collision frequencies CF influence the specific grinding
energy. When analysing the relationship between the median particle size xso of coal gangue
and specific grinding energy, a notable trend emerges. The use of grinding media with a size
of 5 - 10 mm leads to achieving an energy input of about 5.99E+05 - 7.07E+06 kJ g”!, and the
median particle size drops instantaneously. For grinding media size 5 mm, the results of the
three different rotational speed 600 - 700 rpm are very close each other in term of the median

particle size xso. Both graphs in Fig 4.39(a-b) and Fig 4.40(a-b) clearly show that in design of
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experiment, agglomeration that occurs at median particle sizes xso rise causes the specific
grinding energy to 1.20E+06 kJ g' at 30 and 60 min. In addition, it is noticeable, no
agglomeration phenomena of mechanically activated coal gangue with grinding media size 5

and 10 mm after 120 min at specific grinding energy over 4.79E+06 kJ g™
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Under optimal specific grinding energy conditions, the median particle size decreased while
geometric surface area Sy increased within the ranges of 11,536 — 11505 cm?*/g for grinding
media size 5 mm and 10,235 — 10, 525 cm?/g for 10 mm, with no statistically significant

difference between these ranges. Next, Juhdsz and Opoczky [117] propose that changes in
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grinding material, specific surface area SSA, and xs0 values can help identify different phases
of the grinding process, such as the Rittinger, aggregation, or agglomeration sections in Fig
4.39 (a-b) and Fig 4.40 (a-b). Initially, as median particle size decreases, new specific surface
area is generated proportionally. Austin and Bagga [195] in their research on cement clinker,
demonstrated that the accumulation of fines inside ball mills leads to a decrease in specific
surface area as the material becomes finer, eventually resulting in virtually no further increase
in specific surface area. The experimental findings presented in Fig 4.39(a-b) and Fig 4.40 (a-
b) can be effectively interpreted through the stress model proposed by Kwade and Schwedes
[196], which suggests an optimal stress intensity SI for efficient grinding operations. This
model defines an optimal stress energy SE level at which particle breakage and agglomerate
disintegration occur most effectively. When the agglomerates come to pieces or the crystalline
material breaks into pieces, this is called the optimum of the degree of stress energy SE. If the
stress energy SE is below than the optimum, the behaviour of aggregates and crystalline
materials is the same as the stress energy increases the fineness and specific surface area of the
product both increases. If the stress energy SE is higher than the optimum, the situation is
different. Conversely, when stress energy SE exceeds the optimum threshold, the dynamics
change significantly. At this stage, no further increase in fineness is observed, as the
agglomerates are already sufficiently disintegrated. For validation, the stressing intensity SI,
defined as the ratio of stressing energy SE to the active mass ma was calculated and plotted.
Specifically, for a grinding media size dom of 10 mm, the active mass was found to range from
0.91 to 1.27 g when the rotational speed varied between 600 and 700 rpm over a grinding time
of 120 min (Fig 4.41).
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The effects of the different relative span (RS) were also investigated with regard to the specific
grinding energy in the mill, as shown in Fig 4.42(a-b). To discuss the effects of grinding media
size and grinding time, the relative span (RS) was used to evaluate the width of the particle size
distribution. As can be seen in Fig 4.42(a-b) the distribution becomes narrower as the particle
size decreases. The relative span shows much higher values at a grinding media size of 10 mm
(RS =2.85), which means that the mechanically activated coal gangue material simultaneously
represents coarse particles and has a broader particle size distribution curve. Therefore, relative
span seems to function of morphology in Fig 4.42b. Whereas grinding media size 5 mm (RS =
2.58). This finding is consistent with the results of mean particle size previously studied by
Altun et al. [197]. Their results clearly show that the process and design conditions influence
the particle size. The wider the distribution, the larger the standard deviation and the span. On

the other hand, Mucsi et al. [114] reported that (RS =18) represents a particularly fine size

fraction.
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4.5.5 The FT-IR of raw and mechanically activated coal gangue

The reactivity of mechanically y activated coal gangue at different grinding times involves a
species on the surface of the particles that break its bond with the bulk lattice and form ions to
react with an alkaline solution. To investigate the reactivity of coal gangue with varying
grinding times, Fig 4.43(a-b) shows photograph images of raw and mechanically activated coal
gangue with effects on functional groups with wavenumbers ranging from 4000 to 400 cm™".
The photograph images, therefore, can potentially be applied to the observed physical
properties changed of mechanically activated coal gangue as the colour of the raw coal gangue

changes slightly toward light grey at different grinding time.
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Fig 4.43: Raw and mechanically activated coal gangue (a) Photograph image (b) FT-IR

Consistent with the findings, Cristelo et al. [121] also observed changes in fly ash during
mechanical activation. Their study, utilizing a ceramic bowl at 300 rpm for 15 - 240 min,
highlighted a darkening of the fly ash after 240 min. This colour change was ascribed to the
physical alteration of unburned carbon (coal) content, which became more prominent after
prolonged mechanical activation. The potential of Fourier transform-infrared spectroscopy
(FT-IR) for the quantification of minerals is therefore based on the fact that the particle size
and surface defects are also affected by varying wavenumber depending on the mechanical
stress [198]. Coal gangue is a type of silicate mineral characterized by strong atomic
polarization due to silicon, resulting in high stability of the Si-O bonds. This study focuses on
the positional shifts of key functional groups in response to varying grinding times, particularly
the asymmetric stretching vibration of Si-O-T (T = Si or Al). The absence of significant
absorption in the 3000 -3700cm™ indicates minimal hydroxyl stretching [147]. The
asymmetric stretching vibration of Si-O-T initially appeared at 997 cm™ in the raw sample.
With prolonged grinding, this peak shifted to a higher wavenumber of 1071 cm™! after 120 min,
yielding a wavenumber ratio of 997/1071 cm™ = 0.931. Additional shifts were observed at

intermediate grinding times, from 1017 cm™ to 1054 cm™ (30 - 60 min) with a ratio of
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1017/1054 cm™ = 0.964, and from 1054 cm™ to 1071 cm™ (60 - 120 min) with a ratio of
1054/1071 cm™ = 0.984. Two distinct grinding stages were identified, 1 - 10 min and 15 - 120
min. In the initial 1-10 min of mechanical activation, the asymmetric stretching vibration of Si-
O-T shifted to lowest wavenumbers due to changes in interatomic distances and lattice
vibrations [199]. In contrast to the mechanically activated coal gangue exhibited a shift toward
higher wavenumbers and becoming broader after 15 min of grinding. Nevertheless, the
loosening of interatomic bonding is a key consequence of the plastic deformation of solids,
leading to the broadening of the wavenumber and increased amorphization due to a reduced
degree of crystallinity [200]. While prior studies often explore grinding times ranging from 1
to 10 hours, typically 4 to 20 hours for crystalline materials and up to 120 min for amorphous
phase, the study focuses on shorter grinding times (1-120 min). Within this time frame, it
observed a reduction in the Si-O-T shift, which correlates with the degree of structural disorder
introduced. This interpretation is further supported by a complementary phase analysis, which
confirms a progressive decrease in crystallinity with increasing grinding time. Within this
reduced time frame, the induced structural disorder was primarily influenced by the
temperature generated during the grinding process. This thermal effect is an unavoidable
consequence of the high-energy impacts and shear forces during grinding processing. A critical
limitation of planetary ball mill is its inefficient heat dissipation, which leads to a rapid and
uncontrolled rise in temperature. Under typical operating conditions, considerable frictional
heat is generated during grinding in planetary ball mills, often raising temperatures to 90 - 120
°C[201]. However, it was a challenge to isolate the exact influence of temperature in this study,
as it is inherently coupled to the mechanical energy input. This observation, combined with the
presence of lattice defects in the Si-O-T network Fig 4.43b, suggests that the grinding process
also contributed to a visible physical change in the coal gangue Fig 4.43a. In addition, the
colour of the mechanically activated coal gangue could be a good indicator of the reactivity of
the powder. Next for Design of Experiment (DoE), the typical broad absorption band in the
range of 3600 - 3200 cm™' was observed in raw coal gangue appearing as a relatively small
peak Fig 4.44. This band is commonly attributed to the (-OH) stretching vibrations of hydrogen
bonded water molecules or assigned to OH stretching vibrations more significantly, the
structural hydroxyl groups within the clay minerals present such as kaolinite, muscovite and
illite as from phase analysis in contain hydroxyl groups (-OH) as part of the crystal lattice
[202]. However, a remarkable and significant change was observed in the wavenumber after
mechanical activation of coal gangue. The observed (-OH) absorption band at 3600 - 3200 cm™

! became distinctly broader and more diffuse.
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Fig 4.44: FT-IR analysis of raw and selected mechanically activated coal gangue (a) dgm= 10

mm and (b) degm= 5 mm

A moderate peak observed at 1632 cm™ in the spectra is attributed to the aromatic C=C
stretching vibrations. This peak indicates the presence of carbon residues within the coal
gangue, consistent with findings in previous studies [203],[204],[205]. The vibration band at
wave number 1445 cm™! also moderate intensity. This is due to the stretching vibration of CO5”
2 in carbonate ions, indicating that the gangue may contain carbonate [206],[207]. It is generally
believed that the most intense peak of all tested samples occurs in the spectra around 1000 cm”
!, which corresponds to the asymmetric stretching vibrations of Si-O-T (T = Si or Al), which
mainly correspond to silicon oxide and aluminium oxide. Comparing the asymmetric stretching
region of Si-O-T at 997 cm™! of raw coal gangue powder, it is found that the asymmetric
intensity of mechanically activated coal gangue appears as a sharp band and shifts to lower
frequencies. Mechanically activated coal gangue with grinding media 10 mm, 600 - 700 rpm
and grinding time 120 min, the Si-O-T shift toward 991 - 988 cm™! than mechanically activated
coal gangue with grinding media 5 mm, 600 - 700 rpm and grinding time 120 min Si-O-T shift
toward 992-991 cm!. Similar report according Leonal et al. [208] the alteration of Si-O-T at
1000 cm™ asymmetric stretching. The position and intensity of the bands at 786 cm ™" are related

to the symmetric stretching vibrations of the Si-O-Si bonds of quartz [209].

4.5.6 Phase analysis of raw and mechanically activated coal gangue

Fig 4.45 presents the X-ray diffraction (XRD) patterns of coal gangue before and after
mechanical activation. Prior to mechanical activation, the raw coal gangue exhibits well-

defined diffraction peaks characteristic of several crystalline phases, primarily kaolinite type
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1:1 clay (ALl2Si205(OH)as), illite type 2:1 clay (K,H30)Al>Si3Al010(OH)»), albite a mineral from
feldspar group (NaAlSiOs), muscovite (H2KAI3(Si03) and quartz (SiO2). These findings align
with the mineralogical composition previously reported by Gao et al. [210] for similar coal

gangue materials.
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Fig 4.45: XRD pattern of raw and in planetary ball mill mechanically activated coal gangue

Furthermore, the mineralogical of coal gangue resemble that typically observed in mine tailings
predominantly consisting of quartz, feldspar, albite, and muscovite [39,40]. The first 10 min of
mechanically activated coal gangue resulted limited reduction in the intensity of these mineral
peaks, particularly kaolinite, microcline, illite and albite suggesting that the short grinding time
was not sufficient to cause significant amorphization of the crystal structures. However, after
15 min of grinding, a slightly decrease in the peaks associated with kaolinite, microcline, illite
and albite was observed, indicating the onset of structural disruption and amorphization.
Mitrovi¢ and Zduji¢ [211], reported that, after 15 min of grinding kaolin, the characteristic
XRD peaks of kaolinite nearly disappeared, indicating a significant loss of crystallinity and the
amorphization. Tole et al. [212] have demonstrated the peak of kaolinite as minor mineral with
grinding time 20 min disappear by removing the structure of internal hydroxyl and become
amorphous. After 30 min of grinding, the XRD signatures of these phases disappeared
completely, with the exception of albite and quartz, which remained visible. This pattern is
consistent with previous findings. For example, Baki et al. [213] reported a persistence of the
muscovite peak after 20 min of grinding, while other researchers observed a complete
disappearance of the kaolinite peak within 15 - 20 min of mechanical activation [214]. At
longer grinding times (30 - 120 min), corresponding to specific grinding energy 1.386E+06-
5.55E+06J g’!, the albite a type of feldspar mineral reflections where significantly reduced and

still visible suggesting partial amorphization. This indicates partial amorphization, as also
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shown by the progressive decrease in the line broadening with grinding time due to reduction
in crystallite size and increase in the lattice strain. In fact, the observed broadening is the
convolution of three types of broadening the instrument broadening, the crystallite size
broadening and strain broadening [215] [216]. A related study by Yao et al. [217] showed that
feldspar undergoes an increasing degree of amorphization under conditions (planetary ball mill,
500 rpm with 5,8,15 mm grinding media diameter) between 20 and 200 min of grinding. Other
researcher who study mechanical activation of vanadium tailing for geopolymer, feldspar peak
decreasing with grinding time and significant of a significant decrease in peak intensities was
detected in the sample milled for 5 h [218]. In contrast, the quartz peak remained sharp and did
not show significant change throughout all grinding times, reflecting its high crystallinity and
resistance to mechanical activation breakdown. Quartz is probably not altered due to its higher
hardness (its Mohs hardness is 7) [219]. This observation aligns with findings by Chen et al.
[220] who reported similar structural persistence in quartz during milling. Kohobhange et al.
[221] demonstrated that even after prolonged milling (360 hours), quartz undergoes negligible
polymorphic transformation. The experimental design, particularly the parameters of
mechanical activation, plays a crucial role in dictating the phase transformations within coal
gangue. Building upon previous investigations, by Tole et al. [222], which demonstrated the
complete amorphization of kaolinite after 20 min of grinding. For comprehensive phase
analysis, a grinding media size 5 - 10 mm, a grinding time of 120 min, and a rotation speed of
600 - 700 rpm selected. These parameters were chosen to investigate the extent of structural
changes and amorphization achievable. Furthermore, these specific conditions were also
utilized to explore whether adopting minimum and maximum values within the design of
experiment would significantly alter the phase composition of the mechanically activated coal
gangue. The bonded complex of coal gangue is held together with other minerals such as
carbonate, quartz, muscovite and feldspar not by chemical bonding but by intermolecular
attraction (Van de Waals) between the weak bonds. The phase transformation of a solid coal
gangue is highly dependent on the grinding process and the most important specific grinding
energy. Mechanical activation of coal gangue induces significant structural transformations
characterized by progressive crystal lattice distortions and enhanced defect formation. The
transition from crystalline to amorphous phases at the particle surface represents a critical
structural reorganization that fundamentally alters the mechanically activated coal gangue
reactivity. It was observed and shown in Fig 4.46(a-b) that the peak of albite reflections was
still visible even at the highest specific grinding energy range 7.71+06 kJ g™' - 8.89E+06 kJ g~

!, while be attributed to the strong layered structures that remained stable.
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Fig 4.46: XRD analysis of mechanically activated coal gangue; (a) dom= 10 mm and (b) dom

=5 mm

On the other hand, based on XRD results albite phase remained almost unchanged, although a
slight broadening of the characteristic peak was observed, suggesting plausible crystallite
size reduction and accumulation of lattice strain. Quartz still retained some crystallinity even
under the most intense conditions. Quartz is probably not altered due to its higher hardness
(Mohs hardness = 7) [223]. Moreover, according to a few researchers [25],[26] the due to
higher hardness is 7, quartz also acts as a grinding media for the kaolinite particles, thus
accelerating the grinding process. It is noteworthy that in all samples during the mechanical
activation process of the coal gangue, the intensity of grinding media size 5 - 10 mm, 600 - 700
rpm and 120 min the characteristic peak in albite did not disappear. This indicates that the
specific grinding energy transferred to the coal gangue powder by the different grinding media
of size 5 - 10 mm causes the formation of point defects in the crystal lattice or dislocations on

the surface of the gangue powder and maintains their inert particle that are not reactive.

4.5.7 Leaching of raw and mechanically activated coal gangue

To investigate the effects of mechanical activation at different grinding times (1 - 120 min) and
the corresponding changes in specific surface area Sger, the leaching rates of silica (Si) and
alumina (Al) from both raw and mechanically activated coal gangue in an 8 M NaOH solution
presented in Fig 4.47. The results are essential for the estimation of alumina (Al) and silica (Si)
and how the decrease in specific surface area Sger leads to aggregation and agglomerates of

the mechanically activated coal gangue, which may affect the properties of the geopolymer.
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Fig 4.47: Concentration of Al and Si with specific surface area as function of grinding time

The geopolymerization process involves the alkaline activator breaking the [AlO4] and [S104]
bonds in silicate mineral based raw materials, thereby facilitating the reaction of the [AlO4]
and [Si04] structural monomers in a strong alkali solution. In this study, sodium silicate was
also introduced to reinforce the core structural framework of the geopolymer [224].
Consequently, the availability of reactive silica (Si) and alumina (Al) was investigated, as these
elements play a crucial role in the gelation process and the overall formation of the geopolymer
matrix. The reactive silica (Si) and alumina (Al) content increased after mechanical activation
using a planetary ball mill compared to raw coal gangue. As shown in Fig 4.47, the leaching
rate of alumina (Al) increased from 5.68mg/L (raw coal gangue) to 101.48 mg/L, while the
leaching rate of silica (Si) increased from 4.16 mg/L to a maximum of 93.96 mg/L after 60 min
of grinding. Even at shorter grinding times, the impact was evident. For instance, after 10 and
15 min of grinding, the leaching rates for silica (Si) ranged from 21.6 - 51.04 mg/L, and for
alumina (Al), they were between 30.6 - 59.6 mg/L. These values continued to climb as grinding
progressed, reaching their peak at 60 min. However, a slight reduction in dissolution was
observed after 120 min of grinding, with silica (Si) at 73.52 mg/L and alumina (Al) at 75.6.
mg/L. Mechanical activation enhances the reactivity of coal gangue by increasing its specific
surface area Sger and inducing structural deformations at the particle surfaces, which generally
accelerate the leaching process. However, as seen in Fig 4.47, prolonged grinding (120 min)
leads to particle agglomeration, significantly affecting the release of silica (Si) and alumina
(Al) due to the reduction in specific surface area Sger. The key finding here is that while excess
energy stored in the lattice enhances the dissolution of silica (Si) and alumina (Al),
agglomeration counteracts this effect, slowing down their release. A similar trend was reported
by Rescic et al. [126], who found that the concentration of silica (Si) extracted from kaolin for

geopolymer applications decreased after 40 min of grinding in a planetary ball mill at 720 rpm.
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However, the study did not explicitly attribute this decline to aggregation or agglomeration.
Additionally, previous studies [127],[128] have consistently reported that silica (Si) and

alumina (Al) leaching generally increases with grinding time.

4.5.8 Saturated lime solution test of raw and mechanically activated coal gangue

Mechanical activation is a highly effective method for enhancing the pozzolanic reactivity of
as the layered coal gangue (phyllosilicates) can undergo structural rearrangements, yielding
partially disordered alumina and silica rich phases [225]. This surface structural transformation,
occurring at rotational speed within the range of 450 - 700 rpm, is a key factor in improving its
reactivity. The increased reactivity is attributed to the disruption of the crystalline lattice, which
provides more sites for reaction with calcium hydroxide Ca(OH).. In this test, the amount of
CaO uptake by the mechanically activated coal gangue over a specific period serves as a
quantitative indicator of its reactivity, reflecting both its maximum lime binding capacity and
the kinetic rate of the binding reaction. Higher CaO uptake signifies greater pozzolanic
reactivity. This method, along with a particle size reduction below 5 um, can lead to materials
with excellent reactivity, sometimes referred to as high-reactivity by some authors [226]. While
chemical composition and structural disorder are critical, specific surface area is another
influential factor in pozzolanic reactivity. Thus, mechanically activated coal gangue for 15, 60,
and 120 min were selected for further analysis to investigate this phenomenon. As visually
demonstrated in Fig 4.48, the 120 min mechanically activated coal gangue exhibited the highest
pozzolanic reactivity, with a CaO uptake of 276.6 mg/g.

(a) (b)
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Fig 4.48: The CaO uptake value (a) reactions time (b) geometric surface area
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This mechanically activated coal gangue also showed significant swelling after 30 days in the
saturated lime solution, evidenced by a substantial 47.8% change in CaO uptake compared to
the raw coal gangue. While a higher specific surface area is generally considered beneficial for
pozzolanic reactivity, the results of this study reveal a more complex relationship. A direct
relationship was not observed between the geometric surface area and the pozzolanic reactivity
of the mechanically activated coal gangue. For example, the 120 min mechanically activated
coal gangue had a lower geometric surface area of 10,882 cm*/g compared to the 15 min
mechanically activated coal gangue 23,616 cm?/g. This behaviour suggests that structural
disorder plays a more dominant role in enhancing pozzolanic reactivity than specific surface
area alone. The extended grinding time for the 120 min mechanically activated coal gangue,
despite leading to particle agglomeration and a lower overall surface area, was more effective
in breaking down the crystalline structure of the coal gangue. This created a greater proportion
of highly reactive of surface particle, amorphous phases. Therefore, the presence of more
reactive material outweighed the disadvantage of a smaller surface area, resulting in superior
pozzolanic activity. Design of Experiment (DoE) of coal gangue mechanically activated at 600
- 700 rpm (Fig 4.49 and Fig 4.50), an unexpected trend was observed. The 60 min mechanically
activated coal gangue exhibited the highest CaO uptake. While the mechanically activated coal
gangue 120 min showed a slower decrease, this behaviour is surprising given its higher specific
surface area. The lower CaO uptake of the 120 min of mechanically activated coal gangue,
despite its larger geometric surface area, points to potential issues such as particle
agglomeration. This finding underscores the importance of process control to ensure a uniform

and consistent product, maximizing the benefits of mechanical activation.

160 160
140 ] 600 rpm, d_, =10 mm 140.] d_ =10 mm, 650 rpm 140 4 d, =10 mm, 700 rpm
—B—Raw o o Wi —e—0 min
5 1204 —ﬂ—;gnM'un 120 15 min | __-120-- —a— 15 min R 5 2y SR
) * " 5 —e— 30 Min o T 30Min
£ 1004 —9—60min ©400 4 60 min 51004 | —o—60min
- ——120 min E £ —+— 120 min
] ~ -
x 80 @ 80 o 804
] = =
L 2 604 | £ e0
o 3 3
T 40 O 40 Q 404
(3] 3 ]
204 204 © 20
04 04 0
....................................
0246 81012141618202224262830 0246 81012141618202224262830 0246 81012141618202224262830
Reaction time (days) Reaction time (days) Reaction time (days)

Fig 4.49: The relationship between CaO uptake and reactions time for raw and mechanically

activated coal gangue
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4.6. Performance of geopolymer produced using mechanically activated coal gangue by

a planetary ball mill

4.6.1 Effect of NaOH concentration on geopolymerization

Before utilizing a mechanically activated coal gangue for geopolymer production, it's crucial

to experimentally determine the optimum alkali activator concentration. An excessive amount

of alkali can negatively impact the geopolymer strength. Therefore, the influence of NaOH

concentration on the 7 days compressive strength was investigated, using a mechanically

activated coal gangue with a median particle size Xsoof 6.17 um. In this optimization, the curing

was 24 hours. A range of NaOH molarities (8§ M, 10 M, and 12 M) were investigated, as shown

in Fig 4.51(a).
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Fig 4.51: Effects of NaOH concentration on the 7-day compressive strength of geopolymer.
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The geopolymer sample this molarities consistently exhibited relatively low 7 days
compressive strengths, specifically 1.51 MPa, 0.93 MPa, and 0.412 MPa, respectively. This
trend indicates a decline in strength beyond certain NaOH concentrations, with the optimal
compressive strength observed at 8 M. The observed low compressive strengths suggest that,
for geopolymer produce with median particle x50 of 6.17um, an alkaline activator consisting
solely of NaOH within the ratio NaO»/SiO; range of 1.99 to 2.74 is insufficient to trigger
geopolymerization processes. While this molarities OH™ contributed increasing amounts of
intended to form a homogeneous matrix, leading to polycondensation and the formation of a
3D network (typically zeolite-like), was therefore hindered. The inherent rigidity of the
geopolymer network is provided by covalent and ionic inorganic bonds, forming polysialate

represented by the empirical formula eq. (3):

Mn (_(SiOZ)Z - Aloz)n WHZ 0 (3)

Consequently, it is necessary to apply this theory to explain the result, since the negatively
charged and tetrahedrally coordinated Al** atoms inside the network are charge-balanced by
alkali metal cations from the activating solution. This phenomenon can also be explained by
the brown colour and increased viscosity/ductility observed in geopolymer samples treated
only with 8 - 12 M NaOH solutions. For example, the image of a specimen during compressive
tests is shown in Fig 4.51(b). This aligns with the mechanism proposed by Kumar et al. [104],
who suggest that the particles are only coated by the alkaline solution, forming a dense gel. A

similar finding was also noted by Essaidi et al. [227].

4.6.2 Effect of NaOH: Na>SiOs concentration on geopolymerization

On the other hand, the trend observed in the mechanical strength of geopolymers with 8 M can
only be explained by the addition of extra Na>SiO; as shown in Fig 4.52. The compressive
strength of all geopolymer increased with increasing age. The Si02/Al>O; ratios considered in
this study ranged from 5.83 to 7.94, as the Al component of the coal gangue tends to dissolve
more easily than the silicon component. Previous studies have shown that blends with
Si02/AL0; ratios of 3.0 - 3.8 have better strength properties. In addition, the ion dissolution
rate of mechanically activated coal gangue increased significantly with increasing grinding
time, indicating that the mineral structure of the coal gangue powder changed after mechanical
activation. This exposed more active surfaces, which added more active substances to the

whole system, leading to a significant increase in the geopolymer system. The reason for this
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was that after different grinding times, the mineral structure of the coal gangue was destroyed
and the active minerals, such as silicate and aluminate, which were trapped inside were
exposed. In addition, as the particle size decreased, there was greater contact with the alkaline

solution, resulting in more hydration products, which in turn increased the strength of the

samples.
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Fig 4.52: Effects of the NaOH: Na»>Si03 concentration ratio on the 7-day compressive strength

of geopolymer.

4.6.3 Effects of temperature

The results of testing the compressive strength of coal gangue geopolymer and different curing
temperature are shown in Fig 4.53. As predicted and observed, the median particle size x50 6.17
pum have effect on the compressive strength of the geopolymer specimens. As the result, the
geopolymer can curing with 70 °C at 24 hours. Based on studies, using median particle xso of

6.71 um and optimization, all mechanically activated coal gangue were tested.
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4.6.4 Visual observation of geopolymer samples

The effect of different grinding times of coal gangue on the geopolymer sample is shown in
Fig 4.54. One factor that also be considered when using coal gangue as a mechanically
activated precursor is the colour of the resulting mechanism of complex geopolymerization
[228]. The geopolymer sample exhibits a dark grey coloration (raw) accompanied by noticeable
large cracks on the outer surface and visible traces of evaporated water within the geopolymer

sample.

60 min 120 min

unground 1 min 5 min 10 min 15 min 30 min

crack

Fig 4.54: Visual observation of coal gangue geopolymer

Even with a relatively short grinding time of just 1 min of mechanically activated coal gangue,
a noticeable widening of cracks was observed in the geopolymer sample. It is evident that all
samples undergo a transition from the typical dark grey colour to a lighter shade of grey, with
the extent of colour change varying depending on the grinding time. This change in coloration
can be attributed to the loss of water and the reaction of geopolymerization [229]. Additionally,
smaller and finer cracks become noticeable in the sample ground for 5 - 10 min. The removal
of water and hydroxyl ions disrupted the polymeric network, leading to the formation of vapor

and a gradual increase in pore pressure within the geopolymer gel phase. When this pressure
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exceeded the capillary limit of the gel phase, micro-cracking occurred [230]. Moreover, the
formation of the gel [M, (AlO2) «(Si02) ,-MOH-H>O] which essentially depends on the degree
of dissolution of alumino-silicate materials, is a dominant step in geopolymerization. Alumino-
silicate solids react with alkaline solution and form a gel layer [231]. Although coal gangue
exhibits a much finer particle size and an increase in specific surface area Sger from 6.6 m*/g
(raw) to 18.06 m?%/g, the contribution of silica (Si) and alumina (Al) minerals to the gel phase
is insufficient in the alkaline solution to initiate effective geopolymerization. As a result, this
geopolymer forms fewer gelling substances, leading to weak adhesion between the gels and
coal gangue particles, a loose structure, and the formation of noticeable cracks [232].
Therefore, the occurrence of cracks is dependent on the reactivity of the coal gangue. In
addition, with increasing grinding times of 10 - 15 min, white spots were observed on the
geopolymer surface. According to previous studies [233], these efflorescence, characterized by
white patches, are caused by excess unreacted Na® ions during polymerization. These ions
diffuse to the surface and interact with CO» in the atmosphere, forming white sodium carbonate
deposits on the surface, as described by equation (4) and (5) [234]. Although the cumulative
pore volume mechanically activated ranges from 0.072 to 0.073 cm?/g for coal gangue ground
for 10 - 15 min (as shown in Fig 4.36), which significantly increases the migration of the
alkaline solution inside the coal gangue particles, efflorescence still occurs due to the
incomplete geopolymerization reaction. This is because the alkaline activator, sodium silicate,
is a product of silica sand and sodium carbonate [90]. Similar sodium carbonate efflorescence,

containing varying amounts of structural Na*, has been reported by other researchers [235].

C0,(g) + 20H (aq) —» €03 (aq) + H, O (4)

2 Na*(aq) + C03 (aq) + nH,0 »= Na, CO;.nH,0(s) (5)

Moving forward, continue with the investigation of the physical properties of geopolymers
produced from mechanically activated coal gangue with 600-700 rpm and grinding media 5 -
10 mm. The photograph of visual observation of geopolymers made from coal gangue with
grinding media of size 5 - 10 mm and 600 - 700 rpm is shown in Fig 4.55. As shown in this
study, the design of experiment demonstrates a strong influence of mechanically activated coal

gangue on the geopolymer.
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Fig 4.55: Visual observation of coal gangue geopolymer with dgm= 5 - 10 mm, 600 - 700 rpm

The colours of the geopolymer samples became brighter due to improve of reactivity of the
coal gangue after 15 min of grinding. Furthermore, in geopolymer samples with a grinding
time 15 min it can be seen that crack distribution appearing on the specimen’s surfaces. The
different water transport rates in large and small pores can lead to different behaviour.
However, when more water accumulates in the large pores, it evaporates quickly into the
environment due to the high transport coefficients of the large pores. When the water vapor
pressure reaches the maximum limit, the dense matrix with lower permeability can no longer
absorb the high thermal stresses, which leads to intense thermal cracking on the sample surfaces
due to thermal shrinkage. Turning to next investigation of different grinding speed, it can also
observe the appearance of the geopolymer from raw to a different design of experiment, not
only the change in colour from dark colour of grey (raw) to black (15 min grinding) but can
seem clearly two different tones of colour of geopolymer samples with grinding time 30 - 120
min. This finding is probably due to the unhardened sample between 3.5 - 5.2 mm, as shown
in Fig 4.55 due to the shorter curing time. The time required for the aluminium-silicate solution
to form a fully cured gel depends on the reactivity of the coal gangue. Therefore, a stronger
formation of ion pairs is expected, leading to more long-chain silicate oligomers as well as Al-
O-Si complexes. Mechanical activation process of the coal gangue appears to promote
geopolymerization, however, the reaction in this study requires a longer curing time of more
than 24 hours. This indicates that the curing temperature plays an important role in the

densification and curing of the geopolymer sample.
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4.6.5 Morphology analysis of geopolymer samples

In raw coal gangue, the coordination number of Al-O and Si-O bonds may not have been fully
broken, limiting the effectiveness of the bond with the alkaline activator. This lack of complete
dissolution results in loose, coarse or unreactive particles that do not bond effectively with the
alkaline activator, leading to cracks propagation and voids in the surface of the geopolymer
sample. This phenomenon is further supported by the morphology observed in the optical
microscopy images shown in Fig 4.56 and scanning electron microscope in Fig 4.57. The
geopolymer derived from 30 min of mechanically activated coal gangue exhibited a less dense
microstructure due to insufficient activation time. This inadequacy resulted in the persistence
of coarse unreacted particles in the matrix. As the result, irregularly shaped particles, not

covered by the reaction gel, can be observed in Fig 4.56(b) and Fig 4.57(b).

Fig 4.56: Morphology of geopolymer via optical microscope a) raw material, mechanically

activated coal gangue (b) 30 min (c¢) 60 min (d) 120 min
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Fig 4.57: Morphology of geopolymer via SEM (a) raw material, mechanically activated coal
gangue (b) 30 min (c¢) 60 min, (d) 120 min

This phenomenon can be attributed to insufficient mechanical activation at this grinding time
even though the peak of kaolinite, illite, muscovite and microcline disappear leaving less
unreactive albite and quartz domains. The results revealed that the amorphization degree of
albite was different with grinding time and specific grinding energy, thus the contribution to
the improvement of the reactivity of coal gangue. This was attributed to the greater availability
of reactive [AlO4]" and [SiO4] from the partial amorphization of albite. As a result of
mechanical activation, coal gangue subjected to prolonged grinding times of 60 - 120 min
demonstrated significantly improved geopolymerization activity. This enhancement is
attributed to the increased formation of gel, which contributed to the development of a denser
and more cohesive microstructure. Consequently, it can be reasoned that through mechanical
activation, mechanically activated coal gangue is likely more reactive after 60 - 120 min, as
the result geopolymer matrix displayed improved structural cohesion, with particle connections
becoming more compact, uniform, and homogeneously distributed except in quartz rich
regions, as illustrated in Fig 4.56(c-d) and Fig 4.57(c-d). The presence of the geopolymer gel
played a crucial role in the development of compressive strength. These findings are consistent

with the studies of Zhang et al. [236] and Elfwal et al. [237]. Next, Fig 4.58 show the
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morphology selected resulting geopolymers. The Fig 4.58(a-b) with design of experiment dgm
=5 mm, 120 min, 600 -700 rpm appear to be porous and contained a notably more significant

number of unreacted coal gangue particles.

/n_—v uu.. ~ .:ﬁdfb
Fig 4.58: Morphology of geopolymer via SEM of dgm=5 mm, 120 min (a) 600 rpm (b) 700

rpm, dgm= 10 mm, 120 min (¢) 600 rpm (d) 700 rpm

According to Abbas et al. [238], the mechanochemical synthesis of the source material
enhanced the surface area, thereby making the geopolymer binder more reactive; this led to an
increased creation of geopolymerization gel as the reaction outcome. The presence of this
mentioned gel is responsible for creating a geopolymer binder with a more uniform
microstructure. The design of experiment in Fig 4.58(c-d) dom = 10 mm, 120 min, 600 - 700
rpm shows compacted structure with homogeneous gels and fewer unreacted particles resulting
in the improvement of mechanical strength. Moreover, the creation of polymerization leads to
the densification of the microstructure and a reduction in the pore size of the geopolymer
binder. These findings align with previous research on the mechanical activation on
geopolymer properties. Luzu et al.[239] demonstrated that mechanical activation fosters a
denser and more cohesive microstructure in geopolymer materials, leading to improved
mechanical properties. Similarly Temuujin et al.[89], investigated fly ash continuously milled

for 20 min at 700 rpm with grinding media dgm 10 mm (attrition milled).
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4.6.6 Relationship specific surface area and compressive strength

Next, to evaluate the behaviour of geopolymer specimens made with mechanically activated
coal gangue, the compressive strength was investigated (Fig 4.59). At all curing ages, the
compressive strength showed a noticeable increase, with the difference becoming more
pronounced at later ages. Geopolymers made with mechanically activated coal gangue
subjected to grinding time 1 - 5 min exhibited the minimal compressive strength, ranging from

0.43 - 0.81 MPa at 14 days and 0.92 - 1.93 MPa at 28 days.

60 5 d.,= 10 mm, 450 rpm
o ] W 14days | 0 g ud = e Compressive strength
[\ mzsdas f K& 0-40_, R (S | (14 days)
% 50 | & 20 days | 24.4% - B = " J
2 ] ":: = g 1 min
£ -2 N | & )
g, 40- B [ B AR | 2 30- o) B 10min
& 1 w BN [ £ e
= 304 3% BINS | @ sy
- N\ | 22 120 min
2 204 §§: (1| @
2 | AN | € 10
) INGI N | &
o 10+ d §.;.: £ £ 8 |
NSNS R =)
E 1 4 \.’:’. KX O $ i
S ol N\ e e e
(&] AN AN
] AN e I35 S S S S T———
0 1 5 10 15 30 60 120 0 5000 10000 15000 20000 25000
Grindin(g time (min) Geometric surface area S rcm?g

Fig 4.59: Compressive strength of coal gangue geopolymer as function (a) grinding time (b)
geometric surface area

This minimal strength, observed within a specific grinding energy range of 4.620E+04 and
2.310E+05 J g!, indicates insufficient stored energy to facilitate the migration (relaxation) of
lattice defects in large numbers. This is reflected in a slower geopolymerization process,
resulting in minimal compressive strength due to plastic failure. In contrast, geopolymer
samples with mechanically activated coal gangue of 10 - 120 min displayed brittle failure
characteristics, as also reported by Luo et al. [240]. However, for mechanically activated coal
gangue with a grinding time of 30 min, the compressive strength at 28 days increased from
15.01 MPa to 42.1 MPa (60 min), a rise of 64.3 %. Nevertheless, grinding time between 60 -
120 mins, the compressive strength increased from 42.1 MPa to 55.7 MPa, corresponding to a
24.4 % improvement. The correlation between the grinding time and the geometric surface area
of raw and mechanically activated coal gangue was examined in relation to the resulting
geopolymer properties, specifically compressive strength. The compressive strength exhibited
a nonlinear increase with grinding time, indicating that the geometric surface area of reactive
coal gangue does not remain constant throughout the grinding process. The compressive

strength at 14 days reached its highest value with a grinding time of 120 min, even though the
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geometric surface area decreased to 10882.6 cm?/g, as shown in Fig 4.59b. This suggests that,
while the specific surface area may play a significant role, other factors, such as the specific
grinding energy, also contribute to the geopolymer strength. Additionally, the compressive
strength as a function of specific grinding energy, it was found that a linear function can

describe the correlation, as observed in Fig 4.60.
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Fig 4.60: Compressive strength as a function of specific grinding energy

This high energy input results in substantial energy being stored within the lattice framework
of the coal gangue due to the compression and shear forces induced by grinding. Most of this
energy is retained in the particles, causing deformation of the atomic framework, which
ultimately influences the geopolymerization process and improves the compressive strength
[138]. This behaviour can be explained by the interplay between geometric surface area and
specific grinding energy which affect the breaking of the S-O-T chemical bonds. This bond
breaking increases the dissolution of silicate (Si) and alumina (Al), which in turn promotes the
formation of gels during the geopolymerization process [114],[241]. In a previous study by
Balczar et al. [112], using pure kaolin with a grinding time of 120 min at 600 rpm in a
Pulverisette 6 planetary ball mill, it was reported that the compressive strength of the
geopolymer decreased due to agglomeration. Despite the fact that physical properties like
particle size and specific surface area of mechanically activated coal gangue are linearly
enhanced by mechanical activation, the strengthening of their geopolymer binders is not
proportionate. This is due to the change in the chemical properties (crystallinity and surface
reactivity) of the precursors which are the most important parameters responsible for strength

development of geopolymer. To evaluate the effect of the reactivity of the mechanically
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activated coal gangue with design of experiment grinding media 5 - 10 mm, 600 - 700 rpm, the
compressive strength of all geopolymer samples after 14 days is shown in Fig 4.61(a-c). To
enable a better comparison of the properties of the geopolymers from mechanically activated
coal gangue, a relationship between the compressive strength and the geometric surface area
was established. On the other hand, a certain influence on agglomeration due to the grinding
of coal gangue leads to a reduction of its surface free energy. Therefore, it is important to
understand how the physical properties of mechanically activated coal gangue influence the
properties of geopolymers. In general, the results indicate that the reactivity of coal gangue can
be modified by fine particles, specific surface area and specific grinding energy in the planetary
ball mill. As geometric surface area increases, reactivity increases and led to improve
compressive strength. It is shown that the compressive strength during early grinding of coal
gangue at 15 min has values between 1.81 - 2.45 MPa in all design of experiment. The design
of experiment increased the compressive strength of the geopolymer compared to the raw coal
gangue. Geometric surface area contributes reactivity of coal gangue by increased contact area
between surface of coal gangue and sodium hydroxide and sodium silicate ratio leading to
improve compression strength by bound a lot of sodium hydroxide and sodium silicate ratio.
Moreover, an increase in the geometric specific surface area of the mechanically activated coal
gangue, as shown in Fig 4.61(a-c) allows better interaction with the alkaline activators,

facilitating the dissolution, reorganization and polymerization.
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Despite the results shown in Fig 4.61 (a-c), the lowest compressive strength of the geopolymer
at a grinding time of 15 min could be related to the lower connectivity between the

mechanically activated coal gangue and the alkaline activator, suggesting the less cross-linking
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geopolymers framework. As a result, we can see cracks in the sample grinding time of 15 min
as shown in Fig 4.55. The result obtained in Fig 4.61(a-c) shows that the compressive strength
of the geopolymer increases continuously and that there is a clear dependence on the grinding
time and the rotational speed. In this case, the strength of 5.53 MPa was achieved with 700 rpm
at 120 min, which is due to the higher stress energy caused by the grinding media size 10 mm.
On the other hand, it is possible to state that 700 rpm influences heat generated during milling.
As a result, compressive strength improved after 15 min of grinding media size 5 - 10 mm, 700
rpm range 2.37- 5.53 MPa. Evidence from a number of experimental studies has established
that by decreasing the particle size and increasing the specific surface area, the reactivity
properties of raw material can be significantly improved. This relationship emphasizes the
compressive strength, which reflects the geometric specific surface and seems to be quite

independent.

4.6.7 Reaction of coal gangue geopolymer samples

FT-IR measurements were conducted to examine the potential interactions between raw and
mechanically activated coal gangue with the alkaline activator, as shown in Fig 4.62 for 450
rpm and grinding media 10 mm. The frequency at 1640 cm™' corresponds to the presence of

H>O within the geopolymer network structure, as observed in previous studies [109],[110].
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Fig 4.62: Reaction of coal gangue geopolymer
The Si-O-Si and Si-O-Al bands in the geopolymer spectra are attributed to the asymmetric
stretching vibration of the Si-O-T (where T = Si or Al) bond, typically observed around 950-
1250 cm™' [244],[245]. Based on the data in Fig 4.62, the frequency values for different

mechanically activated geopolymer are as follows, 0 min, 1002.51 cm™; 30 min, 997.65 cm™';
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60 min, 990.03 cm™'; and 120 min, 986.65 cm™'. A decline in the frequency number is indicated
by a shift of the Si-O-T stretching bands to smaller numbers. The shift of frequency toward the
lowest frequency suggests it is an indication of a reaction product related to the alkaline
activator in other words, increases in the polymerization reaction between the Si-O-Al bonds,
resulting in the formation of aluminosilicate gel. These results are in agreement with previous
research [163], [246]. From this data, it can be observed that the coal gangue geopolymer with
a grinding time of 30 min shows a frequency that significantly different from the 60 min of
geopolymer sample (7.62 cm™). The frequency of the Si-O-T band shifts to 990.03 cm™ with
a grinding time of 60 minutes and further moves to 986.65 cm™ with a grinding time of 120
min. A comparison of these two results reveals a significant difference of 3.38 cm™. The
functional group at 2350 cm’! is attributed to ethanol, which is used to clean the diamond of
the FT-IR, a result that is consistent with the findings reported by Bach Delpeuch et al. [247].
The FT-IR spectra of the mechanically activated coal gangue and the coal gangue geopolymer
sample, were analyzed within the frequency range of 4000 - 400 cm™ !, as depicted in Fig
4.63(a-b).
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Fig 4.63: FT-IR coal gangue geopolymer gangue (a) dgm = 10 mm and (b) dgm = 5 mm

The peak observed at shifts to a lower wave number after geopolymerisation, indicating
structural reorganization. It is associated with dissolution of the coal gangue with strong
alkaline activator. Therefore, the reaction of geopolymer increases slowly with the increase in
alumina silicate ion and dependent largely on the formation internal polymer network. Upon
examination of the spectra, a notable observation was made, the coal gangue geopolymer

sample exhibited a significantly more intense band compared to the mechanically mechanically
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activated coal gangue sample. These results provide additional supporting evidence for the
formation of the aluminosilicate gel structure within the coal gangue geopolymer. The
characteristic vibrations around 990 - 986 cm™ for griding media size 10 mm, 600 - 700 rpm
and 120 grinding time, in contrast griding media size 5 mm, 600 - 700 rpm and 120 grinding
time the fequency is 991 - 990 cm™! have been assigned to asymmetric stretching of linkages
between S-O-T. These results are in agreement with Davidovits [163], the shift toward low
wavenumber may attributed to the partial replacement SiO4 specie by AlOa, resulting in the

change in the local Si-O bond.

4.6.8 The mini slump cone flow of fresh geopolymer paste

Regarding the flow behaviour of fresh geopolymer paste at different grinding times with 450
rpm. Grinding times between 0 and 5 min, the slump flow values ranged from 51 to 43 mm,
indicating a workable consistency. In contrast, for grinding times between 10 and 120 min, a
100 % flow was observed reaching a flow diameter of 112 mm. The increase in slump cone
flow diameter (mm) with extended grinding time highlights the enhanced dispersion ability of
the geopolymer paste in the alkaline solution. This phenomenon occurs because prolonged
grinding accelerates the dissolution process, leading to the increased release of aluminosilicate
precursors, specifically [AlO4] and [SiO4]" from the mechanically activated coal gangue

surface. Fig 4.64 illustrates the slump cone flow results.
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Fig 4.64: Mini slump cone flow geopolymer paste with different grinding times (min)

The mechanical activation of coal gangue breaks off some bonds on its surface which leads to
an increase in the energy of crystal lattice and loosening of Si-O-T bond subsequently
generating more free active alumina (Al) and silica (Si) to react with alkaline solution [248].
As a result, the viscosity decreased considerably and influenced the demand for alkaline

activators, resulting in 100 % flowability of the mixed geopolymer paste after 10 min of
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grinding. Recent research has indicated that the hydroxyl free radicals ¢OH released in the
alkaline solutions catalyze the disintegration of the aluminosilicate precursor by breaking the
bonds of Si-O-Si, Al-O-Si, and AI-O-Al, besides catalyzing the promotion of isolated
aluminate and silicate anion reconstruction via remaking the bonds of Si-O-Si, Al-O-Si, and
Al-O-Al [249]. In reaction shown in Fig 4.65, [AlL(OH), | and [SiO(OH)3] species are
linked to each other by the attraction between one of the OH groups from [SiO(OH )] and Al
ion of [Al(OH), ]|~ which results in an intermediate complex. The two OH groups in alkaline
activators such as hydroxides and silicates in the intermediate complex then condense to form

an aluminosilicate species with the release of an H,O molecule [52].

OH
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% 0(0); 5 AN
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\ : .’

Fig 4.65: Schematically the condensation reaction between [AI(OH), |~ and [SiO(OH)3]~

4.6.9 Setting time of fresh geopolymer paste

The initial and final setting times of geopolymer fresh paste prepared with mechanically
activated coal gangue between 10 - 120 min are presented in Fig 4.66a. The final setting time
of a geopolymer is defined as the duration from mixing with the alkaline solution until the
material begins to develop structural strength and loses its plasticity. According to research by
Elyamany et al. [250], the final setting time for geopolymer should not exceed 390 min to avoid
delays in construction processes. Therefore, the extended final setting time observed for the
coal gangue geopolymer paste at a grinding time of 10 min (600 min) is not necessarily
advantageous. The variation in grinding times significantly influenced both the initial and final
setting times. The initial setting times of all samples ranged from 106 to 450 min, while the

final setting times varied between 165 and 600 min, as shown in Fig 4.66a.
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As the grinding time increased, the setting times initially increased and then decreased. The
geopolymer prepared with mechanically activated coal gangue at a grinding time of 60 min
exhibited the fastest setting times, with an initial setting time of 106 min and a final setting
time of 165 min. However, when the coal gangue was mechanically activated for 120 min, the
geopolymerization process slowed, resulting in an increase in the initial setting time from 106
min to 171 min and the final setting time from 165 min to 238 min. This trend highlights the
correlation between the setting time of fresh geopolymer paste and the properties of
mechanically activated coal gangue. Specifically, the relationship between the final setting time
and the specific surface area Sger is established, as shown in Fig 4.66b. A greater specific
surface area Sper exposes a larger proportion of particles to attack by the alkaline solution,
facilitating the dissolution of reactive species. Spreading wetting occurs when an alkaline
activator, upon contact with a solid, spreads along the solid interface per unit area [251]. As
shown in Fig 4.66b, Sget has a significant influence on the setting time of coal gangue based

geopolymer paste. The results indicate that particle agglomeration delays the setting process,
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counteracting the expected acceleration due to increased surface area. Although Sgerdecreases
after 10 min of grinding, the geopolymerization mechanism remains influenced by the surface
reactivity of gangue particles. Mechanical activation enhances this reactivity, leading to the
release of [AlO4]" and [SiO4], even in the presence of particle aggregation. A higher specific
surface area, correlated with cumulative pore volume, may enhance the kinetics of wetting, as
more alkaline activator can penetrate the pores of coal gangue and interact with the surface

area [252].

4.7. Discussion

Investigating the relationship between grinding parameters and the reactivity of coal gangue is
a priority research area for advancing geopolymer applications. The particle size distribution
(PSD), specific surface area (SSA), morphology, change of chemical bond these characteristics
together determine the mechanically activated of the coal gangue [116], [117]. The reduction
in particle size during mechanical activation beyond its original size leads to changes in the
relaxation from brittle fracture to ductile fracture. These changes are accompanied by an
accumulation of strain and defects. The continuous impacts and grinding deform the crystal
lattice of the material. Consequently, it leads to the growth of high density of defects, such as
dislocations, grain boundaries, and even amorphous regions. The increased specific surface
area (SSA), combined with higher internal energy states from the distorted lattice, enhances
this effect by exposing additional reactive sites and determine the reactivity of coal gangue
[189]. Hence, in the early stages of grinding 1-10 min, the specific grinding energy between
4.620E+04 J ¢! and 4.62E+05 J ¢! in Fig 4.38 is stored in the coal gangue particle and is
mostly employed to increase the specific surface area and geometric surface area (Fig 4.35)
and finer particle of median particle size xs0. As the specific grinding energy increases, the
particles tend to adhere to each other due to van der Waals forces forming amorphous surface
layers during the grinding process. Sanchez-Soto et al. [255] reported a similar finding. The
specific grinding energy ranging from 6.930E+05 - 5.55E+06 J g”!, with a grinding time of 15
to 120 min, did not enhance the fineness of coal gangue. Instead, it led to a decrease in the
specific surface area and geometric surface area. This suggests that the applied specific
grinding energy primarily induces plastic deformation in the coal gangue rather than causing
significant particle breakage [256]. During high energy grinding, severe plastic deformation of
coal gangue particles occurs due to grinding media to particle to grinding media, grinding
media and particle wall interactions [257], undergoes size reduction, deformation, and

refinement through impaction, shear, and friction. This process increases surface energy and
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introduces lattice imperfections in active species such as silica (Si) and alumina (Al).
Mechanical activation disrupts Al-O and Si-O bonds, weakening the connections between
tetrahedral and octahedral layers while generating numerous defects and dislocations
[258],[259]. None of the new chemical bonds or disappearances are present on the spectra of
FT-IR of the mechanically activated coal gangue with grinding time 1 - 120 min indicating that
the mechanical action only alters the surface and improves the reactivity of the particles. At a
specific grinding energy of 5.55E+06 J g'! and a grinding time of 120 min, the dislocation of
mechanically activated coal gangue increased, and the crystals do not break but underwent
plastic deformation, which is typical for amorphous material. The specific grinding energy
ranged between 2.772E+06 J g'! (60 min grinding) and 5.55E+06 J g™ (120 min grinding) with
significant difference in energy 2.66E+06 J g'!' caused a corresponding difference of 0.984 cm
! in the wavenumber of the asymmetric stretching S-O-T molecular bond of the coal gangue
(Fig 4.43). For an atom or molecule to move from one site in the structure to another, it must
move past other units, implying that there must be a significant activation energy, which must
be overcome for coal gangue surface may contain any or all of the defects, as well as missing
layers, screw and spiral dislocations [260]. The mechanically activated coal gangue due to the
different grinding times has an influence on geopolymerization process. The raw coal gangue
with median particle size x50 of 83.09 pm, specific surface area Sger of 6.65 m*/g and geometric
surface area of 1738 cm?/g. After grinding for 1 min, the median particle size dropped to 9.06
um increasing the specific surface area to 8.62 m*/g and geometric surface area to 6585 cm?/g.
However, from visual observation and compressive strength, the reaction of geopolymerization
is too slow. Despite decreasing the median particle size x50 and increasing of the specific
surface area of both Sger and geometric surface area, the cumulative pore volumes are close to
each other with a range of 0.025 - 0.036 cm’/g (Fig 4.36). As the results, although specific
surface area and geometric surface area decrease after 10 min of grinding, the mechanism of
geopolymerization is influenced by the surface reactivity of gangue particles, which is
increased by mechanical activation and leads to the release of [AlO4]" and [SiO4]  without
effected by aggregation of mechanically activated powder. The amount of silica (Si) and
alumina (Al) in the solution increases as the grinding time of the coal gangue increases,
accelerating the polymerization process and the formation of inorganic polymer gels and the
final properties of the hardened geopolymer binder. This is likely the main reason why the
dissolution of silica (Si) and alumina (Al) significantly improved with increased grinding time.
The results indicate that at a specific grinding energy of 5.55E+06 J g”!, agglomeration slows

down the complex geopolymerization reaction, particularly affecting the setting time, while
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having no adverse impact on compressive strength. Additionally, agglomeration of
mechanically activated coal gangue delays setting time, resulting in only a 24.4 % improvement
in compressive strength, increasing from 42.1 MPa to 55.7 MPa after 28 days. In contrast, for
grinding times between 30 and 60 min, where the difference in specific grinding energy is
1.334E+06 J g!, compressive strength shows a significant improvement of 64.3 %. Overall,
the compressive strength increased from 1.32 MPa to 55.7 MPa across the grinding time range
of 1 - 120 min. This made it possible to objectively depict the link between coal gangue
reactivity and compressive strength of geopolymer, which was more helpful for understanding
how it affected the geopolymerization process. Mechanical activation has altered the reactivity
significantly, and a consequent improvement in geopolymer properties was obtained.

Next, the detail investigation of planetary ball mill led to the determination of optimization of
grinding media size, rotational speed and grinding time for mechanically activated coal gangue
by Design of Experiment (DoE). The mechanical activation of coal gangue in a planetary ball
mill has led to significant changes in its physical properties, particularly in terms of the particle
size and geometric specific surface area that can be observed. The particle size distribution (Fig
4.30) and geometric specific surface area (Fig 4.39 and Fig 4.40) of the mechanically activated
coal gangue particle has been increased and decreased, and key findings from this process are
in agreement with optimum stress energy according to the stress model developed by Kwade
and Schwedes. In this study, a significant influence of the experimental design on the properties
of the mechanically activated coal gangue such as fineness, agglomeration, relative span and
geometric surface area was demonstrated. This result emphasizes that the reactivity of coal
gangue for geopolymer application is also influenced by the stress energy (SE), collision
frequency (CF) and specific grinding energy. Table 4.3 and Table 4.4 summarize all results
from the Design of Experiment (DoE), detailing the relationships between rotational speed,
grinding time, median particle size, geometric surface area, relative span, and specific grinding
energy in relation to the compressive strength of the geopolymer samples. In the mechanical
activation of coal gangue, specific grinding energy is the key factor for achieving the desired
particle size and is responsible for generating defects that strongly influence the reactivity of

coal gangue and the geopolymer properties.
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Table 4.3: Overview of mechanically activated coal gangue on geopolymer 14 days
compressive strength with grinding media 5 mm

Rotational Grinding Median Geometric Relative Specific Compressive
speed time particle surface area span grinding strength
size, Xso [em?/g] energy

[rpm] [min] [um] [-] [kJ g [MPa]
0 0 83.06 1738.05 2.59 0 0.043
15 4.2 10416.09 3.32 6.90E+05 1.70
600 30 4.58 10441.63 3.55 1.38E+06 2.71
60 4.41 10706.63 3.91 2.76E+06 3.07

120 3.68 11534.96 4.30 5.52E+06 3.80

15 4.13 10717.68 3.32 8.84E+05 2.25

650 30 4.7 10288.82 3.81 1.77E+06 2.84
60 4.86 9787.36 5.87 3.53E+06 3.27
120 3.75 11281.58 4.65 7.07E+06 4.21

15 4.27 10748.28 3.52 1.11E+06 2.30

700 30 4.82 10161.37 4.46 2.22E+06 3.06
60 4.11 10834.26 4.85 4.44E+06 3.58

120 3.61 11505.03 4.97 8.89E+06 4.28

Table 4.4: Overview of mechanically activated coal gangue on geopolymer 14 days
compressive strength with grinding media 10 mm

Rotational Grinding Median Geometric Relative Specific Compressive
speed time particle surface area span grinding strength
size, Xso [em?/g] energy

[rpm] [min] [nm] [-] [kJ g] [MPa]
0 0 83.06 1738.05 2.59 0 0.043
15 3.93 10525.85 4.46 5.99E+05 1.81
600 30 5.73 9302.21 4.66 1.20E+06 2.84
60 5.87 9674.01 4.84 2.40E+06 3.11
120 6.29 9226.59 5.74 4.79E+06 2.19
15 5.00 9619.44 3.95 7.67TE+05 2.01
650 30 6.33 8978.52 5.10 1.53E+06 3.08
60 5.51 9562.51 6.38 3.07E+06 3.65
120 4.66 10360.3 6.97 6.13E+06 4.71
15 5.26 9409.00 4.22 9.64E+05 2.42
700 30 6.86 9231.00 5.60 1.93E+06 3.15
60 6.68 9190.44 5.76 3.86E+06 5.20
120 5.27 10235.26 7.43 7.71E+06 5.51
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Although the grinding time of mechanically activated coal gangue grinding is 15 min and the
median particle size xso is in the range of 4.13 - 5.26 um, the contribution of Al-Si mechanically
activated coal gangue to the gel phase of the geopolymer is important. With a grinding time of
15 min, there is no doubt that the Design of Experiment (DoE) with specific grinding energy
between 5.99E+05 - 1.11E+06 kJ g'! cannot supply sufficient Si and Al element to react with
alkaline solution, as the result slow to start the geopolymerization. The virtual observation of
the geopolymer samples in Fig 4.55 show, deterioration and the formation of microcracks in
the geopolymer sample, as the grinding time increases, the number of these cracks decreases
significantly. Comparison of the findings with those of other studies confirms geopolymer with
temperature 70 °C at 24 hour is insufficient to increase the level of long-range ordering in
geopolymer binder with considerable hardened sample and compressive strength of
geopolymer depending on the curing conditions. To overcome this issue, additional curing time

could be further considered [231].
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5. CONCLUSION

5.1. Conclusion for vibratory ball mill:

This study investigated the influence of mechanical activation (1-120 min) on the properties of
coal gangue and its subsequent impact on geopolymerization. The characterization of the
mechanically activated coal gangue was examined in detail using a vibratory ball mill under
dry conditions. This characterization included, cumulative undersize (particle size
distribution), specific surface area and geometric surface area and specific grinding energy.
The research specifically related these parameters to the resulting geopolymer properties. The
key findings are as follows:

e The optimal fineness of mechanically activated coal gangue was precisely identified at
30 min of grinding x50 =4.20 um, achieved at a specific grinding energy of 2.97E+02 J
g

e The mechanism of mechanical activation in this type of grinding device, when it
operated at the maximum specific grinding energy, was primarily the mechanical
dispersion (size reduction) of the coal gangue, which resulted in a greater specific
surface area (SSA).

e The maximum specific grinding energy of 2.754E +03 J g! caused limited asymmetric
stretching of Si-O-T (T= Al or Si), while preserving the material inert structure. This
finding was consistent with both the FT-IR analysis (Fig 4.14) and the XRD analysis
(Fig 4.15).

e Mechanical activation significantly enhanced the reactivity of coal gangue, as
evidenced by the increase in compressive strength. Compressive strength rose from
0.072 MPa (raw) to 1.25 MPa after 14 days and 1.32 MPa after 28 days with the optimal
grinding time of 30 min. Nevertheless, aggregation of the mechanically activated coal

gangue negatively affects the final compressive strength (Fig 4.24).

5.2. Conclusion for planetary ball mill:

This study investigated the influence of mechanical activation (1-120 min) on the properties of
coal gangue and its subsequent impact on geopolymerization. The characterization of the
mechanically activated coal gangue was examined in detail using a planetary ball mill under
dry conditions. This characterization included, cumulative undersize (particle size

distribution), specific surface area, geometric surface area and specific grinding energy. The
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research specifically related these parameters to the resulting geopolymer properties. The key

findings are as follows:

The optimal fineness of mechanically activated coal gangue, defined by a median
particle size x50 of 4.86 pum, was achieved at a specific grinding energy of 4.63E+05 J
gl corresponding to 10 min of grinding. Beyond this inflection point, aggregation and
agglomeration became dominant. This transition was evidenced by changes in the
characteristic particle sizes X10, Xs0 and x99 ( Fig 4.28), the relative span (RS) (Fig 4.29),
and the particle morphology (Fig 4.31).

Aggregation was evident as the specific surface area decreased from 18.02 to 11.30
m?*/g. Concurrently, the geometric surface area dropped sharply from 23,616 to 10,882
cm?/g (Fig 4.35). This agglomeration effect became significantly more pronounced at
the highest specific grinding energy corresponding to the 120 min grinding time
FT-IR analysis of mechanically activated coal gangue confirmed no formation of new
chemical bonds or loss of existing structures, indicating that mechanical activation
primarily induces surface modification. The specific grinding energy caused the
asymmetric stretching of Si-O-T toward 1071 cm™', highlighting its role in altering
surface properties while preserving the material core structure.

Extended grinding (120 min) prolonged the initial setting time from 106 min to 171
min and the final setting time from 165 min to 238 min. This delay was attributed to
particle agglomeration, which slowed geopolymerization (Fig 4.66). This delay
correlated with a decrease in specific surface area (11.301 m?*/g) and cumulative pore
volume (0.062 cm?/g)

Mechanical activation significantly enhanced the reactivity of coal gangue, as
evidenced by a remarkable increase in compressive strength to 46.12 - 55.7 MPa after
120 min of grinding, measured at both 14 and 28 days.

A Design of Experiment (DoE) approach was employed to determine the optimal
grinding conditions. Using a rotational speed between 600 - 700 rpm and grinding
media diameter of 5 mm and 10 mm, the optimal median particle size xso for the
mechanically activated coal gangue was determined to be in the range of 3.61 - 4.66
um. This size range correlated with a relative span (RS = 3.32 - 7.43) (Fig 4.42).

This deagglomeration effect of mechanically activated coal gangue became

significantly more pronounced at the highest specific grinding energy, corresponding
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to the 120 min grinding time, which resulted in the highest geometric surface area (Fig
4.39 and Fig 4.40).

e The Design of Experiment (DoE) approach confirmed that mechanical activation
significantly enhanced the reactivity of the coal gangue. This enhancement was
evidenced by a remarkable increase in compressive strength, which ranged from 1.70 -
5.51 MPa across the different specific grinding energy 5.99E+05 kJ g™! - 8.89E+06 kJ
g! levels investigated (Fig 4.61).
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6. New scientific results (NSR) of the PhD thesis

NSR 1: Influence of grinding parameters for optimization mechanically activated coal
gangue, comparison the results obtained by vibratory and planetary ball mill

The optimization of mechanically activated coal gangue was investigated by examining the
effects of different high-energy milling devices and their respective grinding parameters. Two
distinct milling devices a vibratory ball mill and a planetary ball mill were used to represent
batch and laboratory-scale operations, in order to address the selection of a suitable device for
activation. My research establish correlation between median particle size xso, specific surface
area SSA as function specific grinding energy. In addition, the relationship among particle
characteristics X109, Xs50, Xo0 and the relative span (RS) was examined. For the planetary ball mill
with design of experiment (DoE) was conducted at rotational speeds ranging from 600 to 700
rpm and a grinding media size of 10 mm.

I experimentally proved that initial grinding proportionally increases the specific surface area
(SSA) and reduces the median particle size xs0. However, this trend reverses beyond a distinct
inflection point. Extending the specific grinding energy beyond this point leads to a decrease
in SSA due to aggregation/agglomeration, followed by subsequent deagglomeration. This
finding is based on a comprehensive evaluation of mechanically activated coal gangue,
including an assessment of the grinding kinetics limit and a Design of Experiments (DoE)
approach. In addition, the effect of grinding time on the specific surface area Sget includes the
area contributed by all surface features, such as internal porosity (pores, cracks, and surface
roughness) and geometric surface area which is calculated based on an assumed spherical
particle size distribution also highlighted

e Grinding kinetic limit:

The mechanically activated coal gangue reached its grinding limit after 30 min in the vibratory
ball mill, resulting in particle aggregation. At this point, the mechanically activated coal gangue
had a geometric surface area of 3690 cm*/g. Its particle characteristic of X1 (3.93 um), xs0(4.20
um), X90 (13.79 um) with a relative span (RS = 0.9) and a specific grinding energy of 2.97E+02
J g’'. In the planetary ball mill operated at 450 rpm, particle aggregation/agglomeration of the
mechanically activated coal gangue was observed after 10 min of grinding. At this point, the
geometric surface area was 15341 cm?/g with particle sizes of x10 (0.49 um), xso (4.28 pum), Xgo
(11.09 pm), relative span (RS = 2.17) and a specific grinding energy that reached 4.63 E+05 J
g’!. It was revealed that based on characteristic median particle size and specific surface

area as function of specific grinding energy correlation was determined using exponential
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function (Table 1, Table 2). I experimentally proved that that for coal gangue grinding,
the grinding limit strongly depends on the energy used and the type of mechanical stress.
Specifically, the lowest the stress intensity, the higher the grinding limit (higher specific

surface area achieved) within a specific grinding interval.

Table 1: Fitting correlation median particle size as function specific grinding energy

Type of grinding device Equation R?
Vibratory ball mill y =7.62 + 75.46¢0-17308x 0.99
Planetary ball mill y = 7.62 + 75.46¢8-5637E-% 0.99

Table 2: Fitting correlation geometric surface area as function specific grinding energy

Type of grinding device Equation R?
Vibratory ball mill y =3640.26 - 1951.09¢ 00052 0.83
Planetary ball mill y = 16659.21 - 15143.6¢*- 76155 0.61

e Design of Experiment (DoE):
The experimental analysis revealed a relationship between geometric surface area as a
function of grinding time, specific grinding energy, stress intensity S7, and active mass
(estimated by quantifying the mass of powder adhering to the grinding media). This
establishes a comprehensive framework for predicting mechanically activated coal
gangue above 600 rpm thereby providing a quantitative basis for grinding process
optimization. The Design of Experiment (DoE) showed maximum specific grinding
energy between 4.79E+06 -7.71E+06 kJ g! where the mechanically activated coal gangue
shifted to deagglomeration (120 min grinding time).

o Specific surface area (SS4):
Experimental results showed that the Sger values for the mechanically activated coal gangue
ranged from 7.67-12.47 m*/g when processed by a vibratory ball mill, and from 8.52 to 18.06
m?/g when processed by a planetary ball mill. The results are relatively close, particularly at
the 120 min of grinding, where the specific surface area was 11.50 m?/g for the vibratory mill
and 12.45 m?/g for the planetary ball mill, respectively. Meanwhile, the geometric surface area
was 0.34 m%g for the vibratory ball mill and 1.08 m*/g for the planetary ball mill at 120 of
grinding. The dissolution reaction occurs on the external and readily accessible surfaces of the
particle when it is mixed in the alkaline activator. For this reason, the geometric surface area

values (which focus on the outer particle size) can be more directly relevant affecting the
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reactivity of mechanically activated coal gangue. As the result, compressive strength of

geopolymer is higher with geometric surface area 1.08 m?/g.

NSR 2: Influence of aggregation/agglomeration and deagglomeration of mechanically
activated coal gangue on geopolymer compressive strength

To study and investigate the influence of particle rearrangement mechanisms (aggregation/
agglomeration, and deagglomeration) on the resulting compressive strength of geopolymer.
I experimentally demonstrated that the aggregation/agglomeration and subsequent
deagglomeration of mechanically activated coal gangue significantly affect the
geopolymer compressive strength. This finding is based on a correlation of geometric
surface area and compressive strength as a function of the specific grinding energy which
can be written by exponential function.

o Vibratory ball mill:

The highest compressive strength of 1.25 MPa (14 days of curing) was using mechanically
activated coal gangue 30 min, which also exhibited the highest geometric surface area of 3690
cm?/g and specific grinding energy 2.97E+02 J g'!. As expected, the increase in specific
surface area contributed positively to the particle reactivity of mechanically activated coal
gangue and dissolution kinetics during geopolymerization. However, beyond the optimal
specific grinding energy, particularly after 30 min, the compressive strength began to decline
to between 0.92 - 0.96 MPa (26.4 %) despite further specific grinding energy 2.754 E +03 J
gl as aggregation had a negative effect on the compressive strength.

e Planetary ball mill:

The coal gangue mechanically activated for 120 min exhibited the performance in highest
compressive strength (46.7 MPa) after 14 days, despite possessing a decreasing of geometric
surface area of 10,882 cm?/g. The compressive strength of geopolymer exhibited suggesting
that the aggregation/agglomeration of mechanically activated coal gangue particles does not
affect the final compressive strength for grinding process 450 rpm, 10 mm grinding size.
Design of Experiment (DoE) of 600 - 700 rpm and similar a grinding media size, the analysis
revealed that the condition of deagglomeration was indicated by highest geometric surface
8978 to 10,360 cm*/g and the maximum specific grinding energy between 4.79E+06 -
7.71E+06 kJ g'. The analysis indicated that compressive strength in this DoE was not
negatively affected by aggregation/agglomeration and deagglomeration. This providing a
crucial mechanistic link between mechanically activated coal gangue particle characteristics

and final geopolymer mechanical performance.
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It was found that an exponential function can accurately describe the geometric surface area as
a function of specific grinding energy. A very high R? value 0.8 proves the goodness-of-fit of
this model. For compressive strength as a function of specific grinding energy, the relationship
can be modelled using an exponential function for the vibratory ball mill and a linear function

for the planetary ball mill (Table 3 and Table 4).

Table 3: Fitting correlation of geometric surface area as function specific grinding energy

Type of grinding device | Equation R?

Vibratory ball mill y =3640.26 - 1951.09¢0-0052 0.82

Planetary ball mill y =7.62 + 75.46¢856E-5x 0.99
y = 9858.92 - 8119¢+20E-6x 0.96
y = 9634.81 - 7896 1-01E-5 0.97
y =9557.78 - 7819.64¢™401E-6x 0.96

Table 4: Fitting correlation of compressive strength as function specific grinding energy

Type of grinding device | Equation R?

Vibratory ball mill y =1.04 - 1.051¢0:00497x 0.69

Planetary ball mill y =8.77E-6 - 1.16x 0.96
y =6.67E-7 + 1.24x 0.75
y =7.63E-7 + 1.42x 0.75
y =5.85E-7 + 1.58x 0.67

NSR 3: The effect agglomeration of mechanically activated coal gangue on the leaching
test, setting time of geopolymer paste, and compressive strength of geopolymer.

To study the effects of agglomeration on mechanically activated coal gangue, samples were
selected from the planetary ball mill processed at 450 rpm, using 10 mm grinding media size,
with grinding times ranging from 1 to 120 min.

I experimentally demonstrated the relationship by which particle agglomeration of
mechanically activated coal gangue influences the geopolymerization process. This
finding is based on a comprehensive evaluation of the leaching test results, the setting
time of the geopolymer paste, and the final compressive strength of geopolymer samples.
e Leaching test:

Mechanical activation enhances the reactivity of coal gangue by increasing its geometric

surface area Sm and inducing structural defect and disordered at particle surfaces, which
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generally accelerate the leaching process. However, prolonged grinding of 120 min leads to
particle agglomeration of the mechanically activated coal gangue. As the result, significantly
affects the release of silica (Si) and alumina (Al). The concentrations of Si and Al in the
leachate decrease from 93.96 mg/L to 73.52 mg/L (Si) and from 101.48 mg/L to 75.6 mg/L
(Al) representing a proportional decrease between 21 % and 26 % after 120 min of grinding
time

o  Setting time of geopolymer paste:

Mechanically activated coal gangue for 120 min was observed to significantly slow the
geopolymerization process. This effect was evident in increase in setting times of geopolymer
paste, with the initial setting time rising from 106 min to 171 min and the final setting time
increasing from 165 min to 238 min.

o  Compressive strength:

For mechanically activated coal gangue with a grinding time of 30 min, the compressive
strength at 28 days was 15.01 MPa. Increasing the grinding time to 60 min led to a substantial
increase in compressive strength, reaching 42.1 MPa which represent a 64.3 %. Subsequently,
increasing the grinding time between 60 and 120 min resulted in compressive strength further
increasing from 42.1 MPa to 55.7 MPa corresponding to a 24.4 % improvement at 28 days.
The maximum compressive strength of 46.12 MPa at 14 days and 55.7 MPa at 28 days was
achieved at a grinding time 120 min despite the observed agglomeration of mechanically
activated coal gangue, which had a geometric surface area of 10,882 cm?/g.

The key finding is that while excess energy stored in the lattice enhances the dissolution of
silica (S1) and alumina (Al), agglomeration counteracts this effect, which ultimately slows the

geopolymerization process.

NSR 4: Influence of mechanical stress on structural disorder of mechanically activated
coal gangue.

This research establishes a mechanistic framework that links specific grinding energy
consumption to the formation of structural disorder mechanisms that govern the transition from
mechanical dispersion to surface activation.

I experimentally demonstrate that the mechanical activation of coal gangue is profoundly
influenced by mechanical stress and specific grinding energy consumption, leads to
structural disorder and defects. The corresponding shifts in vibrational modes
fundamentally revealing that the asymmetric stretching vibration of Si-O-T, (T= Si or Al)

is the most important factor governing its reaction in geopolymerization.
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o Vibratory ball mill:

With a maximum specific grinding energy of 2.754E+03 J g, the grinding process primarily
imparts mechanical stress (compression, impact, friction, shear) leading to mechanical
dispersion with only minimal surface activation. This is confirmed by the limited shift in the
molecular bond to vibrate, asymmetric stretching vibration Si-O-T, (T= Si or Al) from 997 -
993 cm’! which indicates minimal structural defect formation. This establishes that, below this
specific grinding energy, limited increase in activation is governed solely by mechanical
dispersion

e Planetary ball mill:

By varying the revolution per minute (rpm), grinding media size and grinding time, the coal
gangue is agitated at a high speed over a wide specific grinding energy range of 4.6E+04 —
8.89E+09 J g'!. This process significantly increases the activation energy that stored in non-
equilibrium and disordered crystal lattice of coal gangue. The resulting surface activation of
mechanically activated coal gangue is confirmed by prominent shifts in the vibrational modes
of key functional groups, particularly in shifts asymmetric stretching vibrations Si-O-T (T= Si

or Al) which shift to range 998 cm™ and 1071 cm™

NSR 5: Effects of geometric surface area and pozzolanic reactivity

My research establishes the relationship between grinding process parameters and the
pozzolanic reactivity of coal gangue.

I experimentally demonstrated the factors governing CaQ uptake in mechanically
activated coal gangue. Through investigation, the results indicate that CaO uptake
measurement is influent not only by geometric surface area (numerous asperities and
surface roughness) but also structure defects of mechanically activated coal gangue.
Nevertheless, Design of Experiment (DoE) of 600 - 700 rpm demonstrate the overall
performance of CaO uptake. While pozzolanic reactivity is typically assessed for cement
industry, this study is establishing the direct applicability of mechanically activated coal
gangue reactivity to geopolymer system, leveraging a method that is easy and reliable.

o Vibratory ball mill:

The CaO uptake of the mechanically activated coal gangue, measured over 30 days (15th
titration), varied with the geometric surface area. The highest geometric surface area 3690
cm?/g of mechanically activated coal gangue was achieved after 30 min of grinding,
corresponding to a peak CaO uptake of 75.2 mg/g. Nevertheless, a subsequent decrease in CaO
uptake, ranging from 66.2 - 69.2 mg/g was observed at 60 and 120 min. This decline resulted
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from a reduction in geometric surface area due to particle aggregation (3493 - 3496 cm?*/g).
Furthermore, the surface activation validates by functional group of mechanically activated
coal gangue that cause molecular bond to vibrate (stretch and bend) structural particularly the
asymmetric stretching vibrations of Si-O-T (T= Si or Al) 993 cm™! did not change significant.

e Planetary ball mill:

The coal gangue mechanically activated for 120 min yielded a dramatically lower geometric
surface area of 10,882 cm?/g compared to the 15 min activated coal gangue, which measured
23,616 cm?/g. This result suggests that the change specific surface over extended grinding time
demonstrates that the resulting structural disorder, rather than the specific surface area alone,
plays the dominant role in enhancing pozzolanic reactivity. The Design of Experiment (DoE),
the maximum geometric surface area of 10,235 - 10,360 cm?/g for mechanically activated coal
gangue (120 min) did not yield the maximum CaO uptake range 121.7 - 132.4 mg/g (30 days
reaction time). The maximum geometric surface area resulted in declined CaO uptake
compared to grinding times of 30 and 60 min despite the significant structural disorder or
defects present in the mechanically activated coal gangue particularly the asymmetric
stretching vibrations of Si-O-T (T= Si or Al) towards 990 - 998 cm™ at 650 - 700 rpm with
grinding time 120 min. The 600 rpm yielded the highest CaO uptake of 118 mg/g of
mechanically activated coal gangue 120 min (30 days reaction time). Thus, the experimental
results demonstrated that the CaO uptake from the Design of Experiments (DoE) for
mechanically activated coal gangue exhibited a different trend in the planetary ball mill when

the rotational speed exceeded 600 rpm.
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7. SUMMARY

My PhD thesis directly addresses key mandates of the European Union (EU) and makes a
significant contribution to global sustainability objectives. Although the ongoing operation of
mines to extract essential metal and energy resources remains crucial for global development,
it inevitably generates substantial waste streams, particularly gangue and tailings, which
require innovative management to mitigate major environmental impacts. By aligning with the
principles of Sustainable Development Goal 12 and adopting circular practices, the mining
sector can significantly reduce its environmental footprint. This research specifically supports
the Clean Industry Deal, which highlights a planned Circular Economy Act for 2026 to
accelerate this transition.

My research is focused on the coal gangue waste, a significant by-product of mining operations
at the Biikkabrany opencast lignite mine in Borsod-Abatj-Zemplén County, Hungary. While
the circular economy model requires closed material loops that drastically reduce raw resource
extraction, this waste material presents a major technical challenge, its complex and highly
heterogeneous mineralogical composition severely restricts its inherent reactivity. To
overcome this limitation, my thesis employs controlled mechanical activation. Specifically, I
use two distinct grinding devices to systematically and energy-efficiently enhance the
reactivity of the coal gangue. This innovative approach ultimately enables the precise tailoring
of geopolymer properties for advanced, sustainable construction applications, transforming a
problematic waste into a high-performance resource.

The experimental work began with a preliminary characterisation of the raw coal gangue
samples, an essential first step to establish a reliable scientific baseline before any mechanical
activation. Initial sample preparation included a critical drying stage, the collected material
was oven-dried at 105 °C for 24 hours until a constant mass was reached, ensuring precise
removal of free water for accurate compositional and physical analyses. The foundational
experimental was then established. First, an initial geopolymer optimisation using raw coal
gangue xso of 83.09 was conducted to define the control parameters. Second, the investigation
grinding parameters for the planetary ball mill were systematically analysed. To maintain
methodological integrity throughout the thesis, a clear sample designation was implemented,
coal gangue 1 was used exclusively for all preliminary trials testing while coal gangue 2 was

selected for all final thesis results.
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The mechanical activation of coal gangue, initially carried out using a vibratory ball mill,
specifically selected for its ability to apply lower stress intensity (SI). The resulting
mechanically activated coal gangue powder was then subjected to a comprehensive
characterisation. These analyses included precise determination of particle size distribution
(PSD), specific surface area (SSA), and calculation of specific grinding energy. Reactivity was
quantified through leaching tests and pozzolanic reactivity. Furthermore, the coal gangue was
analysed using Fourier-Transform Infrared Spectroscopy (FT-IR) to determine functional
groups and molecular vibrational changes (stretching and bending) indicative of activation,
alongside X-ray Diffraction (XRD) for phase analysis. Consequently, these comprehensive
analytical results are crucial for precisely defining the grinding kinetics limit. This limit is
scientifically identified as the point at which the median particle size xso value to dropped. This
detailed characterisation is vital because coal gangue powder particles are inherently
susceptible to aggregation or agglomeration due to relatively weak Van der Waals forces, while
simultaneously undergoing disaggregation and amorphization under the applied mechanical
stresses (compression, impact, shear, and attrition).

The second major experimental phase focused on developing the geopolymer binder using
mechanically activated coal gangue. This process began with optimisation of the alkaline
activator. Initially, geopolymer binders produced from coal gangue activated using of vibratory
ball mill showed limited improvement, compressive strength improved by less than 2 MPa.
The geopolymer specimens in the compression tests displayed a viscous/ductile failure,
deviating from typical brittle fracture, indicating poor geopolymerization reaction mechanism.
To overcome this limitation, I initiated mechanical activation using a second grinding device,
the planetary ball mill, which has a significantly higher stress intensity SI and specific grinding
energy. Following repeat characterisation of this high SI activated coal gangue mirroring the
comprehensive suite of tests performed for the vibratory ball mill material a major
breakthrough was achieved. The resulting geopolymer binders exhibited strong correlation
between geometric surface area and specific grinding energy, correlation compressive strength
and specific grinding energy, culminating in a maximum compressive strength of 55 MPa. This
result definitively demonstrates the critical importance of high-energy mechanical activation
for realising the full reactive potential of coal gangue.

The scientific findings of this PhD thesis offer advanced utilization of secondary raw materials.
Geopolymer technology represents a highly attractive and viable alternative to Portland
cement, primarily because it offers the potential to substantially reduce CO> emissions

associated with traditional cement manufacturing. Geopolymers are synthesized by the
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dissolution of aluminosilicate source material (such as the activated coal gangue) in a highly
alkaline solution, which acts as the activator. The subsequent polycondensation reaction
between the dissolved aluminium (Al) and silicon (Si) complexes leads to the formation of a
stable, three-dimensional polymeric network defined by Si-O-Al bonds. While this thesis
successfully establishes the necessary foundation for mechanical activation, future
investigation focusing on the controlled application of temperature could be included to further
optimize reaction kinetics, maximize reactivity, and precisely tailor the final product properties

for specific industrial applications.
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