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Summary

Nowadays, driven by the global imperative for sustainability, the construction sector has shifted
its attention towards developing green, eco-friendly, and valorized building materials. Facing
the barriers encountered in the development of sustainable building materials, this thesis
focuses on the technology solutions in two key areas: challenges associated with utilizing
natural fibers in sustainable building composites, and the development of an eco-friendly
solution for recycling waste residue-Municipal Solid Waste Incineration Bottom Ash (MSWI

BA)-in practical engineering applications.

In the first section, hemp fiber-reinforced cement composites (HFRCCs) are studied.
Compared to traditional cement-based materials, HFRCCs offer excellent properties, e.g.,
higher flexural strength, lower cost, and carbon footprint. The performances of reinforced
cementitious composites are closely related to the physicochemical properties of hemp fibers.
Among these properties, the swelling-shrinking behavior and alkali degradation of hemp fibers
contribute to a decline in mechanical properties. To address these challenges, fiber modification
treatment is necessary. First, alkyl ketene dimer as a low-cost hydrophobic agent is proposed to
modify the surface of hemp fibers to reduce swelling-shrinking behavior associated with its
hydrophilic nature (Chapter 2). This modification effectively maintains the strength properties
of HFRCC:s by avoiding the swelling-shrinking behavior of embedded fibers. Then, to mitigate
the alkali degradation of embedded hemp fibers and understand the degradation process,
zirconia is synthesized to coat the fiber surface and to increase the alkali resistance from the
cement matrix (Chapter 3). The study thoroughly investigates the evolution of cement
hydration products on the fiber surface, the compatibility between cement and fibers, and
strength performance under accelerated aging conditions, demonstrating the effectiveness of
zirconia modification in mitigating fiber degradation and maintaining high-strength properties.
Additionally, natural fiber can be manufactured into composites without a cement binder
(known as bio-based composites) for application in building thermal insulation. These bio-
based insulation composites are susceptible to moisture absorption and mould growth, thus
shortening their product-service cycles. To enhance their durability, the abovementioned AKD

is utilized to modify the bio-based composites (Chapter 4). This enables improved
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hygrothermal performances and resistance to mould growth, as evidenced by experimental and

simulation results.

The second section moves towards the recycling potential of solid waste as sustainable building
materials, specifically addressing bottom ash, a primary by-product of municipal waste
incineration plants. Despite its abundance, MSWI BA has not yet been practically utilized in
cementitious composites, due to its low strength and contaminant leaching. These issues arise
from the high metallic alumina content of MSWI BA, which reacts under an alkaline matrix,
leading to strength reduction and readily contaminant leaching. To address the above issues, a
simple, eco-friendly, and practical strategy is proposed for solidifying cementitious composites
containing MSWI BA which are applied to cementitious binders (Chapter 5), manufactured
lightweight aggregates (Chapter 6), and natural sand alternatives in mortars (Chapter 7).
Taking into account the porous microstructure of MSWI BA under an alkali cement matrix,
natural fibers are introduced into the MSWI BA-based composites. This incorporation
significantly reduces the pore amount/volume of the composites and enhances mechanical
strength. By applying the leaching test technique, it is observed that contaminant ions such as
some heavy metal ions, sulfate, and chloride anions are effectively immobilized due to fiber
capillary absorption. Finally, both environmental impact and economic assessment of the

resulting composites are quantified to evaluate the feasibility of this strategy.
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cHAPTER 1 N

1. Introduction

1.1 Background and motivation

As urbanization evolves and the population grows worldwide, the demand for building
materials is increasing [1]. This demand manifests in two aspects: the refurbishment of public
infrastructure, such as roads and buildings in developed nations, and the construction of new
infrastructure and residential units in developing countries like China. Among these building
materials, cement-based composites play an important role in infrastructure developments due
to their excellent compressive strength, low cost, and long service life. However, cement-based
composites face both technological and environmental challenges. Technologically, they suffer
from low tensile strength, limited cracking resistance, and insufficient fracture toughness.
Traditionally, these weaknesses can be addressed by the incorporation of uniformly distributed
or randomly oriented short fibers [2]. Commonly used fibers are made from materials such as
steel, glass, polypropylene or other polymers, and they can substantially improve the fracture
toughness of the resulting composite. Despite their benefits, these fibers also have
disadvantages, such as high costs and carbon footprint. Environmentally, the production of
cement-based composites is associated with CO, emissions and the depletion of mineral
resources. Currently, the global cement production has reached about 4.1 billion tonnes, with
projections indicating an increase to 8.2 billion tonnes by 2030 [3, 4]. During cement
manufacturing, the decomposition of limestone and the combustion of fuel contribute to the
total CO2 emissions. According to the Global Carbon Atlas, the cement sector, as the second-
largest industrial source of COz, emitted about 1605 million metric tons in 2022 [5]. Thus, the

cement industry faces the challenge of reducing CO» emissions to meet the targets set by the




Paris Agreement in 2015 [6]. Moreover, natural mineral resources (e.g., limestone, clay, and
river sand) are facing shortage due to the rapid and massive consumption of raw building
materials, leading to ecological deterioration such as increased soil erosion, flooding, and loss

of biodiversity.

In order to address these challenges, two approaches are selected in this work. One approach is
using renewable natural fibers derived from agricultural waste streams as reinforcement for
deficiencies in the tension behavior of traditional cement composites [7]. Additionally, loose
fiber composites offer potential applications in specific building sectors, particularly thermal

insulation.

Another alternative involves replacing a significant portion of cement or aggregate materials
like natural (river) sands in cementitious composites with various solid wastes, including silica
fume [8], fly ash [9], and ground granulated blast furnace slag [10], which have been markedly
utilized. Further exploring the feasibility of incorporating additional types of solid waste
streams into cementitious materials is necessary [11]. Expanding the application fields of solid
waste, such as sustainable lightweight aggregate production, is also a meaningful strategy for

the cement sector from both environmental and economic perspectives [12].

In conclusion, the objective of this thesis is divided into two main sections: (1) utilizing natural
fibers in sustainable building composites and (2) recycling solid wastes into sustainable

building composites.

1.1.1 Utilizing natural fibers in sustainable building composites
Hemp fiber-reinforced cement composites (HFRCCs)

Natural (plant) fibers, as shown in Fig. 1.1, have been considered as potential alternatives to
conventional synthetic fibers for reinforcing structural cement-based composite due to their
significantly lower cost, ready availability, and being renewable [7, 13-16]. In countries where
various natural fibers are abundantly available, it is economically sensible to develop
technologies that utilize these fibers as reinforcement in cement composites for housing and
other construction applications. Due to their excellent mechanical properties, natural fiber-

reinforced cement composites (NFRCCs) represent a new and distinct category of building



materials with performance comparable to conventional concrete composites reinforced with

synthetic fibers.

Natural (plant) fibers

Stalk

Cotton Hemp Sisal t Soft wood
Oil palm Flax Banana Corn Hard wood
Coir Jute Abaca Grass

Kenaf

Fig. 1.1 Classification of natural (plant) fibers, based on reference [17].

The ongoing development of NFRCCs has been named “tomorrow’s growth product” in the
construction industry [18]. Among these composites, utilizing hemp fibers as reinforcement in
cement composites has recently gained considerable attention in recent years. This is owing to
the exceptional mechanical strength of hemp fibers and their worldwide availability due to the

strong adaptability of hemp plants to diverse environmental conditions [19, 20].

However, the practical application of NFRCCs, including Hemp Fiber-Reinforced Cement
Composites (HFRCCs), is hindered by two primary technical barriers. Firstly, organic natural
fibers possess inherent hydrophilic properties that affect the interfacial bonding of fiber-cement
composites [21]. Specifically, natural (plant) fibers are primarily composed of cellulose,
hemicellulose, lignin, and pectin [22, 23]. Cellulose, hemicellulose, and lignin contain different
amounts of hydroxyl groups available that interact with adsorbed water molecules, causing the
cellulose fibers to swell and generate microcracks in the matrix [24-26]. Over time, as free
water of swollen fibers is absorbed excessively via capillarity and transport of microcracks in
the matrix, they start shrinking, eventually leading to debonding between fiber and matrix [26].
This process, summarised in Fig. 1.2, weakens the interface bonding and reduces the mechanical

strength of the resulting composites [25].



/-R 3 Cement matrix

- \K Microcracks

Swelling behavior Shrinking behavior

Fig. 1.2 The swelling-shrinking behavior of hemp fibers within cement matrix, based on reference
[26].

Secondly, natural (plant) fibers are readily attacked and degraded when exposed to the alkaline
cementitious matrix [27, 28]. The structure and components of the fibers primarily influence
the degradation process. According to reported literature [29], Wei and Meyer describe the
degradation process of natural fiber embedded in the cement-based matrix in four steps, as
shown in Fig. 1.3: (1) degradation of lignin and partial degradation of hemicellulose in the
primary wall; (2) complete degradation of hemicellulose in the primary wall; (3) disintegration
into microfibrils due to the loss of adhesive hemicellulose in the secondary wall; and (4) broken
into fine microfibrils, until to the complete degradation of the fibers. The degradation results in

poor mechanical performance and durability of NFRCCs (including HFRCCs).

Cellulose

Lignin " Hemicellulose

Fig. 1.3 Schematic diagram of the degradation mechanism of natural fibers within an alkaline cement
matrix [29].

Accordingly, addressing these barriers requires altering the surface properties of fibers through

modification treatments.



Bio-based insulation composites

Considerable attention has recently been directed towards the application of bio-based
composites for thermal insulation components in building assemblies. This interest is due to
their environmental friendliness, cost-effectiveness, and thermal insulation capacity
comparable to traditional materials. Nevertheless, practical applications remain limited
primarily due to concerns regarding the durability of bio-based composites under harsh weather
conditions. The main reason is that mould grows easily on bio-based composites, influenced by
factors such as the fiber type used and their high moisture absorption properties, consequently
shortening their lifespan. As highlighted in the study of Koh et al [30], the rapid and extensive
mould growth on mycelium-based composites is experimentally observed over a short time,
attributed to their highly hydrophilic nature. This mould growth adversely affects both their
thermal insulation capacity and durability. Thus, before widespread practical application in the
field, the durability aspect should be thoroughly enhanced through fiber modification, to ensure

the prolonged lifespan of thermal insulation building components.

1.1.2 Recycling solid wastes (MSWI BA) into sustainable building composites

Bottom ash (BA) is the largest by-product generated after the complete incineration of
municipal solid waste [31]. One scenario illustrating the generation process of incinerator
bottom ash is depicted in Fig. 1.4. Over the past few decades, the management of municipal
solid waste incineration residue (bottom ash) has become a pressing concern due to the rapid
expansion of waste-to-energy incineration projects. In the United States alone, approximately
9 million tons of MSWI ashes (mostly MSWI bottom ash) were generated in 2017 [32].
Similarly, in Europe, municipal solid waste incineration plants produce about 20 million tons
of bottom ash [33]. In China, more than 13 million tons of MSWI BA are generated annually
[34]. Thus, the effective utilization of MSWI BA has driven much research interest from

academia and industry due to its widespread availability and high quantity [35].
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Fig. 1.4 Schematic representation of the bottom ash generation process in a grate incinerator [36].

From the perspective of its physicochemical properties, MSWI BA can typically be used as a
building material. Regarding physical properties, the particle size distribution of the main
fraction of MSWI BA (60-90%) falls within the typical range of sand and gravel, between 20
pum and 10 mm [37]. Engineering properties tests have also demonstrated that MSWI BA
exhibits properties similar to those of natural aggregates. Therefore, MSWI BA is well-suited
for replacing conventional aggregate [38, 39]. Regarding chemical components, the element
composition of MSWI BA is generally consistent, although variations in concentrations among
areas [37]. Common elements found in MSWI BA include Si, Al, Fe, Mg, Ca, K, Na, and CI,
mainly existing in their respective oxide. These elements are present within relatively
predictable ranges as, SiO2>CaO>Fe203;~ALO3;~Na,O>MgO~K,0. Besides, MSWI BA
contains some soluble salts, heavy metals, and organic compounds. Due to its chemical
composition being similar to cement and exhibiting a certain pozzolanic reaction [11], MSWI

BA has great potential and feasibility for recycling as a cementitious material.

Despite this, the effective utilization rate of MSWI BA in cement-based materials remains

insufficient [40]. Primarily, MSWI BA generally contains a higher content of metallic

6



aluminum compared to common cementitious materials, triggering the aluminum reaction (also
known as swelling) within the alkali cement matrix. This reaction releases hydrogen gas and
results in the formation of porous structures, consequently decreasing the compressive strength
of resulting cementitious products [36]. Current technologies for removing aluminum from
MSWI BA are laborious and high-cost, thereby weakening the competitive advantages within
the market. Additionally, MSWI BA contains a substantial quality of hazardous substances,
including various heavy metal ions, sulfate, and chloride anions [41, 42]. These containments
severely hinder its practical application rate in cement-based materials [43]. Hence, the

aforementioned barriers need to be addressed.

1.2 Scope and objectives

This thesis aims to develop high-performance sustainable building materials for the future

construction sector. The research concept of this work can be generally divided into two topics.

1.2.1 Durability of natural fiber-reinforced composites
Durability of hemp fiber-reinforced cement composites (HFRCCs)

Both poor interface bonding and readily alkaline degradation of fibers lead to poor durability
of HFRCCs, which limits their application in the building and construction industry. To
overcome the first issue, alkyl ketene dimer (AKD) is used to treat fibers, enhancing their
hydrophobicity and improving interface properties with cement-based materials. The
mechanical properties of the treated fibers on reinforcing cement-based materials are
investigated. Additionally, to mitigate hemp fiber alkaline degradation, the zirconia coating
modification of the fibers is adapted drawing from the successful application of zirconia on
glass fibers. The effect of zirconia modification on the durability of HFRCCs is examined upon

accelerated aging conditions.

Durability of bio-based insulation composites

Since bio-based composites require good resistance to mould growth to ensure their durability
as thermal insulation components, specific treatment of bio-based composites is needed.
Considering the mould growth caused by inherent moisture absorption, AKD hydrophobic
treatment is performed on bio-based composites (mycelium composites and grass composites,

here). Specifically, the impact of AKD hydrophobic modification on the hygrothermal



properties and its subsequent effect on mould growth of bio-based composites are investigated.
Furthermore, through simulating exposure to real weather conditions in various regions over
ten years, the potential mould growth risk of the modified bio-based composites is assessed.
This evaluation aims to determine the durability of these materials when applied as thermal

insulation and their feasibility for use in different geographic areas.

1.2.2 Recycling MSWI BA into building composites

Currently, implementing MSWI BA as new building materials is necessary for the sustainable
development of the building sector. The characteristics of MSWI BA, as mentioned in the above
section 1.1.2, indicate its potential to be applied as a building material substitute. In this context,
MSWI BA after milling is used as supplementary cementitious materials and manufactured
lightweight aggregates through the cold-bonded technique, respectively. Also, MSWI BA is
directly employed to replace natural silica sand. However, whether milled or unmilled, the
simple substitution of MSWI BA for building materials can result in the generation of inner
porous structures and the leaching of contaminants. To address these concerns, natural (plant)
fibers, with the advantages of high stiffness and special mico-scale hollow lumen structure, are
proposed as both pore fillers and hazardous substance absorbents when MSWI BA is used as
above three building material substitutes i.e. cementitious materials, cold-bonded lightweight
aggregates, and sand. The mechanical properties of the resulting different composites are
comprehensively investigated, alongside an evaluation of their leaching risk. Finally, the
environmental and economic effects of fiber incorporation on cement-based composites

containing MSWI BA are evaluated through life cycle assessment simulation.

1.3 Outline of the thesis

The experimental framework of this thesis is schematically shown in Fig. 1.5. The content of

each chapter is briefly introduced as follows:



Fiber modification

Chapter 2: Interfacial bonding improvement of hemp fiber-reinforced cement

composites
Utilizing natural fibers

in sustainable building Chapter 3: Alkaline degradation resistance of hemp fiber reinforcements in

composites cement composites

Chapter 4: Durability enhancement of bio-based composites used as thermal

insulation materials

Chapter 5: Recycling MSWI BA as supplementary cementitious materials

Valorization of Natural Fibers and Municipal Solid Waste
Incineration (MSWI) Bottom Ash in Building Composites

Recycling solid wastes
(MSWI BA) into Chapter 6: Recycling MSWI BA as sustainable lightweight aggregates
sustainable building
composites Chapter 7: Recycling MSWI BA as the sand substitution in building composites
Leaching behaviour Mechanical performance

Fig. 1.5 Outline of the thesis.

Chapter 2 introduces a cost-effective hydrophobic agent, alkyl ketene dimer (AKD), to modify
hemp fibers for interface property improvement of reinforced cement composites. The
hydrophobic effect of AKD grafting modification on hemp fibers is identified and assessed.
The interface property between the fibers and the matrix is revealed by characterizing

microstructural properties, cross-compatibility index calculation, and mechanical strength.

Chapter 3 describes the fiber surface coating with zirconia (ZrO») to resist the fiber degradation
within the cementitious matrix. The durability of the resulting composites is evaluated through
mechanical strength tests under different curing times and wetting-drying cycles. The thermal
stability of embedded fibers and the evolution of cement hydration products on the fiber surface

are also discussed.

Chapter 4 investigates the effect of AKD hydrophobic modification on the durability of both
grass composites and mycelium composites, making them suitable to be applied as thermal
insulation in buildings. Their physical properties, thermal conductivity, and mould growth
evaluation before and after the modification are discussed. Furthermore, the potential mould
growth risk over ten years is evaluated under different real weather conditions using the

hygrothermal simulation software (WUFI) with the bio-function.



Chapter 5 presents the engineering application of incorporated natural fibers, such as sisal
fibers and oil palm fibers, into MSWI BA (milled) blended cement binder. The compressive
strength of the resulting blended binders is evaluated, and the microstructure properties,
including pore distribution, are priority studied. The effect of natural fiber incorporation on the

leaching immobilization of contaminant ions is also assessed.

Chapter 6 investigates the effect of sisal fiber incorporation on the mechanical performance
and sustainability of cold-bonded lightweight aggregates with a high fraction of milled MSWI
BA. The mechanical strength of individual pellets with and without fiber incorporation is
statistically analyzed and compared. The hydration kinetics of different design systems are
examined using isothermal calorimetry, and the leaching behaviors of heavy metal ions,

chloride, and sulfate are evaluated.

Chapter 7 aims to improve the substitution rate of natural sand with MSWI BA in mortar
composites by incorporating sisal fibers. The correlation between compressive strength,
Young’s modulus, and ultrasonic pulse velocity (UPV) of the resulting composites is
investigated. Hirsch’s theoretical model is employed to predict the tensile modulus and strength,
comparing these predictions with practical values obtained by the three-point bending test.

Finally, the microstructure properties of the mortar composites are thoroughly analyzed.

Chapter 8 concludes the presented work and proposes some recommendations for future study.



cHAPTER 2 N

2. Improving the interface property and mechanical performances
of the cementitious composites by low-cost alkyl ketene dimer-

modified fibers

Based on this paper:
H. Song, T. Liu, F. Gauvin, and H.J.H. Brouwers. Improving the interface compatibility and
mechanical performances of the cementitious composites by low-cost alkyl ketene dimer

modified fibers. Construction and Building Materials 395, 132186 (2023).

2.1 Introduction

In recent years, natural fiber-reinforced cement composites (NFRCCs) have attracted
significant attention from researchers in both academia and industry due to their excellent
flexural strength, low cost, and low carbon footprint. Among these fiber-reinforced cement
composites, hemp fiber-reinforced cement composites (HFRCCs) are a good candidate taking
into account the relatively good mechanical strength of hemp fibers and their worldwide
availability owing to the excellent suitability of hemp plants in soil and environmental
conditions [19, 44]. Li et al. [45] concluded that incorporating hemp fibers with 20 mm length
significantly improved the mechanical strength and toughness index with only a 0.36 % (by
weight) fiber addition. Comak et al. [46] reported that the inclusion of hemp fibers in mortars
increased flexural strength and found that 12 mm fiber length and 2—3% of hemp fiber addition
positively impacted flexural strength and splitting tensile strength. Ruano et al. [47] stated that
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adding hemp fibers could increase the toughness of cementitious composites, characterized by
pull-out testing. However, the hydrophilic nature of HF makes it sensitive to moisture variations,
leading to swelling-shrinking behavior [48, 49]. Ultimately, this behavior would weaken the
interfacial bonding, thus negatively affecting the mechanical properties of HFRCCs.

Surface modification of hemp fibers becomes necessary to improve the interfacial bonding
between the fiber and the matrix, obtaining better performance of the resulting composites [50,
51]. Sepe and Bollino [52, 53] studied the influence of chemical treatments on the mechanical
behavior of epoxy matrix composite reinforced with woven hemp. Test results show that silane
treatment of hemp fibers improves both tensile and flexural properties of the composites and
silane treatment is more effective in preventing the failure of the composite induced by water
uptake. In theory, reducing the fiber’s hydrophilic nature to minimize its swelling-shrinking
behavior in cementitious composites, is an effective approach to enhance the interfacial
adhesion of HFRCCs. Various fiber surface treatments have been explored for reinforcing
cementitious composites, including the horrification treatment [54, 55], polymer coating [56,
57], and silane treatment [58]. These treatments have demonstrated positive effects on the fiber-
matrix bond and the mechanical properties of the cementitious composites. Yet, such treatment
does not show long-term performance as cellulose-O-Si-O-bonds are not stable against
hydrolysis [59, 60]. Especially under the alkaline condition of the cement hydration process,
the chemical bond rupture between silanes and cellulose occurs readily as acids and bases are
known to be powerful catalysts for the hydrolysis of siloxane bonds [61]. In addition to these
technical difficulties, the cost of fiber modifying agents also has to be considered (commonly
silane coupling agents, 20-50 €/kg) Therefore, it is urgent to look for a new and low-cost
modifying agent to treat the fibers which can (1) bind chemically to cellulosic fibers to change
the hygroscopic character of natural fibers; (2) be stable under alkaline conditions; (3) be

economic.

Hydrophobic modification of natural fiber is a common treatment to resist liquid penetration in
papermaking, which is called surface sizing. low-cost alkyl ketene dimer (AKD, 1-10 €/kg) is
a main sizing agent resulting in enhanced water resistance [62]. Zhang et al [63] investigated
the effect of bamboo flour with alkyl ketene dimer (AKD) on the polyethylene/bamboo flour
composites. It was observed that AKD-modified wood-plastic composites had high water
resistance, low swelling ratio, and excellent mechanical properties. Angin et al [64] analyzed

the chemical and thermal properties of using AKD as a coupling agent for natural fiber and
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glass fiber-reinforced poly composites. The results indicated that the crystallinity of the hybrid
composites was increased by 18% compared to neat composites. Missoum et al [65] used AKD
to chemically modify nano-fibrillated cellulose (NFC) and found that AKD modification can
increase the mechanical property of the resulting NFC. Though most researchers are focusing
on utilizing AKD for improving the properties of natural fibers, to our knowledge none of them
has reported AKD-modified fiber used in cementitious composites. Furthermore, given the
alkaline resistance of the embedded fiber in fiber-reinforced cement composites and its

relatively low cost, AKD seems to be a promising candidate.

Thus, this work aims to investigate the grafting modification (physical immersing) of HF with
AKD and its impact on the fiber-matrix interface bonding. FTIR analysis and water absorption
tests were employed to characterize the grafting effect of HF. Furthermore, to better understand
the impact of the modification on the overall properties of HFRCCs, the mechanical properties
such as compressive strength, flexural strength, and toughness capacity, as well as the interfacial
performance of the fiber-reinforced cement composites, were analyzed. This treatment will
accelerate the industrial-scale practical application of HFRCCs in the construction sector and

pave the way toward sustainability in the circular economy.

2.2 Experimental
2.2.1 Materials

Hemp fiber products (designated “H”’) were supplied by HempFlax (The Netherlands). Before
the experiments, hemp fibers were sieved, washed, and dried because many broken inner stems
and fine fibers (<1 cm length) existed. In addition, the chemical compositions of hemp fibers
are mainly cellulose, lignin, hemicellulose, waxes, and water-soluble substances. The detailed
physical properties and chemical components of the hemp fiber are listed in Table 2.1 and

Table 2.2, respectively.

Table 2.1 Physical properties of hemp fibers.

Diameter Density Average Aspect ab:z]:tetgon Young’s
(mm) (g/cm’) length (mm) ratio (()/p) modulus (GPa)
(1]

0.25+0.08 1.34 4.23 8-28 141 20.5
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Table 2.2 Chemical compositions of hemp fibers (wt. %) [66].

Fiber type Cellulose Lignin Hemicellulose Pectin Wax

Hemp fiber 70.2-74.4 3.7-5.7 179-224 0.9

0.8

The commercial alkyl ketene dimers emulsion was provided by Kemira (Finland). Commercial
ordinary Portland cement (OPC) CEM I 52.5R (Specific surface area 1.34 m?/g) was supplied
by ENCI (The Netherlands). The oxide compositions, phase compositions, and particle size
distribution of the OPC are shown in Table 2.3 and Fig. 2.1. The standard sands with a

granulometry of 0/2 were used according to EN 196-1. The particle size distribution of used
sand is shown in Fig. 2.2.

Table 2.3 Chemical composition of OPC (wt. %).

Compounds MgO A1203 SiOz KzO Ca0O TiOz Fe203 SO3 In203 Rest
CEM I 148 425 1732 05 6762 04 326 3.03 132 0.82
(a) (b)
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Fig. 2.1 The phase composition (a) and the particle size distribution (b) of OPC.
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Fig. 2.2 The particle size distribution of the standard sands used.

2.2.2 Methods
Fiber treatment

To better modify hemp fiber, pre-treatments were employed on hemp fiber. Pre-treatment
involves two steps: de-waxing, and alkali treatment [61]. Firstly, the wax was almost entirely
taken out of the fibers (90% of 2—4 mm length, around 125 pm diameter) using ultra-pure
acetone. The fibers were kept in jacketed Erlenmeyer flasks with boiling acetone for 45 min.
Then, the fibers were immersed in 5 wt.% sodium hydroxide solution for 30 mins and
immediately washed with distilled water. To fully neutralize the effect of NaOH, a weak acetic
acid solution was applied to reach the neutral pH. Subsequently, distilled water was utilized to
rinse the fibers. After that, the fibers were dried at room temperature for 48 h and then in an

oven at 70 °C for 8 h.

The fiber modification was carried out using a similar procedure proposed by H. Zhang et al.
[67]. Hemp fibers (H) and hemp fibers after pretreatment (HP) were impregnated with a 2.4%
AKD emulsion for 1.5 h, and then impregnated fibers were filtered by vacuum filtration

equipment. Finally, these modified fibers (HPM) were dried in the oven at 90 °C for 6 h.

Preparation of fiber-reinforced composites

Hemp fiber-reinforced composites with 1% (by weight relative to cement weight) of short hemp
fibers (0.2 ~ 0.8 cm) were prepared from the untreated and treated fibers. Firstly, this amount

of fiber addition is determined based on the optimal addition of the literature [68, 69]. Secondly,



the selection of short fibers in this study is considered: one is a lot of short fibers are wasted,
not applied in the textile industry like long hemp fibers [70]; the other is to take advantage of
easily random dispersion, which plays an effective role in preventing the growth of the cracks
in the composites [71]. In terms of the preparation process, the fibers were first introduced in
the cement and sand and mixed for 90 s in a blender (Perrier Labotest, type 32, France) to obtain
a homogenous sample followed by water addition. The matrices, treatments, and weight
fractions of fibers are presented in Table 2.4. After 2 mins, the mixture was cast into a plastic
mold (40 mm x 40 mm x 160 mm size) and covered with a damp polyethylene film to avoid
water evaporation. One day later, the samples were demolded and cured in a climatic chamber

at 20 = 2 °C and 50 = 5% humidity.

Table 2.4 Sample codes of the different treated fiber-cement composites.

Fiber addition

Code Sand/cement  Water/cement Hemp fiber surface treatment
(wt.% of cement)
Control 3 0.5 - -
C-H 3 0.5 1% Not treated
C-HP 3 05 1% Pretreated only (de-waxing and

alkaline treated)

Pretreated and then modified with

_ 0,
C-HPM 3 0.5 1% AKD emulsion

2.2.3 Characterization
Texture

The surface microphase and structure of modified fibers were analyzed using a Zeiss optical
microscope combined with a scanning electron microscope mentioned below. The analyses of
the fibers’ surface were performed with a Camera/Detector Axiocam 305. Before testing, the

fiber samples were made as flat as possible and put on dark paper.

Water absorption test (WAT)

Fiber samples were contained in a steel tea bag and then immersed in distilled water at room

temperature. Weight change was recorded by balance every second by a computer program [35],



as is shown in Fig. 2.3. Before measurement, all tested samples were put into the oven (40 °C,

6 hours) to balance the moisture of the fibers.
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| ;‘1‘1 '

Fig. 2.3 Schematic diagram of water absorption.

Fourier transform infrared spectroscopy (FTIR)

The measurements were performed using a Perkin-Elmer spectrometer with wavenumbers
ranging from 4000 to 400 cm™!. A total of 4 scans were taken for each fiber sample and
corresponding cement composite powder with a resolution of 1 cm™!. To prepare the samples
for the FTIR test, AKD-modified fibers were first extracted with acetone to remove the
unreacted AKD for 24 hours. Then the unmodified and modified fibers were oven-dried at 65 °C

for 48 hours. More details in some cases are described in ref [72].

Scanning electron microscope coupled with energy dispersive (SEM-EDS)

The surface topography of the fracture surfaces of untreated/treated fibers and fiber-reinforced
cement composites was investigated using SEM. The micro-surface analyses were performed
on specimens covered with Au by using a Thermo Fisher Phenom Pro-X microscope under an
accelerating voltage of 15 kV. The chemical composition was identified using energy dispersive
spectrometry (EDS) on different spots to verify the presence of hydrated cement on the surface
of embedded hemp fibers. For a better representation of the elements present, each sample was
chosen to measure in five different embedded fiber regions and an average of forty values was

obtained.



X-ray diffraction (XRD)

The X-ray diffraction (XRD) patterns of fiber-reinforced cement mortars were carried out on
ground powder using a Bruker D4 with a Co tube. The angular range was between 10° and 45°
(26). Before milling into powder for testing, all mortars were cured at ambient temperature after
7 and 28 days. At specific curing ages, the mortar samples were crushed and then immersed in
isopropanol. Afterward, the powdered samples were dried in the oven for 24 h at 60 °C to stop

the hydration process of cement.

Mechanical strength test

The compressive strength and flexural strength were carried out according to EN 196-1 [73].
The three-point bending test was carried out using the EZ 20 Lloyd Instrument (AMETEK)
testing machine by AFNOR NF-EN-993-6. All tests were performed using a consistent span of
100 mm and a deflection rate of 0.1 mm per minute. At least 5 specimens were tested in a three-
point bending configuration for each composite formulation. The value of the load and bending
were simultaneously recorded. As we assume that the material is homogeneous, the normal

stress g, in a rectangular beam of length / between supports is:

3 Fl
Oy = SR 2.1
in which F is the applied force, and w and h are the width and the height of the beam,

respectively.

Significant differences in strength properties between the groups were evaluated using Tukey's
HSD test (P <0.05) in JMP Pro 11 software [74]. A new method developed by Barr et al. [75],
which is based on ACI Committee Report 544.2R, was adopted to calculate the toughness index
(I) of the composites in this work. The reason is that the traditional method of calculated
toughness index could not be applied with a small percentage of fiber addition which could not
provide the typical load-deflection curve. In order to supplementary evaluate the toughness
capacity, the post-crack energy absorbed, calculating the area under the load-deflection curve
ranging from the post-peak to the end [68]. In addition, the stiffness deriving from the slope of
the linear curve represents an efficient load transfer process, associated with a good fiber—

matrix interface bonding.



2.3 Results and discussion

2.3.1 Analysis of fiber modification
Fiber modification mechanism

Previous studies [61, 76] showed that the pretreatment of both sole diluted alkaline solution and
a hybrid combination of acetone and alkaline solution could promote the partial removal of
lignin, waxes, pectin, hemicellulose, and oils on the surface of natural fiber, and leads to more
cellulose OH groups exposed on the fiber surface. It means that the extra hydroxide ions from

the alkaline solution readily react with the OH groups on the cellulose chains:
Cell — OH + NaOH - Cell — 0"Na* + H,0 . (2.2)

Therefore, in the second step of modification, the pretreated procedure improves the grafting
reaction between the lactone ring of AKD and free OH™ groups on cellulosic fibers to form a
hydrophobic layer on the fiber surface attributed to a lot of alkyl groups introduced [63, 77], as
presented in Fig. 2.4. In this study, the acetone-alkaline pretreatment and AKD modification
were performed on hemp fibers. Then the mortar composites reinforced by fibers subjected to
different treatments were obtained and analyzed in terms of interface bond and strength

performance.

Impregnation Drying with 90 °C ; j

Fig. 2.4 The schematic illustration of the grafting reaction between pretreated fibers and AKD.

Microstructure of fibers with treatments

The change of the fiber surface morphology is the most direct reflection of treatments. Fig. 2.5
shows the optical morphology of untreated/treated fibers (Zeiss) and related microstructures

under SEM. There are some yellowish substances on the fiber surface presented in Fig. 2.5a,
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which are lignin and waxy substances based on the analyses of FTIR. After pretreatment, this
layer of yellow substance almost has been removed, as is presented in Fig. 2.5b. Meanwhile, it
is observed from the corresponding SEM picture, that the surface of the fiber became rougher

on account of the removal of partial lignin and other impurities [78].

Fig. 2.5 Micro morphology and structure of fibers with different treatments (a) H, (b) HP, and (c)
HPM.

For the modified fibers, a whitish waxy layer is uniquely coated on the fiber surface which was
seen in Fig. 2.5¢. The micro-level surface of fibers after impregnating has gotten a little smoother
but still rather rough. These behaviors are in line with the optical measurements within the CIE
Lab system and SEM observation performed by Arminger et al. [79] on the wood surface

sprayed with alkyl ketene dimer dispersion.

FTIR characterization of fiber modification

The FTIR analyses reveal the AKD grafting modification on hemp fibers. Fig. 2.6 shows the
infrared spectra of untreated/treated fibers. Plant fibers are primarily composed of three main
components: cellulose, lignin, and hemicellulose. In the hemp fibers (H), the peak at around
3270 cm™! represents the stretches of O-H bonds from cellulose and hemicellulose; the O-H
bending of absorbed moisture is at 1640 cm™'. The peaks around 1026 cm™' correspond to the
C-O of a secondary alcohol, as well as the stretch at 2915 cm™! is the C-H bond from -CH,- of
cellulose [80]. In addition, the H spectrum shows that 1160 cm™ and 896 cm™! represent C-O-
C stretching at the B-(1—4)-glycosidic linkages in cellulose and hemicellulose [81]. After
pretreatment, almost all peaks become weakened and some peaks disappear, which is likely due
to the removal of impurities from fibers (e.g. lignin, certain hemicellulose, and wax) [61, 76].
For example, the peak at 1239 cm™ of HP is significantly lower than that in the H. The decrease
in the peak intensity represents the reduced C-O stretching of the acetyl group of lignin [82,

20



83]. In addition, the peak intensity at 3270 cm™' weakens and even the peak at 1730 cm™,
corresponding to the C=0 stretching of the acetyl groups, disappears in the HP [82, 84]. These

indicate the degradation of lignin and hemicellulose on the hemp fiber surface [82].

In terms of AKD-modified fibers (HPM), this curve, in general, is similar to those of the H and
HP but there are still some obvious differences between them. This suggests that the
modification treatment of hemp fibers just changes the chemical groups characteristic of the
fibers’ surface instead of their structure. The stronger intensity of the sharp peaks at around
2915 cm™! and 2849 ¢cm™!, representing symmetric and asymmetric C-H stretching vibrations of
-CH»- groups, respectively [85]; the occurrence of new peaks at 1472 cm™ and 720 cm™ is
related to C-H scissoring vibration and C-H rock mode [85, 86]. These changes indicate that
the molecular structure of the HPM surface contains more than four CHa. This is because the
introduction of long-chain AKD molecular provides more alkyl groups and can give good
hydrophobicity [85]. Here, it is also worth mentioning that the sharp peaks at 1721 cm™ and
1845 cm™! stand for the C=C double bond and the C=0 double bond of the carboxyl group in
the AKD lactone ring [77]. Therefore, the above analysis verified that AKD was successfully

grafted on the fiber surface.

HPM
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Fig. 2.6 FTIR curves of H, HP, and HPM.

Water absorption of fibers with treatments

The effect of hydrophobic modification of fibers is justified by water absorption measurement.

Fig. 2.7 shows the water absorption curves for various treated hemp fibers. In general, this result
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shows that the fibers absorb water very rapidly at first, and later a saturation level was attained
without any further increase. This process of absorbing water, at first, is dependent on both
chemical compositions (the hydrophilic groups of the fiber surface) and physical structure (the
interweaving gaps among fibers, and fiber voids) and short after mainly on chemistry

compositions of fibers (the hydrophilic hydroxyl groups) until the end.
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Fig. 2.7 Absorption water rate curves of fibers with different treatments.

As the treatment varies the water uptake nature of the fibers also varies. The HP has the highest
water absorption rate while the HPM has the poorest water absorption ability (good
hydrophobic effect). This is because the pretreated (alkaline pretreated and acetone pretreated)
makes the more cellulosic hydroxyl groups exposed on the fiber surface via the removal of
lignin and some impurities in the former; however, these hydrophilic groups were replaced with
long-chain alkyl groups after the AKD treated in the latter. Therefore, HPM has the best water

resistance. This result is consistent with previous findings in the literature [62, 77].

2.3.2 The analysis of fiber-reinforced composites

Workability

The flowability plays an important role in the workability of cement composites, which is
reported in Fig. 2.8. It is clearly shown that fiber-reinforced mortars have relatively poor

flowability (120 mm < flow value < 150 mm), compared to the reference mortar without fibers

(> 160 mm). That could be related to the water absorption of the embedded fibers [87].
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Fig. 2.8 Variation of spreading of the cement mortar reinforced with or without fibers with different
treatments (see Table 2.4).

Meanwhile, as it can be noted the hydrophobic modification of AKD on fibers somewhat
increases the workability of fiber-cement composites (C-HPM>C-H>C-HP) due to the decrease
of water demand by the fibers. To some extent, this behavior further confirms the water

absorption measurement of fibers.

The fiber-reinforced cement composites are then investigated in terms of interface property,

reaction products, and mechanical strength.

The interfacial property analysis

To directly understand the interfacial property of hemp fiber-cement composites, it is crucial to
judge the compatibility by a quantitative indicator and qualitative characterization. In this study,
the cross-compatibility index (CX) method proposed by Sorin et al. [88] was employed to

evaluate the compatibility between hemp fiber and cement matrix:

CX = 3 HRmax H3.5—24tmax

B ’

HR! o H.. .t 23)

3.5-24 max
in which HRu. = maximum heat rate of hemp fiber-cement composite (mW/g); HR max =
maximum heat rate of neat cement paste (mW/g); Hs.5.24 = total heat (the area under heat rate

curve) released by hemp fiber-cement composite in 3.5 -24 h interval (J/g); H ’3.5.24 = total heat
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(the area under heat rate curve) released by neat cement paste in 3.5 - 24 h interval (J/g); tmax =
time to reach maximum heat rate of hemp fiber-cement composite (h); t’max = time to reach

maximum heat rate of hemp fiber-cement composite (h).

To interpret the above equation, a typical heat hydration curve is given in Fig. 2.9.

0.005

Neat-Cement
— — - Hemp fiber-Cement

0.004 1

0.003 -+

Heat flow (mW/g)
S
S

035 12 24 36 48 60 72
Time (hours)

Fig. 2.9 Heat flow versus time for a typical hemp fiber-cement (dashed curve) and neat-cement paste

(solid curve).

Table 2.5 presents the level of compatibility of the cement composites reinforced with different
treated hemp fibers. The hemp fiber-reinforced cement composites exhibit high compatibility
index values (above 95.0%), indicating good compatibility between hemp fibers and cement
matrix. This could be attributed to the lower content of organic extractives in hemp fibers,
resulting in a less inhibitory degree of cement hydration when compared to other plant fibers
[89, 90]. Among hemp fiber-reinforced cement composites, C-HP and C-HPM have better
compatibility levels. This is associated with the fibers’ pretreatment which removes those
cement-hardening inhibitory components (some sugars and extractives) from the hemp fiber
surface. Further, C-HPM has the best compatibility level due to the presence of AKD grafted
on the fiber surface. This modification layer hinders the capture of Ca*" present in the cement
solution by cellulose fibers, benefiting the nucleation of Ca(OH), and C-S-H gel and then
mitigating the retarding degree of cement hydration [91]. Therefore, the main conclusion is that
AKD modification has a positive influence on the compatibility between hemp fiber and cement

matrix.
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Table 2.5 The cross-compatibility indexes of hemp fiber-reinforced cement composites.

Hemp fiber-reinforced cement composites

C-H C-HP C-HPM

Cross compatibility

indexes (CX) 95.9% 97.3% 99.5%

Apart from that, the microstructure and appearance of fiber-cement composites are important
for characterizing the interface link situation between the fiber and cement matrix. Results are
shown in Fig. 2.10, different interactions occur between hemp fibers and cement matrices. In all
cases, C-HPM (Fig. 2.10c) reveals the tightest gaps between the fiber and the cement matrix
indicating the strongest interfacial adhesion. This behavior is in accordance with the
compatibility index calculation mentioned above. However, as for the C-H (Fig. 2.10a) and C-
HP (Fig. 2.10b), the gaps between the fibers and the cement matrix are visibly wider. This is due
to the shrinking behavior after swelling of embedded H and HP, which leads to the debonding
of the fiber-matrix interface. Especially for C-HP, the degree caused by the shrinking of fiber
cells after moisture loss is very significant on account of the higher water absorption rate after
the pretreatment leading to increased swelling. On the other hand, AKD modification can
reduce this swelling-shrinking behavior of the fiber by improving the hydrophobic properties.
Thus, C-HPM has the best interface bonding.

g -

Fig. 2.10 Interface area of fiber-reinforced cement composites (a) C-H and (b) C-HP, applied zoom

indicates the location of cement hydration products, and (c) C-HPM (d) Extracted HPM.
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Regarding the surface appearance of the embedded fibers, Fig. 2.10d shows that the HP surface
has the largest amount of attached cement hydration products, whereas the surface of HPM has
a few hydration products. The amount of hydration products on the H surface is between those
of HP and HPM. Therefore, the amount of hydration products on the different fiber surfaces is
closely associated with the physiochemical properties of their surfaces. The cement hydration
products deposited on the fiber surface are a process of heterogeneous nucleation and growth.
The extent of this process depends on the fiber substrate properties. To be more specific, the
low free energy (both the wetting surface and the rough surface) of the fiber substrate facilitates
the heterogeneous nucleation and growth of the cement hydration products [92, 93]. Among the
three fibers, HP with the roughest and most wettable surface has the most hydration products.
Compared with H and HP, HPM has the most hydrophobic and relatively smooth surface;
thereby, the cement hydration products are rarely deposited on the surface of HPM. The

chemical components of hydration products on the fiber surfaces will be discussed below.

Analysis of the reaction products

To further clearly clarify the interface reaction products, the surface products of the embedded
fibers were analyzed through EDS. Based on the elements of cement hydration products like
C-S(A)-H, portlandite (CH), and ettringite, the atomic ratios of several elements with respect

to calcium are investigated and shown in Fig. 2.11.

As seen in Fig. 2.11a, the Al/Si molar ratio (0.11) of the hydration products on the HPM surface
is lower than those of H (0.21) and HP (0.16), respectively, indicating that less amount of SiO4
tetrahedrons was replaced with AlO4™ tetrahedrons in the amorphous C-S(A)-H deposited on
the HPM surface. It was well known that Si-O-Si bonds were stronger than Si-O-Al bonds in
terms of the C-S(A)-H [94]. This also assistant confirms the strong interface bond in the C-
HPM. Besides, most data points of HP are concentrated near zero point and on the X-axis
(Si/Ca), which means more portlandite was precipitated on the surface of HP, which agrees with
the literature [95-97]. In Fig. 2.11b, the embedded-H data is along the theoretical composition
line representing the mix of CH and ettringite, which is average higher than the data distribution
of'the embedded-HPM. In detail, the range of the S/Ca ratio is similar between both but in terms
of the Al/Ca ratio, the data range of the embedded H is higher than that of the embedded HPM.
This suggests the composite of CH and ettringite, perhaps more ettringites, on the embedded

HPM surface. As regards the alkali content ratio in Fig. 2.11¢c, it can be seen that the data plots
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of the K+Na/Ca ratio of the embedded-HPM (above approx. 0.40) exceed those of the
embedded-H (0.18-0.38) and the embedded-HP (0.06-0.21). This reason for this phenomenon
most likely lies in the fact that the hydrophobic characteristic of the HPM surface hinders the
alkali ions from entering into the fiber's inner lumen by reducing the swelling capacity, hence
more alkali ions stay on the fiber surface. Another potential reason is that the increased
formation of the C-S-H phase (as discussed earlier) on the HPM surface enhances the adsorption
of alkalis such as K" and Na", thereby reducing their leaching [98]. The surface of the embedded
H has the second-highest K+Na/Ca ratio maybe since the extractives (i.e., pectin and wax) of
the H surface ascribed to the untreated also have a certain hydrophobicity, playing a similar
behavior to the HPM. On the other hand, the embedded HP facilitates the entry of alkali ions
into the fiber structure due to its high-water absorption capacity, resulting in less amount of

these ions attached to the fiber surface.
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Fig. 2.11 Al/Ca versus Si/Ca (a), Al/Ca versus S/Ca (b), and K+Na/Ca (c) atomic ratios of
hydration products deposited on the surface of the embedded fiber.
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To further investigate the impact of different fiber treatments on the hydration products of
cement matrices, XRD and FTIR analyses were also carried out in this study. Fig. 2.12 displays
the phase compositions of different samples after 7 and 28 days of curing. In general, all peaks
still occur at the same positions irrespective of fiber treatments and the curing time (Fig. 2.12a
and b). That means, fiber treatments in this study cannot cause the formation of new cement
hydration products, which is mainly because the fiber components and chemistry AKD
molecular are not involved with the cement hydration reactions. In addition, the intensity of
two peaks, representing portlandite and calcite or C-S-H, become stronger due to the cement
hydration. It is also interesting to note that no distinct peaks for the embedded fibers were
identified. This could be due to the small percentage of fibers compared to cementitious

materials.
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Fig. 2.12 XRD curves of the cement composites reinforced with or without fibers after curing 7 days

(a) & 28 days (b), respectively.
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Another, Fig. 2.13 depicts the FTIR curves of the fiber-cement composites at different curing
stages. In the present experiment, the major vibration bands are identified for cement hydration
products. To be more specific, at the 7-day curing stage as is shown in Fig. 2.13a-d, the band at
3645 cm is due to the OH band from Ca(OH); [99]. Whereas the band at around 3405 cm™,
representing hydrogen-bonded OH species, is very wide and weak. To explain this phenomenon,
one reason possibly is that the distance forming the hydrogen bonds could be not met as the
network of C-S-H gel is relatively loose during 7-day curing. Another possible reason is most
OH is presented in the form of free water involved in the early hydration reaction of cement.
The band centering at about 1652 cm™ is caused by the bending vibration (72) of irregularly
bound water [100, 101]. Fig. 2.13¢ shows the carbonate bands, 1420-1480 cm™', which arise
from the reactions of atmospheric CO; with calcium hydroxide [102, 103]. The sulfate
absorption bands (S-O stretching bands) are assigned at 1097 cm™ and 1151 cm™!, respectively
[103]. For the Si-O from the cement, Si-O asymmetric stretching vibration (73) of silicate, Si-
O out-of-plane bending vibration (V4) of silicate, and Si-O in-plane bending vibration (72) of
silicate centered at 925, 522, and 452 cm’!, respectively. These band assignments are in good
agreement with those studies in the literature [104, 105]. Moreover, the presence of the bands

located at 776 cm™! and 692 cm™ is due to the quartz sand [106, 107].

At the curing stage of 28 days, the band at approximately 3400 cm™ is stronger than that of 7
days of curing in Fig. 2.13a’. The hydrogen bonds formed are probably from the interface of the
embedded fibers and the cementitious matrix since the interface distance is closer as the cement
hydration develops. Also, the shifting characteristics of the absorption peaks in the range 1650-
1660 cm™ representing the irregularly bound water (Fig. 2.13b’) are influenced by the
hydrophobic treatment of fiber with AKD. For other main peaks, the peaks with the carbonate
bands become stronger (Fig. 2.13¢’) while those peaks corresponding to the S-O (sulfate)
presented in Fig. 2.13d’ are relatively weaker in comparison with the curves of 7 days. The
reason for this phenomenon most likely lies in the fact that as the cement hydration proceeds,
more calcium carbonate is produced and the sulfate is consumed, respectively [108]. Therefore,
the main conclusion is that the fiber treatments have a certain impact on the hydration products

deposited on their surfaces but little influence on the hydration of the cement matrix.
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Mechanical properties of fiber-reinforced composites

Strength performance is an important reflection of the interface property of fiber-reinforced
cement composites. The results of the mechanical strength of the samples are displayed in Fig.

2.14 and summarized in Table 2.6.
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Fig. 2.14 Compressive strength (a) and Flexural strength (b) of fiber-reinforced cement composites
(see Table 2.4). The composite samples with or part with the same letter in the middle of the columns
are not statistically different by Tukey’s HSD test; increment percentage in both strength (c) and the
comparison of flexural strength data obtained from this study with that of other studies (d) [68, 69,
109, 110].

In Fig. 2.14a and b, almost all fiber-reinforced cement composites are better than the control at
all ages (7 days and 28 days) when hemp fibers at 1.0% by weight of cement weight are mixed
into mortars. This may be due to the filling effect of the embedded fibers in the matrix [111].

Similar results have further been reported by other researchers [112, 113]: Balasubramanian et
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al. [112] suggested that the addition of fibers by a dosage of 1.5% could show an increase in
compressive strength as compared to conventional concrete. By contrast, the compressive
strength of the C-H is slightly lower than that of the control sample at all curing ages. This can
be due to the retarding effects caused by hemicellulose-type polysaccharides of hemp fiber,
which overtakes its filling effect. Compared to the C-H statistically, C-HP shows significantly
higher strength performance. This is related to the pretreatment of embedded fibers which can
not only decrease the air-entraining effect [114], which is reflected by the density results but
also reduce the delaying effect due to some polysaccharides [115, 116]. Regarding the effect of
decreased air entraining, this is due to the fiber pretreatment which leads to the destruction of
the surface structure of fibers, thus allowing water to penetrate and displace air that may have
been trapped in the voids or lumen structures of the fibers. Finally, this displacement contributes
to reducing the overall entrapped air content in the composites. Moreover, it has to be mentioned
that the C-HPM in this study has the highest strength properties in all fiber-reinforced cement
composites statistically. This could be justified because of the best interface property between
the fiber and the matrix. Interestingly, it can be seen that control samples at 3 and 28 days of
curing do not present ideal strength performance. The reason for this phenomenon is unclear
but could be attributed to high air humidity that increases the underlying water-cement ratio.
This results in a little negative impact on mechanical strength development. In addition, such a

phenomenon of low expected strength was also found in the previous study [117].

As shown in Fig. 2.14c, C-HPM exhibits the highest strength increment, about 33.84% in
compressive strength and approximately 28.23% in flexural strength from 7 to 28 days of curing,
among all specimens. This can be attributed to the fact that both the AKD modification reduces
the swelling-shrinking capacity of fibers and the pretreatment densifies the microstructure of
the cement matrix [114, 118]. In the same period, the increment of C-HP is the lowest in
compressive strength and flexural strength, which are 10.52% and 10.18%, respectively. In fact,
this phenomenon is caused by the characteristic of high-water absorption of HP, resulting in the
higher swelling-shrinking degree of the embedded fibers and then poor interface bonding
between the fiber and the cement matrix. The results in Fig. 2.14d indicate that in previous
studies the flexural strength improvement of the natural fiber-reinforced cement composites is
quite limited even though the addition of fiber content increases. However, the flexural strength
in this work (the addition of 1 wt.% of cement) is relatively higher due to the swelling-resistant
behavior. This increases the potential of hemp fiber-reinforced cement composites applied in

the construction field.
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The response curves can be described by identifying two domains shown in Fig. 2.15. The first
linear region represents the uncracked stage, and the second region is identified by the
development of cement matrix crack (non-linear response is magnified in Fig. 2.15b), fiber pull-
out process, and cracked stage, in which crack pattern is completely developed up to failure
[68]. The non-linear range is quite limited, which is attributed to the small dosage of fiber in
the composites. In general, all cement composites reinforced by hemp fibers show higher peak
response and longer displacement compared to the control specimen without fiber addition.
Interestingly, C-HP has the highest peak response and longest displacement elongation at 7 days
but cured to 28 days is quite low or short in both, just slightly above that of the control in terms
of the peak. The reason for this phenomenon most likely lies in the fact that the mechanical
interlock is formed between the rough surface of HP and the cement matrix at the early curing
time; whereas the high swelling and shrinkage behaviors of HP take responsibility for this as

time goes by.
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Fig. 2.15 The load vs. displacement curves of fiber-reinforced cement composites (see Table 2.4) after

7 days (a) and 28 days (b) of curing.

In addition, combined with the results of the toughness index and post-crack energy absorbed
in Table 2.6, the fiber-reinforced cement composites have an increase in both toughness and
ductility compared to the plain. Indeed, hemp fibers not only improve the resistance to micro-
crack initiation but also bridge the macro-cracks of the cement matrix, thereby delaying the
fatigue-crack propagation of composites and increasing the toughness capacity. It is also noted
that the C-HPM exhibits the highest stiffness, which is approximately 65% and 12% higher
than that of the C-H at 7 days and 28 days, respectively. This indicates that the interface bonding
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between HPM and the cement matrix promotes efficient transfer under loading (from the
cement matrix to the fibers). This analysis is also confirmed by SEM observation and the

relevant compatibility calculation mentioned above.

Table 2.6 Physical and mechanical properties of the fiber-reinforced cement composites (see Table 2.4).

Hemp fiber reinforced composites (i w2 of binders)

Control
C-H C-HP C-HPM
. 7d 2007 +3.4 1979 £5.3 2053 +5.5 2031+ 10.9
Density (Kg/m?)
28d 2180+ 7.4 2095+ 8.1 2177+ 10.5 2237+6.2
: 7d 3739+ 1.23 35.60+ 1.74 4259+ 1.16 39.84+1.18
Compressive strength
(MPa) 28d 4461141 4263£174  47.07+1.06 5332+ 1.08
Increment (%) 19.31% 19.75% 10.52% 33.84%
7d 5.58 £0.40 6.12+0.33 6.78 +0.18 6.34+0.32
Flexural strength (MPa)
28d 6.78+0.15 7.71+0.24 7.47+0.21 8.13+0.36
Increment (%) 21.51% 25.98% 10.18% 28.23%
7d - 96.22 169.89 107.87
Post-crack energy
-3
absorbed (10°) 28d - 114.41 82.89 140.98
7d 1 1.06 1.14 1.09
Toughness Index(I;)
28d 1 1.07 1.08 1.16
7d 7.59 6.96 9.12 11.46
Stiffness (kN/mm)
28d 11.17 12.48 11.88 13.95

2.4 Conclusion

In this chapter, the interface properties and mechanical properties of the hemp fiber-cement
composites were improved by different treatments of the fiber surface. Optical microscope,

SEM, FTIR, and WAT were used to characterize the fibers.

In terms of the composites, the CX calculation and SEM were employed to evaluate the
interface properties; Both the EDS test of the embedded fiber surface and the XRD and FTIR
characterization of the composites were used to study the cement reaction products; The
mechanical strength, toughness index and stiffness of the composites were also tested. Based

on the results obtained in this work, the conclusions are summarized as follows:
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(1) The alkali and acetone pretreatments enhance the roughness of the fiber surface but also
lead to an increase in the water absorption capacity, which could be related to the removal of
lignin and some extractives. However, after AKD modification, the fiber became quite

hydrophobic thanks to the presence of alkyl groups.

(2) The CX index calculation and SEM observation show that after pretreatment and AKD
treatment, the compatibility and interface bonding of the composites are effectively improved.
Therefore, reducing the swelling-shrinking capacity of the fiber is an effective way to

strengthen the interface bonding.

(3) Compared with H and HP, less amount of cement hydration products were deposited on the
HPM surface. Due to the hydrophobic property (low free energy), the HPM can effectively
reduce the heterogeneous nucleation and growth of hydration products on its surface.
Furthermore, the portlandite precipitated on the HPM surface accounts for the lower percentage

of cement hydration products according to the results of EDS.

(4) There are no significant differences in the hydration products of the cement matrix in the
three different composites, indicating that AKD is not involved with cement hydration reaction,

a good candidate agent of fiber modification.

(5) The characterization of the mechanical properties showed an increase in the strength
performance, toughness capacity, and stiffness for the cement composites reinforced with hemp
fibers, especially for the AKD-modified fibers. Thus, this is also a response to the better

interface bonding between HPM and the cement matrix.
From these results, it can be concluded that AKD-modified could effectively improve the

mechanical properties by strengthening the interface bonding and be probable in the practical

application of the building field.
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CHAPTER B I

3. Effects of zirconia modification on the durability of hemp fiber-

reinforced cement composites under accelerated aging

Based on this paper:
H. Song, T. Liu, F. Gauvin, and H.J.H. Brouwers. Evaluation of zirconia modification on the
durability of natural fiber-reinforced cement composites using accelerated aging. Journal of

Building Engineering 84, 108632 (2024).

3.1 Introduction

Natural fiber-reinforced cement composites (NFRCCs), including hemp fiber-reinforced
cement composites (HFRCCs), are being actively explored for applications in the civil
engineering and building fields [119-121]. However, the poor durability of NFRCCs, attributed
to the alkaline hydrolysis and the mineralization of the embedded natural fiber, greatly limits

their practical application.

To address this problem, two strategies have been employed to increase long-term durability,
namely (1) modification of the cementitious matrix [27, 122] and (2) fiber treatment [123]. The
second approach has been widely adopted due to the additional advantage of optimizing the
fiber-matrix interface. Therefore, this study is also focused on fiber treatment. In terms of fiber
treatment used in NFRCCs, there are various methods including thermal treatment [124], alkali
treatment [125], and physical-chemical impregnation [126, 127] among others. In particular,

introducing functional substances through dip coating on natural fibers has been considered an
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effective and low-cost route to improve the durability of NFRCCs by protecting the embedded
fibers from the alkaline pore solution. For example, Canovas et al. [128] enhanced the durability
of Portland cement mortars reinforced with sisal fibers by coating timber extracts (e.g.
colophony, tannin, and vegetable oil) onto sisal fibers and the flexural strength results of the
composites showed that mortars reinforced with impregnated fibers exhibited better durability.
Bilba and his co-worker used an emulsion of silane to coat bagasse fibers for reinforcement of
cementitious composites, which concluded that 6% weight of silane is capable of reducing the
water absorption potential of fibers, hence increasing the durability [58]. Although these
treatment methods can prolong the durability of NFRCCs a certain, some new problems such
as the high cost and complicated treatments are introduced.

Given that zirconium dioxide (ZrO2) has been successfully applied on glass fibers, which is
known as alkali-resistance (AR) glass fibers, to improve their durability in cement matrix [127,
129], several researchers have used zirconium dioxide (ZrO) on natural fiber modification to
improve the durability of the fiber-reinforced cement composites [129, 130], and it was reported
that ZrO»-treated yarn fibers can effectively prolonger the durability of reinforced cement
composites at room conditions [127]. However, the durability of NFRCCs under harsh
environments has yet to be performed. In addition, the alkali resistance behaviors (alkali

hydrolysis and mineralization) of ZrO> on natural fiber were not fully unclear.

Hence, the goal of this chapter is to evaluate the durability of ZrO,-modified fiber-reinforced
cement composites under harsh conditions and reveal the related mechanism. In this study,
hemp fiber is selected as the research objective considering the overabundant waste of hemp
fibers produced annually in Europe [131]. The ZrO; sol was employed to modify hemp fibers
by dipping method. Subsequently, hemp fiber-reinforced cement composites (HFRCCs) were
obtained by randomly mixing short fibers with cement-based materials. To assess the durability
of the composites under harsh conditions, the mechanical strength of the composites was tested
at different wetting-drying cycles. Meanwhile, to fully understand the mechanism, the property
performances of the embedded fibers were characterized by the thermogravimetric
measurement and the element components tests on hydration products of fiber surfaces.
Furthermore, to compare the performance of ZrO. in terms of its resistance to alkali hydrolysis
and resistance to mineralization, the tensile strengths of the fibers exposed in different designed

alkali solutions were investigated. The outcomes of this study can provide the theoretical
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guidance to accelerate the industrial application of the HFRCCs such as pavement blocks and

low-cost housing.

3.2 Experimental

The durability of HFRCCs under accelerated aging conditions is assessed by analyzing the
properties of embedded fibers, the mechanical strength of entire HFRCCs, and fiber-matrix
compatibility, as illustrated in Fig. 3.1. The alkali resistance behaviors of fibers under different
alkali mediums were compared to further evaluate the fiber surface treatment on the durability

of entire composites.

Hemp fibers

v

Optical microscope & SEM (§3.1) H Surface modification with ZrO,

-

Durability assessment of HFRCCs under

accelerating aging condition

Thermal property (§3.2.1) { Mechanical strength (§3.3.1)
. Embedded fiber HFRCCs
Surface hydration products properties (§3.2) properties (§3.3) Fiber-matrix compatibility
(§3.2.2) (§83.3.2)

Fig. 3.1 Overview of the work in this chapter.

3.2.1 Materials

Technical hemp fibers were supplied by HempFlax Group B.V. (The Netherlands). All the
chemical components used for the pretreatment and the preparation of the ZrO- sol like zirconyl
chloride octahydrate (ZrOCl2-8H.0), Polyethylene glycol (PEG400), Hydrogen peroxide (30
wit.%) and absolute alcohol were purchased from the VWR®, part of Avantor. The commercial
ordinary Portland cement (OPC) CEM I was provided by ENCI B.V, (The Netherlands).
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3.2.2 Methods
3.2.2.1 Fiber treatment

Prior to the experiment, some long hemp fibers were washed and cut (length = 12 cm) for the
single fiber tensile testing, which will be specifically described in the following section. The
remaining shorter fibers were cut (length = 2 cm) for the preparation of fiber-cement
composites. Subsequently, these fibers were pretreated with both acetone and diluted alkaline
solution to remove the impurities on the fiber surface (i.e. pectin, lignin, and hemicellulose).

This step was detailed in the previous work.

The method used to prepare the ZrO- sol follows the work of Wang et al. [132]: The ZrO: sol
was prepared and aged for 1 day for coating. The pretreated fibers were completely immersed
in the ZrO> sol for 5 minutes, filtered twice, and dried at 70 °C for 1 day. A ZrO> layer was

formed on the fiber surface. The treatment process is schematically shown in Fig. 3.2.

¢ Absolute alcohol

Alkaline
solution

(a) (b) @ @ N\

Drying

Dispersing

(e) (d)

Fig. 3.2 Schematic illustration for the process of the pretreatment and ZrO, modification on fibers.
(a) Cutting raw fibers. (b) fibers pretreating. (c) Preparing ZrO; sol. (d) fibers immersed and filtered.

(e) ZrO: coated on fibers.
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3.2.2.2 Fiber composites preparation

HFRCCs with 2% (by weight, relative to cement weight) were prepared from original,
pretreated, and ZrO»-treated fibers. Corresponding codes of their composite were shown in
Table 3.1. The hemp fibers used were around 2 cm in length, and their distribution in the
composites was random orientation. The sand-cement ratio and water-cement ratio used in this
work were 3 and 0.5, respectively. The main purpose of sand addition is to ensure the fibers
randomly disperse. In addition to that, the short fibers were also distributed by hand followed
by mixing continued at middle speed for 2 mins to disperse uniformly. The flowability of all
mortars was adjusted and kept around 18 mm using a polycarboxylic ether-based
superplasticizer, which is to avoid the influence of the absorbing water of fiber on the water-
cement ratio. The specimens were demolded after 24 h and kept in a climatic chamber at 20 +
2 °C and 50 + 5% humidity for 28 days.

Table 3.1 Sample codes of the fiber-cement composites.

Sand/ Water/ Fiber addition

Code Cement Cement 2% of comenty Hemp fiber surface treatment
Control 3 0.5 - -

C-R 3 0.5 1% R: Raw (no treated)

C-P 3 0.5 1% P: Pretreated

C-Z 3 0.5 1% Z: Modified with ZrO; sol

After that, the mortar specimens were subjected to wetting-drying cycles to accelerate aging.
The wetting-drying cycling approach in our study was adopted based on the literature [133]. In
detail, one cycle includes the wetting step (submerged in sealed tap water at room temperature
for 7 days), the drying step (dried in a circulating air environment at 60 °C for 4 days), and the
cooling step (cooled down at room temperature for 3 h). Finally, the investigated specimens
were repeatedly exposed to different cycles for the later tests.

3.2.2.3 Alkali resistance test

The deterioration of untreated, pretreated, and ZrO»-treated long fibers exposed to different
alkali environments gave important information concerning the durability of fiber-cement
mixture specimens. The degradation of the fibers was measured as strength loss occurred over

time, for different treated fibers under three kinds of environments: fibers stored in water; fibers
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stored in a saturated solution of calcium hydroxide of pH 12.6; and fibers stored in a solution
of sodium hydroxide of pH 12.6. These fibers were stored in small containers with tap water or
chemical solutions for up to 90 days, as is shown in Fig. 3.3. The container was covered, and
the pH of the solutions was checked at regular intervals; solutions that had not retained the
initial pH value were replaced. In addition, considering the security risk of the Lab room, the
fog equipment is turned on and set for 6 hours every day. After different storing days, the fibers

were dried in the oven at 60 °C for 24 h and then tensile tested.

§|—|7_'_\ Electric wire

Electric wire Electric wire

YEs — Original fibers F9%» — Pretreated fibers F9E» — 7rO;-modified fibers

]

Plastic film —— Atomizer
Fig. 3.3 Schematic illustration for different treated fibers processed in three types of environments:
NaOH solution, saturation Ca(OH)- solution, and water.

3.2.3 Characterization

Both optical microscope and SEM measurements for fiber observation and EDS measurement
for the cement hydration products on the fiber surface were conducted according to the
procedure described in Section 2.2.3. The thermogravimetric analysis (TGA, NETZSCH STA
449 F1) was performed on both unembedded fibers and the extracted fibers from the
cementitious matrix to evaluate the thermal behavior of these fiber samples. The temperature
was set between 50 °C and 700 °C and the environment was in a nitrogen flow of 100 mL/min
at a heating rate of 20 °C/min. The isothermal calorimeter (TAM air, Thermometric) is
employed to study the compatibility between the fibers and the cement. In the sample
preparation, we thoroughly shook and mixed the fibers and dried powders homogeneously. This
was done to ensure the uniform dispersion of fibers in the fresh slurry, all while shortening the
stirring time after adding water to enhance the accuracy of the tested results. The compressive
strength and flexural strength of NFRCCs in this work were conducted following EN 196-1

[73]. The tests were repeated three times. Besides, the tensile strength of long fibers was
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determined using the EZ 20 Lloyd Instrument (AMETEK) testing machine with a maximum
capacity of 100 N. The load was applied at a constant rate of about 0.2 mm/min. The tests were
carried out after 0, 12 d, 30 d, and 90 d of immersion in the two solutions or the water. For each
test, three different treated fiber samples (raw/untreated, pretreated, and ZrO,-treated) were

prepared, with the tests being replicated ten times.

3.3 Results

3.3.1 Fiber surface modification

The fibers, subjected to various treatments including untreated, only pretreatment, and both
pretreatment and ZrO coating, exhibit distinct differences in both colors and surface

morphology, as illustrated in Fig. 3.4.

Fig. 3.4 Surface morphology of fibers with different treatments (a) Raw, (b) Pre-treated, and (c)
ZrOz-modified.
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In Fig. 3.4a, optical and corresponding SEM images of raw hemp fibers are presented. The fiber
surface is observed to have a dark yellow color, attributed to non-cellulosic substances such as
pectin and lignin, as confirmed by IR-spectroscopy [134]. Meanwhile, a smooth surface was
observed from the corresponding SEM image. After the alkali-acetone pretreatment, the color
of the fiber surface became brighter, more microfibril fibers appeared and the surface became
rough relief as illustrated in Fig. 3.4b. These phenomena can be explained by the removal of
some non-cellulosic substances under the pretreatment process. To be more specific, some
impurities (i.e. wax and pectin) of fiber surfaces were removed by the acetone extraction
procedure [135]. Furthermore, sodium hydroxide was employed to remove the other impurities
(i.e. lignin, pectin, and hemicellulose) in the first layer of the fiber cell wall [61]. In addition,
the rough surface of the pre-treated fiber is more beneficial for the physical attachment of
following ZrO». As seen in Fig. 3.4¢, a unique modified layer of ZrO2 was coated on the pre-
treated fibers which could resist the alkaline attack and degradation from the cement matrix
[136]. Also, the surface became quite rough, which could benefit the increase of the interface

bonding between fibers and the cement matrix [68].

3.3.2 Effect of ZrO: modification on the properties of embedded fibers

To better understand the actual degradation evolution of different treated hemp fibers embedded
in the cementitious matrix throughout normal curing time and accelerated aging,
thermogravimetric analysis (TGA) was performed on embedded fibers, and energy dispersive
spectrometry (EDS) was performed on the hydration products precipitated on the embedded

fibers surface.

Thermal stability analysis of embedded fibers

Thermogravimetric analysis was carried out to investigate the degradation of embedded hemp
fibers caused by a mortar matrix throughout 28 d curing, not including the part wetting/drying
cycles. This is because the embedded fibers due to the mineralized degradation, are stuck on

the cementitious matrix and are difficult to separate.

Fig. 3.5 shows TG and DTG plots for the investigated degradation of fiber components under
nitrogen atmospheres. TG Several distinct thermal degradations are observed on the DTG cures
of the fibers: (1) the slight peak between 100 and 180 °C represented a loss of free water and

combined water which comes from fibers structure and/or cement hydration products (C-S-H
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and ettringite). (2) a sharp peak was observed between 250 and 370 °C which corresponds to
the degradation of hemicellulose and lignin, followed by cellulose [137, 138]. (3) an evident
shoulder observed around 400-550 °C for the embedded fibers in the cementitious matrix might
be due to the decomposition of portlandite from the cement hydration products [139]. (4) Finally,
the peak of about 650 °C corresponds to the residue decomposition of calcium carbonate

residues on the extracted fiber surface.
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Fig. 3.5 Mass loss curves and DTG curves (b) of different treated fibers (R, Raw fibers; P, Pretreated
fibers; Z, ZrO,-modified fibers) before and after being subjected to different aging stages in cement
mortars: (a) 0 d, (b) 3d, (c) 7d, and (d) 28 d.
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Interestingly, before embedding, a small shoulder peak of the pre-treated fiber and the ZrO,-
modified fiber both occur at around 440 °C shown in Fig. 3.5a. This is because this peak is the
shoulder peak of cellulose degradation caused by the removal of the hemicellulose and
extractives and then the improvement of the cellulose crystallinity index. The behavior is
consistent with the DTG measurement of Almeida Melo Filho et al.[140]. In addition, the strong
narrow peak of the ZrO; modified fibers non-embedded in cement matrix around 180-210 °C
is observed. This is due to the removal of structural water molecules existing on the zirconia,

corresponding to M-OH bonding [141, 142].

Based on the literature [127], a slightly small peak between 220 and 300 °C, which is associated
with the degradation of hemicellulose, is observed in the DTG curves although the peak is not
evident. It can also be seen from TG curves that pre-treated fibers have low mass loss no matter
if embedded in the cement matrix. It is well known that the semi-crystalline cellulose
components have better thermal stability than amorphous hemicellulose. After raw hemp fibers
are alkali extracted, the semi-crystalline cellulose amount achieves a higher percentage of total
components. Therefore, the pretreated step before fiber modification is quite necessary to
improve thermal stability. More importantly, the embedded raw fibers have the highest rate of
cellulose degradation at 3 and 7 days of aging but aging to 28 days the embedded ZrO;-modified
fibers present the highest degradation rate. This indicates that the ZrO» modification delays its
cellulose decomposition which implies the ZrO»-modified fiber has better alkali resistance

when subjected to the cementitious environment.

Table 3.2 DTG peaks the temperature of cellulose of non-embedded/embedded hemp fibers under

different curing stages.

DTG peak temperature (°C)

Before 3 days 7 days 28 days
Raw 332 326 324 320
Pre-treated 336 328 328 316
ZrO,-modified 338 332 332 330

Table 3.2 presents the change in thermal temperature representing the maximum rate of cellulose
decomposition under different treatments and curing ages. After the initial 3 days of embedding

in the cementitious matrix, the major shift to lower temperature of the DTG peaks occurred in
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both raw and pre-treated fibers and a small shift for the ZrO>-modified fibers. This indicates
that cellulose is prone to undergo major degradation without the thermal insulation protection
of ZrO; film. Subsequently, a considerable reduction in the DTG peak temperature of the pre-
treated fibers at 28 days of embedded in the cement mortars. However, for the ZrO> modified
fibers, the DTG peak at 7 days curing appears to keep the same level as the 3 days curing and
then slightly shift to a lower temperature at 28 days (330 °C). In general, a decrease in the peak
temperature of cellulose was obtained for raw (3.6%), pre-treated (6.0%), and ZrOz-modified
fibers (2.3%) during the 28 days of curing. This small peak shift suggests the ZrO- film acts as
a thermal insulator protection to mitigate or even avoid the rapid degradation of cellulose. Also,
the lower peak of DTG presented in the pre-treated fibers can be explained by the fact that
cellulosic microfibrils’ direct exposure to the cementitious alkali environment after the removal
of extractives and hemicellulose, leading to the easy mineralization of surface microfibrils and

then the decrease in the crystallinity degree of cellulose [127].

Hydration products analysis on the embedded fiber surface

To better understand the underlying effect of different treated fiber surfaces on cement
hydration products, and assess their alkaline resistance, EDS analyses were conducted on the
surface of embedded fibers to investigate any changes in the chemical composition before and

after the wetting-drying cycling.

The effective element ratios of the materials were determined by two lines in Fig. 3.6a, Fig. 3.7a,
Fig. 3.8a, Fig. 3.10a, and Fig. 3.11a. Results indicate that the dominant phases present on all fiber
surfaces are typical of cement hydration products: CH, C-S-H, and AFm/AFt phase. The Al/Si
ratio of C-S-H was determined by the slope of a dash-dot line, which is drawn through the
points with the lowest Al/Ca ratio and represents mixed analyses of portlandite and C-S-H
without AFm or ettringite. The solid line was drawn from the AFm element point (0, 0.5) and
through the upper bound of the distribution of the Al/Ca atomic ratio. The range of Ca/Si ratios
of C-S-H was roughly represented by the interior zone with dense bulk data points along the
two lines. The discrete points with much lower Si/Ca ratio or higher Al/Ca ratio are due to
deviations of EDS spectra caused by the pores, or thin C-S-H which is not sufficiently thick to

minimize the contribution of adjacent phases [143].
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From the below EDS, the Si/Ca in C-S-H was determined to be 0.56 + 0.03 both before and
after wetting-drying cycling. The determined ratio decreases within the range of previously
reported data [144]. Richardson investigated that some Al*> was substituted for Si** in the C-S-
H. In addition, according to the following linear relationship formula developed by Richardson
and Groves [145], a theoretical Al/Ca trace composition was estimated to be in the range from

0.04-0.06 based on the Si/Ca found in this work:

5= 0.444 42252, 3.1
C Ca

a

where R is mainly Al (as Fe is presented in minor amounts)

Bonen and Diamond [146] observed that the mean Al/Ca and S/Ca ratios were in the range from
0.034-0.066 and 0.037-0.06, respectively, and in C-S-H with Si/Ca approximately 0.43-0.48.
Therefore, in this study, before wetting-drying cycling, Al/Ca and S/Ca were determined to be
C-S-(A)-H phase and other phases like ettringite or monosulfate in the cement hydration

products.
» Prior to wetting/drying cycles

As seen in Fig. 3.6a, the Al/Ca and Si/Ca ratios of the hydration products precipitated on the
ZrOz-modified fiber surface are higher than the remaining two fibers after 3 days of curing.
This appears to indicate that higher levels of the AFm/AFt phase and lower levels of portlandite
are attached to the embedded fiber surface under the ZrO> modification. The calculated Ca/Si
and Al/Si ratios of C-S-H on the ZrO;-modified fiber surface are 2.65 + 0.32 and 0.16,
respectively, and the mean value of Ca/(Si+Al) is 2.28. Meanwhile, among the three treated
fibers, the ZrO; treatment increased the relative amount of C-S-H phase precipitated on the
fiber surfaces, as indicated by a relatively higher Si/Ca ratio. As for Fig. 3.6b, it appears that the
major pots were concerned below the line of CH + ettringite mightily since the sulfate is loosely
absorbed within the C-S-H. Furthermore, a relatively higher amount of CH appears on the
embedded raw fiber and pre-treated fiber surface. This implies that these two embedded fibers
are more easily attacked by the alkaline ions or mineralized by the portlandite from cement

hydration products.
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Fig. 3.6 Average Al/Ca versus Si/Ca molar ratios (a) and average Al/Ca versus S/Ca ratios (b) after 3

d curing, respectively.

Based on the observation of Fig. 3.7a, there is no distinct difference in the Al/Ca and Si/Ca
ratios for each type of fiber surface, only a slightly lower level of Al/Ca ratio in the embedded
pre-treated fiber surface at 7 days of curing. The calculated Ca/Si and Al/Si ratios of C-S-H in
all fiber surfaces are 3.17 + 0.47 and 0.17, respectively. That means that the value of Ca/(Si+Al)
is 2.71, which increases from 2.28 at 3 days due to the development of cement hydration. In
addition, ettringite intermixed with more portlandite precipitated on the pre-treated fiber surface,

as indicated by the relatively lower Al/Ca and S/Ca ratios in Fig. 3.7b.

(a) (b)
0.6 0.5
= Embedded raw fibers =  Embedded raw fibers
AFm @ Embedded pre-treated fibers ©  Embedded pre-treated fibers
0.5+ v Embedded ZrO,-modified fibers 0.4 v Embedded ZrO,-modified fibers|
g —_ A CH-+Monosulfate
) =X /" |——- CH+Ettringite
=T e N e
=
= 03
= =]
: E
< —
] : < 021
= il [®
< T =
T R AlSIR0.1T < 0.1
- Jen
0.0 T T T T T 0.0 (LA
0.0 0.2 0.4 0.6 0.8 1.0 1.2 ’ ' ! ' !
0.0 0.1 0.2 0.3 0.4 0.5

ECratOl AT L) $/Ca ratio (at. %)

Fig. 3.7 Average Al/Ca versus Si/Ca molar ratios (a) and Average Al/Ca versus S/Ca ratios (b) after 7

d curing, respectively.
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As seen in Fig. 3.8a, the range of Si/Ca ratio of C-S-H on the fiber surfaces at 28 d is similar to
that at 7 days of curing, but the Al/Si ratio was increased up to 0.22. The calculated mean value
of Ca/(Si+Al) is 2.60. That means, more SiO4 tetrahedrons of C-S(A)-H was replaced by A104
tetrahedroa as the cement hydration developed. Besides, the S/Ca ratio range at 28 d is slightly
higher than that at 7 days as illustrated in Fig. 3.8b. It is possibly related to the release of sulfate-

containing liquid absorbed from the cement matrix, in the cavity of the embedded hemp fibers.
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Fig. 3.8 Average Al/Ca versus Si/Ca molar ratios (a) and Average Al/Ca versus S/Ca (b) after 28 d

curing, respectively.

Fig. 3.9 illustrates the alkali content on the different treated fiber surfaces embedded in the
cementitious matrix. The results obtained show that the major portion of Si/Ca ratio data focuses
on below the value 0.5 and all K/Ca ratios are lower than 0.6 in both 7 d and 28 d of curing. As
seen in Fig. 3.9a, all ZrO>-modified fiber data fell on or around the K/Ca Y-axis with the lowest
Si/Ca ratio while most pretreated fiber data distributed on the Si/Ca X-axis with a relatively
higher Si/Ca ratio. This was probably related to the ion exchange due to the ionic species like
ZrO*" or Zr*" existing in an alkali environment [147, 148]. As also explained in Ref. [98] and
Ref. [149], the alkali ions can be absorbed by the C-S-H gel. Thus, the C-S-H phase precipitated
on the surface of the ZrO>-modified fiber mainly exists in the formation of non-expansive C-
K-S-H. At 28 d of curing, there was little difference in the Si/Ca ratio among the three fibers,
but the K/Ca ratio in the raw fiber and pre-treated fiber almost fell to zero (Fig. 3.9b). The reason
for this phenomenon possibly is that the fiber surface without the barrier of ZrO; film is prone
to absorb the K ions into the fiber lumen, especially for the pre-treated fibers, resulting in the

K element not being detected by the EDS technique.
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Fig. 3.9 Average K/Ca versus Si/Ca molar ratios after 7 d curing (a) and 28 d curing (b).

To summarize, during 28 d, the mineralization of the embedded pre-treated fiber is more serious
compared to the other two embedded fibers. The hydration products precipitated on the pre-
treated fiber surface are mainly portlandite intermixed with ettringite with increasing curing
time. Whereas the hydration products on the surface of ZrOz-modified fiber are mainly C-S-H

phases, which exist in the form of non-expansive C-K-S-H.

» After wetting/drying cycles

After 3 wetting-drying cycles, the embedded ZrO.-modified fiber surface showed a
significantly superior Al/Ca ratio and Si/Ca ratio (Fig. 3.10a), and a lower S/Ca ratio (Fig. 3.10b)
compared to the other two fiber cases. This indicates that after ZrO» modification the production
deposited on the embedded fiber surface mainly exists in the form of the alumina-rich phase
(e.g., mono sulfate). In general, the calculated Ca/Si ratio and Al/Si ratio of C-S-H on the fiber
surfaces are 1.95+ 0.22 and 0.11, respectively, and the mean value of Ca/(Si+Al) is 1.76, which
notably decreased compared to those values before cycling. This could be possibly related to
the transverting of more Ca sources into portlandite and calcite due to the curing under harsh

environments (high temperature and cold water)
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Fig. 3.10 Average Al/Ca versus Si/Ca molar ratios (a) and Average Al/Ca versus S/Ca (b) after 3

cycles, respectively.
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Fig. 3.11 Average Al/Ca versus Si/Ca molar ratios (a) and Average Al/Ca versus S/Ca (b) after 5

cycles, respectively.

Up to 5 cycles, it can be seen in Fig. 3.11 that the data of the embedded raw fibers are in the
highest zone regarding both the Al/Ca ratio and S/Ca but the relatively lower Si/Ca ratio. This
phenomenon implies that more ettringite and C-S(A)-H phases in which the SiO4 tetrahedrons
of C-S(A)-H were replaced by AlO4" tetrahedrons, precipitated on the raw fiber surfaces.
Compared to the raw fibers, both the pretreated fibers and ZrO;-modified fibers have a
relatively higher Si/Ca ratio as illustrated in Fig. 3.11a. This indicates that the SiO4 tetrahedrons
of C-S-H were little or even not substituted by AlO4" tetrahedrons for both fiber surfaces. In
addition, the lowest Al/Ca ratio and S/Ca ratio in Fig. 3.11b indicates that more amount of
portlandite or calcite and C-S-H phases exist on the pre-treated fiber surfaces. The phenomenon

that increased the Al/Ca ratio and S/Ca ratio after ZrO> modification compared to the pre-treated

52



fibers probably could be less amount of Ca existing on the phases on the fiber surfaces due to

the alkali resistance of ZrOs.

As aresult, during wetting-drying cycles, the more ettringite and amorphous C-S(A)-H phases
precipitated on the embedded raw fiber. Moreover, many SiO4 tetrahedrons in C-S-H are
substituted by AlO4" tetrahedrons. However, the pre-treated fibers still retain a significant
amount of portlandite or calcite, along with partial C-S-H phases on their surface. In the case
of ZrO»-modified fibers, after the initial 3 cycles, predominant alumina-rich phases like
monosulfate exist on their surface. Subsequently, as the wetting/drying continues, the less-Ca-
contained phases precipitate on the fiber surface compared to the other embedded fibers. The

resistance to alkali ions is attributed to the presence of the ZrO; film.

3.3.3 Effect of ZrO: modification on the durability of the composites
Mechanical Strength of the Composites

The mechanical strengths of HFRCCs are the most important criterion to assess the durability
of the composites. Therefore, the compressive strength and flexural strength of the mortar
composites reinforced with different treated fibers, after various curing days and wetting-drying

cycles were investigated and the results were illustrated in Fig. 3.12.
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N

Compressive strength (MPa)
Flexural strength (MPa)

3d 7d 28d 3c 7d 28d 3¢
Curing time Curing time

Fig. 3.12 Compressive strength (a) and flexural strength (b) of the mortar composites reinforced with
hemp fibers (Table 3.1).
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It was seen that the compressive strength (Fig. 3.12a) and flexural strength (Fig. 3.12b) increase
with increasing curing time before the wetting-drying cycle. In addition, it is worth mentioning
that the mortar composites reinforced with the fibers that underwent the pretreatment process
(pretreated fibers and ZrO;-modified fibers) have a somewhat higher flexural strength and
compressive strength than the composites reinforced with raw fiber. This is possibly related to
the difference in fiber stiffness with or without the pretreatment. The pretreatment can improve
fiber flexibility, thus benefiting the flexural strength increase of the composites [150].
Meanwhile, this can result in more readily mechanical interlocking between the fiber and the
matrix due to the rougher surface, leading to sufficient compaction at high loading [118, 151].
Further, the mortars reinforced with ZrO»-modified fibers retain significantly higher mechanical
strengths compared to those mortars reinforced with raw fiber or pre-treated fibers. That means
ZrOz-modified fibers can effectively improve the durability of their cement-based composites.
This could be related to the compatibility between the fiber and the cement matrix, which will
be discussed in the following section. As seen in Fig. 3.12a, the compressive strengths of C-R
and C-P increased within the 28-d normal curing, followed by a considerable decrease during
the wetting-drying cycles, a 16.3 % decrease for C-R and a 27.8 % decrease for C-P, respectively.
However, for C-Z, the compressive strength continuously increased to 62.1 MPa until the third
wetting-drying cycle and then only slightly reduced at the fifth cycle. It can be explained that
the ZrO2-modified fibers embedded into the cement matrix can provide an alkali-resistance film
from the attack from the alkali cement hydration products as explained above. In terms of
flexural strength shown in Fig. 3.12b, a similar trend, an increase within 28-d curing but a
decrease in the period of the wetting-drying cycles, is observed for all the investigated
composites. However, the degree of the trend is different, which is associated with fiber
treatments. C-Z has an obvious increase in flexural strength within the initial 28-d curing and a
slower reduction in the period of accelerated aging compared to C-R and C-P. By contrast, a
sharp decrease in the initial three wetting-drying cycles was observed for C-P, which is
attributed to the mineralization of the embedded pre-treated fibers, which has been explained
in the section on thermal stability. Similar results are also reported in the literature [127].
Therefore, the ZrO, modification would be a quite potential approach to improve the durability

of the NFRCCs.
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Compatibility Analysis of the Composites

The interface property between fiber and cementitious matrix can directly influence the
durability and mechanical strength of HFRCCs. Thus, in this work, it is necessary to evaluate
the effect of ZrO, modification on the compatibility between the fibers and the cement matrix.

The cross-compatibility index (CX) has been described in Chapter 2.3.

Table 3.3 presents the level of compatibility of the HFRCCs with different fibers (raw fiber, pre-
treated fibers, and ZrO>-modified fibers). According to the literature [88], three compatibility
levels are divided: incompatibility level when the CX value is <40, moderate compatibility level
when the CX value is between 40 and 80, and compatibility level when the CX value is> 80. It
was seen that all HFRCCs have high compatibility index values, which exceed 90%. This can
be attributed to the fact that hemp fibers have a relatively small amount of non-cellulosic
substances (i.e. pectin, wax, and lignin) in comparison with other biomass fibers [89], which
means less inhibition of the cement hydration. In comparison with C-R, both C-P and C-Z have
relatively higher compatibility levels, which could be related to the removal of some extractives
and sugars. Furthermore, for the case of C-Z with the highest compatibility level, there are
several possible reasons associated with the synthesized ZrO> deposited on the fiber surface.
Firstly, the ZrO» has a certain catalyze capacity which might accelerate the cement hydration
reaction [136]; secondly, the fiber surface after ZrO> modification becomes quite rough (Fig.
3.4), which could benefit the mechanical interlocking of the interface in the composites [152]
and increase the compatibility. Finally, the retardation effect on cement hydration reaction
might be mitigated by the synthesized ZrO» layer that could prevent the fiber sugars components
from directly contacting the cement matrix. Hence, the main conclusion is that ZrO»

modification can benefit the compatibility increase between the fiber and cement matrix.

Table 3.3 The cross-compatibility indexes of hemp fiber-reinforced cement composites (see Table 3.1).

Hemp fiber-reinforced cement composites

C-R C-P C-Z

Cross compatibility indexes

o, 0, 0,
(€X) 90.1% 94.2% 99.8%
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3.3.4 Alkali resistance behaviors of ZrO:: alkali hydrolysis and mineralization

To compare the alkali resistance behaviors (alkaline hydrolysis and mineralization) of different
treated fibers particularly ZrO>-modified fibers, the strength stability of the fibers immersed in
different alkaline mediums was studied. The following results will describe the peak tensile
strength of different treated fibers immersed in different liquid environments (Water, NaOH
solution, and saturation Ca(OH) solution) as a function of the days. In this research, the pH
value ( pH =~ 12.5) in the NaOH solution was kept the same value as that in the saturation
Ca(OH): solution to compare the alkali hydrolysis of the fibers (from attacking of hydroxide
ions) [29] with the fiber mineralization caused by Ca(OH), [153]. Besides, to minimize the
influence of the water content of fibers on their tensile strength, the investigated fibers should
be dried at 60 °C before the test every time according to the literature [154]. Three different
treated long fibers were used as investigated objects: raw fibers, pretreated fibers, and ZrO»-
modified fibers.

Fig. 3.13 shows the tensile strength of different treated fibers under various conditions. Before
fogging, an increase in the peak tensile strength after the pretreatment (acetone treatment and
alkali treatment) compared to that of raw fibers (126.9 + 4.3 MPa). This was because the
pretreatment process makes the fiber more flexible and softer by removing some non-cellulosic
compounds. This result was also consistent with the literature [155, 156]. However, a slight
reduction (5%) in the tensile strength after the ZrO, modification in comparison with that of
pre-treated fibers. It is reasonably assumed that ZrO, particles attached to the fiber surface
would restrict the movement of microfibril when the fiber is tensile, which is also confirmed

by the SEM observation. Similar results are found in Ref [157].

As expected, only a small decrease in tensile strength as the increase of the days was observed
for the ZrO>-modified fibers regardless of immersion in any medium. In the water fogging
environment depicted in Fig. 3.13a, the gradual decrease in the tensile peak of three different
treated fibers may be related to microbiological action [158]. Meanwhile, the decreasing trend
in ZrOz2-modified fibers is no remark compared to the other two fibers, which is attributed to

the antibacterial property of synthesized ZrO> [159].
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Fig. 3.13 Comparison of the peak tensile strength of untreated and treated hemp fibers (raw, pre-
treated, and ZrO»-treated) before (0 days) and after being immersed in the water (a), NaOH solution
(b), and saturation Ca(OH), (c) and for 12, 30 and 90 days.

As seen in Fig. 3.13b and Table 3.4, the pre-treated fibers experienced the most serious
deterioration in the sodium hydroxide solution and decreased down to 76.8% of their initial
strength after 90 days, whereas the fibers after ZrO, modification had the slowest drop in tensile
strength (27.3%). Interestingly, it was observed that the peak tensile strength of raw fibers seems
to be increased at the initial 3 days of storing in the alkali mediums. The reason is due to the
removal of non-cellulosic substances from the fiber surface, which has already been mentioned
above. In the case of the saturation calcium hydroxide environment (Fig. 3.13¢), the fiber
degradation suffers more severely than that in the sodium hydroxide solution, reflected by the
data of tensile strength downtrend. It is well-known that saturation Ca(OH); additionally leads

to fiber mineralization [160] except for the alkali hydrolysis, thus providing a more aggressive



environment for the fiber. In comparison between the NaOH solution medium and saturation
Ca(OH)2 medium, it was seen that the decrease in tensile strength caused by only the
mineralization was not considerable compared to the alkali hydrolysis. In addition, it was
observed that after 90 days raw and pre-treated fibers retained, respectively, 70.2% and 87.6%
of their original strength which have been lost completely after 200 days. The flexibility of the
air-dried fibers could be pulled apart fairly easily by finger force. For the ZrO>-modified fibers,
the loss of the original tensile strength of fibers was relatively less (retaining 65.1%). Therefore,
ZrO; modification not only could provide better alkali resistance behaviors (alkaline hydrolysis

and mineralization).

Table 3.4 Strength loss of different treated fibers suffering in various alkali mediums after 90 d.

Water NaOH Ca(OH);
Raw 30.0 553 70.2
Strength loss Pre-treated 48.7 76.8 87.6
(%)
ZrO; modified 15.6 273 349

3.4 Discussion

Durability tests on ZrO2 modified fiber reinforced cement composites under accelerated aging
conditions are an innovative measurement previously not focused on in the literature.
Mechanical strength tests of the composites reinforced with different treated fibers (C-R, C-P,
and C-Z) were conducted to evaluate their durability comparison. The mechanical strength
behaviors of the composites can be well supported by the alkali resistance performances of
embedded fibers and their compatibility with the cement matrix. In addition, the tensile strength
measurement of different treated fibers (raw, pretreated, and ZrO>-modified) in various
controlled alkali solutions was carried out to compare alkali resistance behaviors: hydrolysis
and mineralization. The results revealed the higher strengths of C-Z compared to C-R and C-P.
It is caused by the presence of ZrO2 which not only can prevent the degradation of fibers but
also improve the compatibility between the fiber and the cement matrix. On the pre-treated fiber
surface, according to EDS data, much portlandite and ettringite were observed which are prone
to mineralization fibers, while the C-S-H phase is the main product precipitated on the ZrO»-
modified fiber which facilitates the interface adhesion (Fig. 3.14). Furthermore, the ZrO,
modification exhibits greater resistance to the degradation caused by the alkali hydrolysis

compared to the fiber mineralization.
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Fig. 3.14 The schematic of cement hydration products precipitated on the surfaces of unmodified and
modified fibers.

The analyzed literature did not conduct the durability test on ZrO,-modified reinforced cement
composites under accelerated aging conditions. Boulos et al. [136] tested the mechanical
strength of the composites reinforced with different treated fabrics within 90 days under normal
conditions. The strength results of ZrO»-treated fabric-reinforced cement composites were
higher than untreated and pre-treated specimens. Nevertheless, the literature confirmed the

alkali resistance effect of ZrO»-treated fabrics and good interfacial adhesion to the matrix.

The literature [127, 136] demonstrated that the use of ZrO> can effectively reduce the
degradation of natural fibers in cementitious materials by its resistance behaviours. However,
without comparing the resistance of ZrO> to alkali hydrolysis and mineralization, it is difficult

to fundamentally explain the alkali resistance behaviours in the cement matrix.

In some literature [158, 161, 162], the comparison of alkali hydrolysis resistance and the
mineralization resistance of natural fibers was determined based on their strength loss
immersing into the NaOH and Ca(OH): solutions, respectively. The results show the strength
loss of fibers in the Ca(OH): solution is more severe than that in the NaOH solution. This is
mainly attributed to the crystallization of lime in the fiber lumen, voids, and walls in addition
to alkaline hydrolysis. As expected, the above deliberations prove the alkaline resistance
comparisons of the unmodified fibers in this study (Table 3.4). However, there is no statement
about the alkaline resistance comparisons of the ZrO»-modified fibers. In light of this, the tensile
strength measurement of the ZrO2-modified fibers after immersing in various alkali mediums,

was carried out in this work. When the ZrO,-modified fibers suffered in the NaOH solution, the

59



OH- attack from the solution was effectively inhibited by forming a stable hydrated layer on the
fiber surface due to the presence of ZrO; [163]. On the other hand, when exposed to Ca(OH)
solution, the strength loss of three fibers only caused by the mineralization was smaller than
that caused by the alkali hydrolysis. This is because the fiber mineralization resulted from only
Ca(OH): here, rather than the complex cement hydration products (Ca(OH)., ettringite, and
monosulfate) [160]. It is worth noting that only considering the strength loss caused by the
mineralization, the degradation of ZrO;-modified fibers is smaller compared to those of the
other two treated fibers. This could be related to the formed ZrO» hydrated layer with selective
permeability which is a certain resistance to the migration of (OH-, Ca?*, and Ca(OH),) to the
inner structure of the fibers, meaning the mitigated degradation process. Therefore, ZrO»
modification not only could provide better resistance to alkali hydrolysis of fibers but also a

certain extent alleviate the fiber mineralization.

In this study, an innovative fogging setup is designed to compare the alkali resistance behaviors
mentioned above. If the modified/coated fibers were long-term immersed in the solutions, the
modified/coated layer would be prone to be detached, affecting the experimental accuracy.
Therefore, the common experimental setup (directly immersed fibers into various alkali
solutions) used in the literature [158, 161, 162], is not suitable for modified/coated fibers. On
the other hand, the fogging solution in the setup of this work avoids the problem of the peel-off

of modified/coated layers from the fiber surfaces.

To sum up, ZrO>-modified fibers reinforced cement composites, even under accelerated aging
conditions, could efficiently improve durability due to their high alkali resistance performances
and good interfacial adhesion to cement matrix. The use of NFRCCs is a good alternative to the
high-carbon footprint production of traditional mortar/concrete materials, offering
environmental and economic advantages. The results of this study can accelerate the practical

application of NFRCCs, in particular in outdoor environments.
In this study, the feasibility of using ZrO, modification to enhance the durability of the

composites under wetting-drying cycles was proven. However, the correlation between this

accelerating aging and practical weather environment requires further study.
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3.5 Conclusion

This work aimed to investigate the durability of hemp fiber (raw, pretreated, and ZrO2-modified)
reinforced cement composites under accelerating aging conditions. Relevant mechanical
properties and micro-analyses of the composites were deeply investigated. The following

findings are drawn.

(1) The pretreatment resulted in the decoloration of hemp fibers from dark brown to yellow
mainly due to the removal of the non-cellulosic substances. Further, the modified fibers
presented a white-yellow color and rough surface, which is related to the ZrO: film owing to

the existing ZrO; film.

(2) The pretreatment and ZrO> modification of the fibers promoted their thermal stability,
because of improved cellulose crystallinity index after hemicellulose and partial cellulose

amorphous area removal, and the presence of insulator ZrO film.

(3) During the normal curing period, the mineralization of the pre-treated fibers embedded in
cement suffers the most severely evidenced by the much portlandite and ettringite precipitated
on their surfaces. Whereas the C-S-H phases are the main products precipitated on the ZrO,-

modified fiber.

(4) Compared to the other two untreated and pretreated-fiber reinforced cement composites,
ZrO>-modified fiber-reinforced cement composites under accelerated aging conditions still
maintain the highest mechanical strength. Cross-compatibility index calculations have proven
that the compatibility level is better for the mortars containing ZrO,-modified fibers which

support higher mechanical properties when hemp fibers are within the cement.

(5) The alkali resistance test has demonstrated that alkali hydrolysis results in more significant
degradation of fibers compared to mineralization. Importantly, the ZrO» modification exhibits

excellent alkali resistance, regardless of both hydrolysis and mineralization.
It is necessary to highlight that the ZrO» modification can effectively improve the durability of
hemp fiber-reinforced cement composites even though the composites are cured under harsh

environmental conditions and the related alkali resistance mechanism of ZrO, in the NFRCCs
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is revealed. We believe that these findings will help guide the practical application of NFRCCs.
Nevertheless, it has to be mentioned that the current study still has some limitations the
composites in this study have not yet been conducted into a practical application to test and
related application cost lacks calculation. Thus, in future research, it is necessary to investigate
the feasibility of the practical application of ZrO>-modified hemp fiber-reinforced cement
composites and expand the range of target natural fibers to increase the widespread application

of the composites.
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CHAPTER 4 -

4. Durability assessment of alkyl ketene dimer hydrophobic

treatment of bio-based thermal insulation materials

Based on this paper:
H. Song, K. Hon, F. Gauvin, S. Pantaleo, F. Berger, W. Chen, and H.J.H. Brouwers. Durability
assessment of alkyl ketene dimer hydrophobic treatment of bio-based thermal insulation

materials (Submitted).

4.1 Introduction

In the building field, thermal insulation plays a role in achieving good building energy
efficiency [164], by reducing heating and cooling loads under different climate zones. Current
commercial insulation materials are mainly non-renewable materials such as mineral wool,
polyurethane, polystyrene (expanded & extruded), aerogels, and other novel materials and
designs like aerogels, gas insulation panels, and vacuum insulation panels [165]. Although
exhibiting good thermal insulation capacity, these traditional materials still have different
disadvantages: high production cost for aerogels; environmental pollution for fossil fuel-based
materials, complex processing, and difficulty adjusted cutting for vacuum insulation panels and

the like [165-167].

In recent years, in the context of climate change and a series of low-carbon policies announced

[168], researchers in both academia and industry have been motivated to develop sustainable
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insulation materials of biomass origin [169-171]. Bio-based materials are not only cost-
effective and environment-friendly but also exhibit comparable hygroscopic, acoustic, and
thermal insulation properties with commercial insulation materials. Panyakaew et al. [172]
designed a new thermal insulation board using coconut husk and bagasse. The results showed
that the bio-based composite board can meet the requirements of insulation fireboards except
for swelling thickness. Kumfu et al. [173] evaluated the thermal properties of the insulation
board compositing pineapple lead fiber and natural rubber latex. It was found that the thermal
conductivity of this insulation board was 0.057 W/m*K with a low density of 338 kg/m®. These
studies confirm that bio-based composites have huge potential for insulation layer application.

Grass is a fast and easy-growing plant. There are large amounts of tonnes of grass mowed in
the world per year. As reported by the water board [174], about 800 tonnes of grass is mowed
annually in the Netherlands. Part can be used for composting, but large amounts of grass
residues are still left, become biomass waste, and are stacked in the open air, which occupies a
lot of land resources. Several studies [175-177] have explored the potential of manufacturing
grass fibers into composites for thermal insulation. However, it has been observed that grass

fibers experience significant deterioration under high humidity conditions [175].

Mycelium composites are comprised of organic fiber wastes through mycelium binding [178].
A lot of literature [178-180] has reported that mycelium composites can be exploited as
insulation materials given that they feature excellent thermal performance, low density,
biodegradability, low-carbon footprint, and low cost [181]. Appels et al. [182] manufactured
the mycelium composites with different substrates: straw, sawdust, and cotton, and found that
the mycelium composites are feasible as foam-like and natural materials in terms of density and
elastic modulus. Besides, mycelium composites with multiscale hierarchical porous structures,
constructed by randomly disordered poplar and birch sawdust, were found that lower thermal
conductivity and high mechanical properties [183]. Yet, the critical disadvantage of high
susceptibility to mould growth hinders the practical application in some structural materials

such as panelling, flooring, and furniture [184].
According to the analysis of some researchers [175, 185-187], the above two bio-based

insulation composites, due to their hydrophilic nature and high moisture absorption capacity,

may feature poor thermal insulation properties and high mould growth risk. To address this,
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various hydrophobic modification treatments have been undertaken to alter the moisture
absorption characteristic of bio-based composites. For example, Lozhechnikova et al. [188]
used carbauba wax particles to physically coat the wooden board toward energy efficiency. The
results showed that the wax coating can effectively improve the hydrophobicity of the board
surface. Kumar et al. [165] investigated the hydrophobic modification on the wood fibrous
insulator surface using octadecyltrichlorosilane (OTS). They found that the modified wood
fibers have higher resistance to fungi growth and condensate adsorption. These treatments
achieve different levels of the hydrophobic effect, but they simultaneously bring some
disadvantages: nonuniform coating, poor durability of the hydrophobic modification effect, and
expensive modified agents. Thus, looking for a cost-effective hydrophobic modification agent
is urgent for improving thermal insulation properties and mould resistance capacity to

accelerate grass and mycelium composites in practical applications.

In Chapter 2, alkyl ketene dimer (AKD) has successfully been used to modify hemp fibers,
demonstrating an excellent hydrophobic effect. To our knowledge, this AKD hydrophobic
treatment has not yet been used in bio-based thermal insulation materials (grass and mycelium
composites) in the building field. Furthermore, the effects of this hydrophobic treatment on the
hygrothermal properties and mould growth resistance of both composites have not been

investigated.

Thus, the main purpose of this work is to address research gaps concerning the use of two
common bio-based composites, grass and mycelium composites, as thermal insulation materials.
For this purpose, we investigate the physicochemical properties, hygroscopic properties,
thermal performance, and mould growth resistance of applying AKD modification to enhance
their durability. A simulated building envelope is presented to assess durability by analyzing
the hygric properties and mould growth risk in different climates for years. The results found
in this study provide insights into effectively upgrading the durability of common grass and
mycelium composites through AKD maodification, resulting in accelerating their practical

application as thermal insulation materials.
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4.2 Experimental
4.2.1 Materials

In this work, mycelium and grass bio-based composites were supplied by Fairm (the
Netherlands) and Gramitherm (Belgium), respectively. The thickness in both mycelium and
grass composites was measured at 35 mm and 60 mm, respectively. The physical appearances
of both composites are characterized in Fig. 4.1. The mycelium composites mainly consist of
Dutch agricultural biomass including miscanthus, flax, and straw bounded together by the
fungal mycelium growth as the natural connector. For the grass composites, 72% grass fibers,
20% jute fibers from waste cocoa and coffee sacks, and partially waste polyester fibers are
bounded through air laying and thermal press processes. The commercial Alkyl Ketene Dimer
(AKD) emulsion was provided by Kemira ora (Finland).

(@) (b)

Fig. 4.1 Physical appearances of as-received mycelium composites (a) and as-received grass

composites (b).

4.2.2 Methodology and relevant characterizations

The durability of mycelium and grass composites under AKD hydrophobic modification was
evaluated. In particular, the basic physio-chemical properties, hygrothermal performances, and
mould growth risk of both composites are tested using the following methodology (Fig. 4.2).
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Fig. 4.2 Overview of this chapter.

Hydrophobic modification

Before the modification, mycelium composites (15 cm x10 cm x3.5 cm) and grass composites
(15 cm x10 cm x6 cm) underwent an oven-drying process at 60 °C for 8 h. Subsequently, the
dried composites were immersed in a 2.4% AKD emulsion for 12 h and token out. Following
this, they were positioned in a fume hood to facilitate the evaporation of excess water before
being transferred to an oven set at 105 °C for 6 h to promote the reaction between the fibers and
AKD. Finally, the modified composites were cooled down to room temperature and seal-bagged

for end use.

Performance characterization

The optical microscope observation, SEM plus EDS, and FTIR measurements were conducted

according to the procedure described in Section 2.2.3.

Density and porosity

True density (pse) Measurements were conducted on a helium pycnometer (Micromeritics
AccuPyc 11 1340). Each composite was milled into the powder to break the existing pores/voids

and directly filled in a sample cell (10 cm® volume size). The bulk density (ppy) Of each
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composite was directly calculated according to the shape volume. The total porosity (@¢o¢q:) Of

the composites was calculated with:

Pbulk
Ootar =1 — = , “1)
ptrue

where pp.x 1S bulk density in dry conditions and p;,,. is true density in dry conditions.

Water absorption/wettability characterization

According to the literature, the water absorption capacity (WAC) of both as-received and
modified composites was tested through the weight difference between dry and saturation
humidity conditions. Specifically, the unmodified/modified composites were initially dried and
weighted (wg,-0q) before being saturated in water for 48 hours. After that, the composite
samples were taken out, lightly blotted with a cloth to remove extra surface water, and finally

weighted (wy,;). The water absorption capacity of the composites was calculated using:

w — Wgri
WAC = -S4t Tdried (4.2)
Waried

where wg,; is saturated weight, and w04 is dried weight.
The wettability of investigated composites was evaluated and compared using the sessile drop
method (Water contact angle measuring instrument, Dataphysics OCA30). The measurement

was performed with an accuracy of 0.1° reading.

Hygroscopic properties

Given the high porosity resulting from the cellulosic fibers, the sorption isotherms (adsorption
and desorption phases) of the bio-based composites are a very important characteristic and
necessary to be measured according to the method of gravimetric sorption technique [189].
Before the test, the bio-based composite samples were oven-dried at 60 °C for 24 h to obtain
their dry weight. The dried samples were placed into different sealed desiccators with constant
relative humidity RH which was controlled by various saturated salt solutions [190]. In this
work, the selected saturated salt types at 20 °C and their corresponding relative humidity were

as below:
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e Magnesium chloride hexahydrate (MgCl.+6H20): 33% RH.
e Sodium bromide (NaBr): 59% RH.

e Sodium chloride (NaCl): 75% RH.

e Potassium chloride (KCI): 85% RH.

e Potassium sulfate (K2S0O4): 98% RH

In terms of desorption, the same composites are switched from a high relative humidity chamber
to a lower chamber. When the mass difference in consecutive two measurements 24 h apart is
less than 0.1%, it was considered that the tested samples have reached the stable state.
Simultaneously, the vapor diffusion coefficient (cm?/S) of the composites is measured. In
addition, the water absorption saturation of the composites is measured by immersing them into
the water for 7 d, removing the surface water with a sponge, and weighing them.

The water vapor diffusion resistance factor u is tested using the wet/dry cup methods following
the standard EN-1SO 12572 [191]. The setup schematic is shown in Fig. 4.3.

(@) (b)

Bio-composites Bio-composites

. ol Cacl, L—_f\ Water

Fig. 4.3 Setup schematics of dry (a) and wet cup (b).

The anhydrous calcium chloride (CaClz) and water were used to prepare the dry cup and wet
cup, respectively. The bio-based composite edges are sealed with aluminum tapers to prevent
vapor from diffusing by the sample edges. The bio-based composites with a thickness D (m)
are attached to the cups with an exposed area A (m?). The test chamber environment was set at
20 °C and 60% RH. The entire cup containing samples was weighted until the calculated density

of water vapor transmission rate g (kg/m?-s) difference between two consecutive times (8 h
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apart) was less than 5%. This was assumed that the steady state was reached. The density of

water vapor transmission rate g is obtained according to:

Am (4.3)

in which Am is the mass changes of the entire cup; A is the exposed sample area and At is the

time interval for testing specimen weight.
Accordingly, the water vapor diffusion resistance factor u can be obtained using

_ AP * 84y (4.4)
u g+ D

in which AP (Pa) is the partial pressure difference of water vapor; &, (kg/m*s*Pa) is the water

vapor permeability of air.

Thermal properties

Thermal conductivity A [W/(m*k)] was measured using the transient line source method
equipped with a thermal needle probe (AP ISOMET heat transfer analyzer model 2104). The
measurement device has an accurate of 5%. Before the test, the samples were first oven-dried
at 50 °C for 24 h and then turned into a desiccator within silica gel. The purpose of this step is
to keep an almost 0% RH environment. In the next step, the dried samples were also in
controlled humidity chambers (50% and 80% RH) until their weight was unchanged. To avoid
the disturbance of exterior moisture on the A measurement, the tested samples were wrapped
with low-permeability film. During the measurement period, the exterior temperature is set as

20 °C. The values tested are the average of 5 trials.

Mould growth resistance

The hydrophobic modification on the mould growth resistance was assessed using the European
Assessment Document EAD 040005-00-1201 [192]. Specifically, the tested bio-based
composites were placed into desiccators filled with water to expose them to a higher humidity.

The specimens were inspected at 0, 30, and 60 days later. The mould growth on
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unmodified/modified bio-based composites was observed with the naked eye and using an

optical microscope (Zeiss) at different magnifications, following 1SO 846 [193].

Durability assessment of the composites

To evaluate the durability of the as-received/modified bio-based composites as the insulation
layer within cavity walls in realistic weather conditions, a heat and moisture transport software
WUFI Pro 6 with plug-in Bio component [194] was employed to simulate the hygrothermal
performance and mould growth risk of the composites in ten years. The analysis is focused on
the interfaced bio-based composite layers next to the exterior and interior sides. Within WUFI
Pro 6, the non-steady heat and moisture transport process can be calculated by following

coupled equations:

OHOT 0 [AGT 0 [6619] 45
T ot ox " dx Y ox lpox (45
and
wop _ 2 2w 9] | 0 [0.07]
Wap ar  ox [ow D dp ox t ax Lu axl’ (4.6)

respectively, inwhich H (J - m™3) is the enthalpy, L (W - m~1 - K~1) is the thermal conductivity,
T (°C) the temperature, h,, (J - kg~1) the evaporation enthalpy of water, p (Pa) the water vapor
partial pressure, p (dimensionless) the vapor diffusion resistance factor, p,, (kg-m™3) the
density of water, § (kg-m™1-s~1:Pa~1) the water vapor diffusion coefficient in air, D,,

(m? - s71) the liquid transport coefficient, and ¢ (dimensionless) the relative humidity RH.

The profiles of temperature (T) and relative humidity (RH) are set as the boundary conditions:

T(x=L0<t<10years)=20°C. 4.7

RH(x =L,0 <t <10 years) = [S013788 with humidity class 3 (1SO13788, 2012) . (4.8)
T(x =0,0 <t <10 years) = Climate profile . (4.9)
RH(x = 0,0 <t <10 years) = Climate profile . (4.10)

The design of the assembly wall was based on the most common solid brick cavity wall type.

Specifically, the masonry exterior walls |(2x110 mm) within filling the tested bio-based
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composites (60 mm) and air layer (40 mm), as illustrated in Fig. 4.4. To evaluate the durability
of the bio-based composite specimens confronting different climates, eight distinct climate
zones distributed in the world were selected as input for the hygrothermal modeling. Table 4.1
summarizes the annual weather conditions including temperature, humidity, wind speed, and
rainfall precipitation for all eight locations [195]. Climate Cfb is represented by Amsterdam
with a marine west coast climate, Climate Aw for Hainan with a tropical wet and dry or savanna
climate, Climate Dwb for Heilongjiang with a humid continental, severe dry winter, warm
summer climate, Climate Bsh for New South Wales with a subtropical steppe climate, Climate
Csa for Alger with Mediterranean, hot summer climate, Climate Bwh for Lima with a
subtropical desert climate, Climate Cfa for New York with a humid subtropical, no dry season
climate, and Climate Dfc for British Columbia with a subartic, severe winter, no dry season,
cool summer climate. The hygrothermal simulation runs for ten years and the data of the final
year is extracted for special analysis on hygric content on both interior and exterior surfaces of
bio-based composites using WUFI Pro 6. Moreover, according to the hygrothermal results, the

mould growth risk is assessed using WUFI Bio 4.0 plug-in component.

Bio-based composites
SR

Bricks
v

4

Selected
locations

Air cavity

Fig. 4.4 The designed assembly wall and its simulation application under selected locations under
distinct climate zones (X represents the monitoring point of the bio-based insulation composites
facing the interior side, and X. represents the monitoring point to the exterior side).
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Table 4.1 Summary of climate profile for simulated exterior weathers, sourcing from (Kdppen climate
classification description: A, tropical; B, arid; C, temperate; D, continental, a, Hot summer; b, Warm

summer; ¢, Cold summer; h, Hot; w, Dry winter; f, No dry season; s, Dry summer.).

Average -
Climate . Average Avere.lge Ave.rage annual Drl\fmg Co.u n.ter
. Altitude relative wind . rain radiation,
zone Location temperature e rainfall . .
(Képpen) (m) ©C) humidity speed precipitation. direction, sum
(%) (kmbh) ’ main (kWh.m?)
(mm)
cb Amsl‘j{dam’ None 1.7 79.5 20.9 99.1 SW 2754
Aw Hainan, CN 44 25.7 81.7 17.5 76.1 East 3566
Dwb He‘l"&%}‘ang’ 386 3.1 76.3 10.5 40.4 NE 2151.4
New South
Bsh Wales, AU 187 21.1 54.7 20.5 24.0 NW/SE 2696.6
Csa Alger, DZ 31 19.3 65.9 11.9 354 West 2895.7
Bwh Lima, PE 136 20.8 71.3 10.8 2.1 South 3163.3
Cfa Nev:fs{ork’ 13 133 723 12.7 80.0 NE 2642
British
Dfc Columbia, 1121 5.0 85.5 4.4 145.5 SE 2680.6
CA

4.3 Results and discussion

4.3.1 Physical-chemical properties and bio-hygrothermal performances of bio-based

insulation composites
Physical properties

The physical properties of bio-based composites, which are affected by the type of natural fibers,
chemical characteristics, and manufacturing processing, directly determine their insulation
performance. To understand the physical property variance, basic important properties such as
thermal conductivity, specific heat, bulk density, apparent density, and porosity of as-received
and modified bio-based composites are tested in Table 4.2. Although highly different, these
basic physical properties can meet the requirements of traditional insulation materials with
comparable thermal conductivity in the range of 0.03-0.06 W/m*K. Compared to the mycelium
composites, the grass composites have lower thermal conductivity, and higher porosity
regardless of the modification treatment. This indicates that grass composites possess better
insulation performance. Similarly, after the AKD modification, the general insulation

performance has improved in comparison with their as-received mycelium and grass,
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respectively. However, the porosity of modified composites gets slightly decreased because the
formation of AKD wax membrane can cover the voids of the fiber surface and pores between
the interwoven fibers [196]. Despite this, the AKD wax deposited on the fiber surfaces
potentially increased thermal insulation performance by increasing the thickness of average

fibers, which can be observed via optical microscope imaging (Fig. 4.5).

Table 4.2 The basic physical properties of the mycelium composites and grass composites before and
after the modification.

As-received Modified As-received grass ~ Modified grass
mycelium mycelium
Thermal
conductivity 0.0546 0.0518 0.0484 0.0456
[W/(m*K)]
Specific heat
capacity 1084 953 1686 1397
[V/(kg*K)]
Bulk density
[kg/m?] 174.3 178.1 93.5 100.2
True density 1187.7 1165.2 1192.0 1209.4
[kg/m”]
Porosity [%] 85.3% 84.7% 92.2% 91.7%

Therefore, the morphology of the composite is distinctively different before and after AKD
modification. In the case of as-received mycelium composites, the loose and fogging-white
mycelium ligaments were covered on the fiber surfaces. While the milky-white substances from
dried AKD wax and mycelium ligaments are observed on the surfaces of the modified
mycelium composites. In terms of the grass composites, the semi-transparent white wax was
coated on the fiber surface after the modification. Noticeably, the surface colour becomes
yellow after the AKD modification. This is related to the AKD dispersion solution. One of the
dispersions, cationic starch, gets yellow after the water molecules removal during the drying

process [197], thus resulting in composite yellowing.
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As-received Modified

B

Mycelium

Grass

Fig. 4.5 Morphologies of mycelium composites and grass composites before and after the AKD

maodification.

All these morphology observations suggest that the AKD was covered on the surfaces of fibers
within the bio-based composites. To better and deeply understand the chemical reaction
mechanism in the modifying process, we analyzed the variation of chemical function groups
and element ratio of the fiber surfaces in the following section.

Chemical analyses

The surface OH groups of cellulosic fiber are the dominant reason for the hydrophilicity of bio-
based composites. To alter the hydrophilic nature, hydrophobic groups are often introduced on
the fiber surfaces. Hence, in this study, the AKD with long-carbon chains (about 12-17 carbon)
are grafted on the OH groups of the fibers, as illustrated in Fig. 4.6a. The linkage reactions
between AKD and OH groups consist of two ways: hydrogen-bonded and covalently bonded
[198]. The FTIR spectra curves of as-received and modified composites in this study are
displayed in Fig. 4.6b and corresponding characteristic peaks are listed in Table 4.3. All
investigated composites have similar spectra curves because of similar studied bodies:
cellulosic fibers. For example, the cellulosic characteristic peaks at 2925 cm™, 2850 cm™ and
hemicellulose peak at 1728 cm™! are found in all spectra curves. However, the intensity of some
peaks is distinct. In the case of mycelium composites, The broad peat at about 3330 cm™'

represents the OH stretching: intermolecular hydrogen bonds and intramolecular hydrogen
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bonds [199]. After AKD modification, the peak in mycelium composites became flatter,
indicating that AKD molecules were primarily covalently bonded to the cellulose molecules.
This resulted in a reduction in the number of hydrogen bonds generated by both the cellulose
molecules themselves and their interaction with water molecules. In contrast, the peak in the
grass composites became thinner and steeper, implying that the combination between AKD
molecules and grass cellulose OH was mainly hydrogen bonded. Additionally, the intensities of
the peaks at 2920 cm™! and 2850 cm™, corresponding to C-H antisymmetric stretching and C-H
symmetric strength, increased in both modified composites due to the introduction of long-
chain alkyl groups. Furthermore, the presence of broken lactone ring peaks at 1703 cm™ in both
modified composites indicated that reactive AKD molecules were chemically grafted onto the
cellulosic molecules. However, the peak at 1845 cm™' suggests the presence of partially

unreacted AKD on the fiber surfaces.
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Fig. 4.6 Hydrophobic mechanism for bio-based composites humidity resistance: (a) molecular
grafting reaction of AKD on different composites cellulose. (b) the FTIR spectra of as-
received/modified bio-based composites. and (c) the C/O element ratio variation before and after the

maodification.
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In addition, the C/O element ratio on the fiber surfaces is an important parameter for identifying
surface group variation (Fig. 4.6). Before AKD modification, the C/O ratio was approximately
consistent with cellulose molecules: (CsH1206)n. However, after the modification, the C/O ratio
increased to approximately 2, indicating that more groups containing carbon were covered on

the fiber surfaces.

Table 4.3 FTIR peak assignments for as-received and modified bio-based composites.

Wavenumber

(cm) Assignment Component References
T Cellulose molecular/or
3300 O-H S;reéfg)'(”g ‘;'cﬁfa;'o” of  AKD-hydrogen-bondedto  [63, 196]
ydroxy group cellulose
2925 C-H asymmetric stretching cellulose and/or AKD [63]
from CHs molecular
2850 C-H stretching vibration from cellulose and/or AKD [86]
CH> molecular
: lactone ring of AKD
1845 Lactone ring (unreacted) [86]
_ . . Hemicellulose and/or
1728 C=0 stretching (unconjugated) AKD [63]
Broken lactone ring of
1703 [-ketone ester AKD (reacted) [86]
1465 C-H stretchlrg_\l/zlbratlon from AKD molecular [86]
720 C-H stretching vibration from AKD molecular [86]

CH2

Consequently, all these chemical analysis results suggest that AKD, with a hydrophobic role,
has been successfully grafted onto the bio-based composites. Therefore, in the following section,

the hydrophobic effect in both composites was investigated.

Hygroscopic properties

The hygroscopic property of bio-based composites plays a key role in the insulation materials.
Here, we studied some important hygroscopic properties, i.e., water vapor resistance factor p,
water absorption capacity, and water contact angle results of the bio-based composites. The

results are listed in Table 4.4 and Fig. 4.7. The p factor value of the mycelium composite is twice
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that of the grass composite regardless of under dry or wet cup conditions. This distinct p factor
between them is attributed to different apparent densities and thicknesses [200]. However, a
neglect influence of the AKD modification under the same condition was found for the p factor
of the composites. In terms of water absorption capacity, AKD modification reduces the
hydrophilic nature of the composites, which results in a close to a half-time reduction in water
absorption weight, and a more noticeable decrease was observed in the case of grass composites,
up to 50.1%. The reduced hydrophilic behavior is also further confirmed by the water contact
angle test through the sessile drop method and such relatively substantial alteration is observed

in grass composites.

(a) Mycelium comnosites

o 0 50 CA=108%1°

As-received Modified

(b) Grass composites

As-received Modified

Fig. 4.7 Sessile drop water contact angle images of (a) mycelium and (b) grass composites before and

after the AKD modification.
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Table 4.4 Hygroscopic properties of unmodified and modified bio-based insulation composites.

As-received Modified  As-received Modified
mycelium mycelium grass grass
Water « 5 "
Vapour Dry cup” condition 4.0 4.0 1.9 2.0
Resistance i
Factor “Wet cup” condition 31 3.3 1.4 15
Water absorption capacity
(WAC, %) 451 269 776 387
WAC decrement (%) 40.4 50.1
Water contact angle (°) 82+1 108 +1 455 115+2
(@) (b)
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Fig. 4.8 Absorption and desorption isotherm curves: plots of moisture content against relative

humidity of mycelium composite (a), modified mycelium composites (b), grass composites (c), and

modified grass composites (d).
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In addition, both as-received composites exhibited a typical sigmoidal profile and significant
hysteresis phenomenon between adsorption and desorption phases (Fig. 4.8a and c). These are
the common features of hygroscopic bio-based composite materials [201, 202]. Specifically,
as-received grass composites have a more distinct hysteresis phenomenon at around 75% RH
than their counterpart mycelium composites. The smaller pores within the grass composites
accelerate the moisture absorption kinetic and maintain the moisture content due to the capillary
force role [203]. This explanation is also confirmed by the morphology observation (see Fig.
4.5). However, after AKD modification, the non-typical sigmodal profiles, and low hysteresis
features are shown in two composites because of the hydrophilic alteration of the cellulosic
fibers and pores filled with AKD wax.

In summary, AKD modification comprehensively reduces the hygroscopic properties of bio-
based composites, especially grass composites. The reduced hygroscopic behavior will likely
affect the thermal conductivity [171] and mould growth [30, 204], so next, we investigate the
correlation between thermal conductivity and hygroscopic moisture (section 3.1.4), as well as
the association between the mould growth risk and hygroscopic moisture (section 3.1.5),

respectively.

Thermal properties

Thermal conductivity A, is the most direct reflection of thermal insulation materials. A study of
changes in the thermal conductivity for two composites before and after the modification at
various RH conditions (related to moisture content) is summarized (Fig. 4.9). These results
illustrate that the thermal conductivity increased with relative humidity, with a general linear
trend, which is in accordance with data in the literature [175, 201]. Meanwhile, the linear results
are as input for following hygrothermal modelling using WUFI software. In addition, the
thermal conductivity A at various RH was tested with the thermal needle probe under steady-
state conditions. The composites after AKD modification show an overall lower thermal
conductivity under different RH compared with their corresponding as-received ones. This
indicates that AKD introduction can improve the thermal insulation capacity of bio-based
composites by reducing hygroscopic moisture. Among all studied composites, modified grass
composites have the lowest value of thermal conductivity (47.9 mW - m~1 - K1), followed by
as-received grass composites (52.1 mW -m~1- K~1) and slightly higher value (56.3 mW -

m~1- K1) of modified mycelium composites, while as-received mycelium composites have
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the highest thermal conductivity, at the mean value of 61.9 mW -m~1- K1, According to
these comparative results, grass composites with lower thermal conductivity are recommended,
in particular with AKD-modified. Furthermore, these values of conductivity are lower than
those of reported other organic insulation materials such as about 105 mW -m~!- K~1 for

wood chip board and 70 mW - m~1 - K~ for wood wool board [205].
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Fig. 4.9 Thermal conductivity A VS relative humidity RH for mycelium composites (a): as-received
and modified, and grass composites (b): as-received and modified.

Mould growth risk

Another moisture-dependent mould growth risk is a key criterion for evaluating the durability
of bio-based composites. In this study, the tested bio-based composite samples are subjected to
high humidity conditions to inspect the mould growth for two months (60 days). Besides the
visual inspection, the mould indexes also called the VTT model based on laboratory studies
[206], were employed here to quantify the intensity of the mould growth. The photos and their
partially magnified microscope images at 0, 30, and 60 days are illustrated in Fig. 4.10, and
corresponding quantitative results are listed in Table 4.5.
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As-received Modified As-received Modified
mycelium mycelium grass grass

Day 0

Fig. 4.10 Mould resistance tests on the mycelium and grass composites (as received and modified).

Photos and magnificent optical micro photos are taken on day 60.

By the end of the initial 30 days, with the naked eye, a small but significant portion of mould
growth on the surface of as-received mycelium composites, while no obvious mould growth is
exhibited on the surfaces of the other three composites including as-received grass composites.

According to this, three investigated composites such as modified mycelium composites and
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both as-received and modified grass composites have good mould-resistance capacity and are
suitable to use as insulation components. However, by the end of the 60 days, the as-received
mycelium composites have been fully covered by the mould hyphae and intensive spores, but
only minor mould hyphae have begun to grow on the surface of modified mycelium composites.
In terms of grass composites, a certain area portation of mould with spores visually has been
grown on the surface of as-received grass composites, while no mould growth is visibly found
on the surface of modified grass composites. These comparative results indicate that AKD
hydrophobic modification makes the bio-based composites very resistant to mould growth. This
aligns with the literature where the hydrophobic treatment using Octadecyltrichlorosilane (OTS)
is resistant to microorganisms attack and against mould growth on the wood fibrous thermal
insulator [165]. Additionally, compared to mycelium composites, grass composites exhibited
better mould-resistance capacity, which also has been found in the previous study [175]. This
is because higher ratios of lignin and wax against sugar content (cellulose-hemicellulose
cellulose and hemicellulose) of grass fibers protect their sugar content from attacking by
microorganisms and thus delay their degradation into simple sugars that could provide some
nutrition for mould growth [207-209].

Table 4.5 Quantity evaluation of mould growth index.

Bio-based insulation  The intensity of 60-day evaluation

composites mould growth

As-received mycelium 5(3) Heavy and tight growth, coverage about 100%

Modified mycelium 1(0) Small amounts of mould on the surface, the initial
stage of local growth

i i 0,

As-received grass 3(0) Visual finds of mould on the surface, up to 10 %
coverage of mould
Modified grass 0(0) No growth

Noting: The bracket numbers represent the mould growth intensity at the 30-day evaluation and the numbers out

of the brackets represent the mould growth intensity at the 60-day evaluation.

Consequently, following AKD modification, both composites, particularly the grass composites,

have improved mould-resistant capabilities. In addition, considering future practical
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applications, it is necessary to evaluate the durability of bio-based composites used as insulation

materials under distinct climates in the next section.

4.3.2 Durability assessment of using bio-based composites simulated as the insulation

layer
Hygric performance of the bio-based composite layer

The hygric content of bio-based composites has a positive correlation with mould growth risk
that can negatively determine their durability [210-212]. Thus, the moisture contents of two
interfaces to both exterior and interior sides of tested bio-based composites are computed
considering these interfaces are readily points for moisture accumulation. The simulation period
is preset ten years and the hygric results of the final year are extracted and plotted in Fig. 4.11.
Moreover, to assess the different climate suitability of tested bio-based composites that expand
their future application spread, eight distinct climate types i.e., Cfb, Aw, Dwb, Bsh, Csa, Bwh,
Cfa, and Dfc distributed in the world are selected (see Table 4.1).

Across all climate types, both modified bio-based composites exhibit relatively lower average
moisture content regardless of which interface compared to their original ones. In other words,
AKD modification can effectively prevent the moisture content from retaining inside the bio-
based composites, consequently potentially delaying the mould growth risk and improving
durability. Interestingly, the grass composites exhibit higher average moisture content than the
mycelium composites under most climate types except for Aw (Hainan). This result is in
agreement with their water absorption capacity likely due to smaller size pores and higher
porosity of grass composites and the opposite for mycelium composites (Table 4.2 & Table 4.4).
Only considering this point of simulated moisture content, therefore, it seems that modified
mycelium composites slightly lower the risk potential of mould growth than modified grass
composites. However, in fact, besides the moisture content factor, other factors i.e., sorption-
desorption rate, fiber types (the ratio of lignin and wax to cellulose and hemicellulose), and
binder type influence the mould growth. So next, we use WUFI-Bio to more directly and more

accurately predict the mould growth risk.
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Fig. 4.11 Simulated moisture content results of bio-based composites (a, mycelium composites & b,
grass composites) in the designed assembly wall under distinct weather climates (see Table 4.1).
Noting that A, represents As-received; M, Modified; E, the interface of the bio-based composite layer

to the exterior side; and I, the interface of the bio-based composites layer to the interior side.
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Mould growth risk evaluation

Fig. 4.12 summarized mould growth risk simulated results of the bio-based composites within
the assembly walls under selected distinct climates using WUFI-Bio. Within this simulation,
mould growth rate above 239 mm/year represents an unacceptable risk level, while below 176
mm/year represents no risk, and the value between them represents a possible risk and requires

a specific evaluation.

Based on the internal comparison of between as-received and modified mycelium composites
in Fig. 4.12a and between as-received and modified in Fig. 4.12¢, these results support the
hypothesis that the reduced hygric property in bio-based composites, which resulted from AKD
hydrophobic modification, contribute to their higher resistance to mould growth compared to
their as-received ones. According to Fig. 4.12a and b. out of the eight cases that represent typical
climates, modified mycelium composites can be applied to three climate types: Dwb
(Heilongjiang), Bsh (New South Wales), and Csa (Alger), in which their values are almost all
below the green line (176 mm/year) with no mould growth risk. Whereas only the Dwb
(Heilongjiang) case is possibly suited for original mycelium composites because the mould
growth risk of the interface to the exterior is between the thresholds. Similar behavior is found
in the grass composites (Fig. 4.12¢ and d). For modified grass composites, up to four climate
cases have no mould growth risk. Besides the three climate cases above, the additional Bwh
(Lima) case can be suited for modified grass composites. However, this Bwh (Lima) case could
not be suited for original grass composites as the mould growth rate of their interface to the
interior side is exceedingly over the mould growth threshold. To sum up, these findings indicate
that AKD hydrophobic modification can not only effectively decrease the mould growth risk,
enhancing the durability of bio-based composites, but also broaden the climate suitability range
and application range of the bio-based composites when used as insulation materials in multi-

assembly walls.
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Fig. 4.12 Simulated results of bio-based composites as the insulated layer (a) mould growth rate of
two interfaces of mycelium composites (as-received & modified) to both exterior and interior sides
under distinct climate types, (b) their mould growth risk evaluation in corresponding locations, (c)
mould growth rate of two interfaces of grass composites (as-received & modified) to both exterior
and interior sides under distinct climate types and (d) their mould growth risk evaluation in

corresponding locations.

4.4 Conclusion

This present work aims to explore the feasibility of using renewable bio-based composites,
namely mycelium and grass composites, as substitutes for conventional insulation materials.
The study investigates the effectiveness of hydrophobic treatment on two bio-based insulation
with AKD on the physicochemical properties, hygrothermal performance, and mould growth
risk. Furthermore, the study evaluates the durability of the bio-based insulation composite layer
within assembly walls under different climate types by analyzing hygric property and mould
growth risk using a bio-hygrothermal simulation approach. The main findings from this study
are as follows.

(1) The optical microscope observation confirmed the deposition of AKD wax on the cellulosic

fiber surfaces and FTIR analysis and element ratio variation from EDS revealed the bonded
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mechanism: hydrogen-bonded and covalent-bonded between the AKD and cellulosic OH
groups. The long-chain alkyl groups of AKD were introduced on the fiber surfaces, enhancing
the hydrophobic effect which was confirmed by water absorption capacity and sessile drop

water contact angle results.

(2) After the AKD modification, some hygroscopic properties and thermal conductivity of both
bio-based insulation composites were not only reduced but also significantly improved the

resistance of their cellulosic fibers towards the mould growth under high humidity conditions.

(3) According to the simulation results of application in different climate types, AKD
modification can decrease the hygric property of both composites within the designed assembly
wall regardless of the climate types. Meanwhile, we found that decreased hygric properties of
modified composites were advantageous to prevent mould growth, increasing suitability under

distinct climate types.

To conclude, both modified bio-based insulation composites, in particular modified grass
composites, demonstrate significant potential as thermal insulation materials, characterized by
lower hygric performance, lower thermal conductivities, higher mould-resistance ability, and
better suitability to climate types compared to as-received composites. Further experimental
investigations are warranted to assess the feasibility of AKD-modified bio-based composites

used within real assembly walls and under real weather conditions.

88



CHAPTER D s

5. Effects of plant fibers incorporation on blended binders

containing MSWI bottom ash

Based on this paper:
H. Song, T. Liu, and F. Gauvin. Application of plant fibers incorporation on municipal solid
waste incineration bottom ash (MSWI BA) as binder substitute: mechanical strength and

leaching evaluation (submitted and related patent filed).

5.1 Introduction

The municipal solid waste (MSW) globally increased from 2.3 to 3.1 billion tonnes in recent
years (2014-2019) and the MSW produced worldwide is projected to be around 4.54 billion
tonnes by 2050 [213]. An enormous amount of MSW is deposited by landfilling or incineration.
The treatment approach of landfilling has higher fees, largely occupied lands, and
environmental pollutants, but the incineration of MSW can decrease its mass (by 70%) and
volume (90%) [214]. Therefore, incineration is an effective way to treat solid waste and is more
widely accepted. In developed countries, the percentage of incineration treatment can reach up
to 62% [215]. However, after the incineration, a considerable amount of bottom ash is left,

which accounts for around 80% by weight among all solid residues [216].

Previous studies [217, 218] have shown that Municipal Solid Waste Incineration Bottom Ash

(MSWI BA) has similar chemical components and pozzolanic reactions to other supplementary
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cementitious materials like fly ash silica fume, and ground-granulated blast-furnace slag. These
studies indicate that MSWI BA can be directly used as a cementitious material to partially
replace cement [219]. Nevertheless, it was also widely agreed that the leaching problem and
low compressive strength of MSWI BA hinder its application in the building field. For instance,
a study showed that the low strength is caused by the amount of metallic aluminum that existed
in MSWI BA [220]. In fact, when MSWI BA was mixed into the cementitious matrix, the
aluminum could react under the alkaline environment to generate hydrogen gas, which results
in porous formation and affects strength properties. To solve this, there are several approaches:
(1) physically removing the aluminum from the stony fraction [221]; (2) mechanically milling
and sieving out of aluminum fraction [36]; (3) oxidizing the metallic aluminum before
utilization [222-224]. For example, Joseph et al. [225] reported that the oxidization reaction of
metallic aluminum of milled MSWI BA could be accelerated by increasing the water
temperature. Although these treatment approaches can effectively reduce the content of metallic
aluminum in MSWI BA, they also bring some new disadvantages: complex treatment process
and expensive cost. The other challenge is the leaching of contaminants from MSWI BA.
Bottom ash after the complex MSW incineration contains enormous heavy metals (e.g. Pb, Cu,
and Zn) and anions (e.g. soluble chloride and sulphates), which pose a risk on the environment
and human health [36, 226, 227]. Thus, the concentration of these heavy metal ions and anions
need to be decreased to meet the requirement of local legislation before the MSWI BA was used
as building material. Therefore, a series of common solutions such as washing repeatedly [228],
weathering [229], and other treatments [230, 231] are applied. However, large amounts of water
usage and strict requirements of treatment conditions in these solutions increase the cost of
waste BA exploitation, further obstructing its practical application. Hence, a simple and cost-

efficient approach is urgent to achieve both the strength enhancement environment compliance.

Plant fibers have been widely applied as biomass sorbent materials for heavy metal ion removal
in wastewater [232, 233]. Currently, there are two main mechanisms for explaining the
absorption process. One mechanism is physically attractive forces due to the unique hollow
lumen structure; the other mechanism is ion exchange. The positive cations of heavy metal ions
are easily attached to the negative charge at the surface of plant fibers due to electrostatic
interactions [234]. In this study, therefore, it is proposed that plant fibers have the potential to
absorb the leachate when MSWI BA is applied to partially replace cement. Furthermore, it is
reported that plant fibers have the advantage of filling the pores caused by the swelling of coal
bottom ash [235] or wood bottom ash [236]. In addition, plant fiber incorporation brings other
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benefits such as sustainability and low cost. Considering the above factors, plant fiber
incorporation appears to be the most feasible solution for solving the above bottle-necked
problems when MSWI BA partially replaces the cement. However, to date, there has been no

research on this idea.

Hence, this chapter aims to evaluate the feasibility of a novel approach for solving the leaching
and low mechanical strength problems of MSWI BA-based cementitious binders (MSWI BA-
BCBs) via the incorporation of plant fibers. Sisal fiber (SF) and oil palm fiber (OPF) were
selected as the research objects of this experiment. This is because we obtained that SF and
OPF have relatively better absorption capacity of leachate from MSWI BA compared to other
common fibers (bamboo fibers, hemp fibers, coconut fibers, and wood wool fibers) in our
preliminary experiments. The replacement level of cement by BA is 15% and 30% (in weight
of binders), respectively. The compressive strength and macro-micro pore distribution
properties of the BA-based cement binders (different replacement rates and different plant
fibers) were studied and explained, and the microscopic characteristics of the blended binders
were explored by isothermal calorimetry, XRD, and TGA. Additionally, both ICP-AES and IC
are employed to investigate the leaching of the heavy metal ions and anions from the BA-based
cement binders. Finally, the environmental impact of such binders is evaluated through the
greenhouse gas (GHG) emissions indicator in life cycle assessment (LCA) and cost estimation

is performed.

5.2 Experimental
5.2.1 Materials and selection

In this research, the raw materials used to prepare the cement-based binders were the OPC
(CEM 52.5 R, ENCI, the Netherlands), MSWI BA (Heros, the Netherlands), and a small number
of plant fibers (Wageningen University). The reasons for the addition of plant fibers are that:
one is to mitigate the leaching of heavy metal ions from the MSWI BA, and the other is to

improve the mechanical strength of the cement-based binders.

Before mixing, MSWI BA was dried and milled for 5 mins to meet the PSD requirement as a
cementitious supplementary material, as is shown in Fig. 5.1. The chemical composition of the
CEM I 52.5 R and milled MSWI BA, determined by using the XRF, is given in Table 5.1. The

summation of the oxides (SiOz + Al2O3 + Fe203) sample was found to be 69.3% close to 70%,
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the sulfur content SO3 was 1.24% less than 4%, and LOI was 8.14 % less than 10%. So,
according to ASTM C618, this type of MSWI BA almost meets all the requirements to be used
as a cementitious material. Regarding the plant fiber selection, sisal fibers and oil palm fiber
were selected in this study considering the fiber microstructure (Fig. 5.2). Besides, the chemical

composition of these fibers is given (in Table 5.2) for further analysis.
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Fig. 5.1 Particle size distribution of cement and milled MSWI BA.

Fig. 5.2 Microstructure of sisal fiber (a cross-section; a’, surface) and oil palm fiber (b, cross-section:
b’ surface).
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Table 5.1 Chemical compositions of the CEM 52.5 R and milled MSWI BA.

Oxides (%) Milled MSWI BA  Cement 52.5 R

SiOs 37.9 15.8
CaO 21.9 68.2
AlLO3 13.8 6.9
Fe,0; 17.7 3.9
KO 1.3 0.2
MgO 1.5 1.3
P>0s 1.1 -
SO; 1.3 2.8
CuO 0.7 -
ZnO 0.9 0.1
TiO; - 0.4
Other 1.8 0.6
LOI 8.2 1.4
Specific density 22+0.1 25+0.1

Table 5.2 Chemical composition of fibers.

Tvpe Cellulose Hemicellulose Lignin Ash Extractive Average diameter
YP (%) (%) (%) (%) (%) (um)
Sisalfiber 670 780  100-142  80-110 100 2.0 150 - 320
[237]
Oilpalm 5, ¢ g 427420 14.9+0.21 7.8 11.3£0.1 410 - 650
fiber [238] o=t e CoT ' -

Noting: the average diameter of sisal fibers and oil palm fibers used in this experiment is statistically

calculated.

5.2.2 Samples preparation

The composition of the MSWI BA-Based Cement Binders (MSWI BA-BCBs) is shown in
Table 5.3. Several BA-BCBs mixed with plant fibers were designed to solve the bottleneck
problems (leaching & low strength) caused when MSWI BA was directly used as the
replacement for cement. Therefore, two kinds of ‘reference’ binders only mixed MSWI BA with

cement are considered and denoted as Ref-15 and Ref-30, respectively.

For the case of the blended binders with two different fibers, the design aimed to further

compare the impact of the difference in the cellulosic microstructure and chemical components
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on the leaching problem and strength property of these binders. The blended binders with sisal
fibers were denoted as S-15 and S-30, while those binders with oil palm fibers were denoted as
O-15 and O-30. Moreover, to increase the higher possible amount of MSWI BA application,
30% wt. of the cement was replaced by MSWI BA in this study which is referred to as the
number ‘30°. Similarly, the number ‘15’ means that the cement replacement ratio with MSWI
BA is 15%. The design of the binders also considered the potential effect of plant fibers on the
actual water/cement ratio, hence the water absorption capacity of the two plant fibers was tested
according to ASTM procedure D570-99 (ASTM 1999). The obtained results were that the water
absorption of sisal fiber and oil palm fiber was 3.58% and 2.51%, respectively. Finally, because
of the poor absorbing-water ability and low amount of fiber addition, the effect of the plant
fibers on the water/cement ratio in this study could be ignored. However, to keep the similar
workability of all specimens and low water usage, the water/cement ratio (0.45) was determined
after many preliminary attempts. The CEM 52.5 R was only employed in this work since the
effect is faster to achieve the high early-age strength.

Table 5.3 Composition of the MSWI BA-BCBs with or without plant fibers.

Fibers Cementitious matrix
Sumples Oil palm Sisal Mg[\;lflfg . opC Water/Binder
Ref-15 - - 15 85% 0.45
Ref-30 - - 30 70% 0.45
S-15 2% 15% 85% 0.45
S-30 2% 30% 70% 0.45
0O-15 2% 15% 85% 0.45
0-30 2% 30% 70% 0.45

5.2.3 Characterization
Physical properties

Regarding the raw materials: cement and milled MSWI BA, the specific densities were tested
by a Helium pycnometer (Accupyc 11 1340), and the chemical compositions were measured by
X-ray Fluorescence spectrometer (XRF). Loss on ignition (LOI) was evaluated by oven drying
10 g of MSWI BA at 105 °C to constant mass before calcining at 1000 °C for 1 h, cooling, and

re-weighing. The particle size distributions (PSD) were measured by laser diffraction
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(Mastersizer 2000, Malvern). The absorption coefficient of 0.1 was used for both materials, a
particle refractive index of 1.68 was used for cement and 1.54 for milled MSWI BA. In terms
of plant fibers, their microstructures were characterized by scanning electron microscopy
(SEM). The micro-size pores distribution of the cut specimens (15 x 15 x 10 mm?3) was
characterized by Micro-CT 100 (Scanco Medical AG, Switzerland). The detailed parameters

for testing are following the literature [239].

Thermogravimetric analysis (TGA)

The thermogravimetric analysis (TGA) and differential thermogravimetry (DTG) study were
performed by a Q2000 TA Instrument to illustrate the chemical composition of selected paste
samples, the powdered paste samples were heated under the nitrogen gas protection from
normal temperature to 800 °C, with a rate of 10 °C/min.

Standard leaching test

The leaching test, according to EN 12457-4, 2002, was performed on the original MSWI BA
and six cement paste samples cured at 28 days. The levels of potentially toxic elements (Ba, Cr,
Cu, Zn, Mo, Sh), chloride, and sulfate were evaluated in this work. The detailed test process

was similar to the method of Loginova et al. [240].

Compressive strength

All binder samples of 40x40x160 mm?® were submitted to compressive strength testing
according to the standard EN 12390-3:2019. All samples were tested after 3 and 28 days of
curing. The data is gained by repeatedly testing three times to guarantee reproducibility. The
significance of the difference between the experimental samples and reference samples was
statistically analyzed by one-way ANOVA and P -value<0.05 was considered statistically

significant.

Life cycle assessment (LCA)

The LCA approach has been used to assess the environmental impact of supplementary
cementitious composites [241, 242]. The process includes three stages for LCA execution: Goal
and scope definition, inventory analysis, impact assessment, and interpretation [243]. In this
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study, the LCA was conducted using the cradle-to-gate method, to evaluate the environmental
impact of incorporating plant fibers in the MSWI BA-based binders’ production. The functional
unit is considered as one ton of blended binders. This evaluation only focuses on the impact
category of greenhouse gas (GHG). LCA modelling was performed using SimaPro software
(version 9.0.0.48).

In this study, unit processes in the LCI were sourced from the Ecoinvent databases shown in
Table 5.4. The built data of the MSWI BA (including the electricity use in the milling process)
was modified based on the literature. Additionally, the properties of sisal fibers and oil palm
fibers were modified according to the system database of jute and kenaf fibers. The other

environmental impacts were not considered in the experiment.

Table 5.4 Source of unit process.

Type of Input data Source
Water Ecoinvent 3 database, water, NL
Sisal fibers Ecoinvent 3 database, jute modified
Oil palm fibers Ecoinvent 3 database, kenaf modified
Electricity Ecoinvent 3 database, natural gas, conventional power plant, NL
MSWI bottom ash Ecoinvent 3 database, MSWI BA built based on the literature [244]
Cement Ecoinvent 3 database, cement, portla}nd Europe without Switzerland
production
Transportation Ecoinvent 3 database, lorry 16-32 metric tons, EUROS5.

5.3 Results and Discussion

In this research, the purposes of plant fiber addition are to solve the low compressive
performance and the leaching of heavy metal ions issues when MSWI BA is directly
incorporated in cement. Therefore, the study is split into two aspects: one is the effect of plant
fiber addition on the compressive performance (compressive strength and pore distribution) of
the binders at different curing stages; the other part analyses the microstructural properties
(Hydration products and the leaching) of the blended binders. Lastly, the sustainability of the

binders was evaluated by Life cycle assessment (LCA) for practical application in the future.
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5.3.1 Compressive performance
Compressive strength

The compressive strength of all binder samples is shown in Fig. 5.3. The compressive strength
of the MSWI BA-BCBs is considerably reduced as the amount of replacement with MSWI BA
increases at both 3 days and 28 days after curing. The fact can be explained by the higher
porosity created in the cementitious matrix due to the larger amount of metallic aluminum
presented in MSWI BA, resulting in the poor strength property of the binders. This finding is
consistent with Meyer's. [245] showed that the detrimental effect of metallic aluminum existed
in MSWI BA on the compressive strength of concrete due to the releasing of the hydrogen gas
generated by the reaction between metal specimens (e.g., aluminum) and alkali salts. It is also
confirmed by the following analysis of pore distribution. In addition, another potential reason
is the lower pozzolanic reaction of MSWI BA [246], meaning that large unreacted particles of
MSWI BA also loosen the compressive strength of the blended binders. Therefore, the reasons
for this compressive strength phenomenon are not a single parameter [247] and will specifically

be discussed later.
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Fig. 5.3 Compressive strength of the MSWI BA-BCBs with different replacements and
different plant fibers (see Table 5.3). Noting: the symbol * represents a significant difference.

The mechanical strength of MSWI BA-BCBs increases to some extent with the addition of
plant fibers at both stages. This is likely due to the filling effect of the fibers. [248]. Further, it

is noted that a significant difference (p<0.05) between the sisal fiber samples and the reference
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samples. This holds true irrespective of the level of cement replacement and the duration of
curing. The compressive strength for SF incorporation is significantly superior to that for
counterpart reference samples. For samples with the replacement of 30 wt. % MSWI BA after
28 d curing, S-30 gains the highest compressive strength (about 10 MPa), an 85% increase
compared to the Ref-30. On the other hand, no statistically significant difference between the
samples with OPF and reference samples was observed, although the OPF incorporation helped
in the increment of the MSWI BA-BCBs in terms of compressive strength. This phenomenon
may be associated with the difference in the organic component contents of different plant fibers,
which delays the cement hydration reaction. To discuss further, the cement hydration, setting,
and hardening mainly depend on the concentration of lignin and extractives in the plant fiber
[249]. Therefore, the binders with sisal fibers due to the low content of lignin and extractives
have relatively higher compressive strength. From the application of MSWI BA for road
pavement, the remained binder groups except Ref-30 and O-30 can meet the compressive
strength requirement of road paving in garden parks [250]. Meanwhile, combined with

considering the consumption amount of MSWI BA, the S-30 is the best candidate.

Pore size distribution

To further evaluate the effect of the physical properties of pores (i.e., numbers, shapes, and size)
and factors of the hydration reaction degree on the compressive strength of the binder mixtures,
it is important to identify three different phases: pores, reacted and untreated products in the

blended binder samples.

The cross-section slices of different samples are characterized with using the software ImageJ
(Fig. 5.4). It should be mentioned that the word ‘pores’ here is regarded as the naked-eye visible
pores. The pore structures are visible with dark phases in the physical photos, and with circles
shown in schematic pictures. In the physical photos, the light phases represent the unreacted
particles (almost unhydrated MSWI BA powders due to being less reactive than cement [251]),
and the colour degree represents the reacted phases between the pores and unreacted particles.
For the physical structures of pores, the larger-round pores and irregular-narrow pores are
observed, and the pore number is higher in Ref-15 and Ref-30. While the other binder samples
with plant fibers have relatively few tiny circle pores. Because plant fiber incorporation can
function as filler for large pores. For instance, when cement replacement by MSWI BA is 15

wt. %, S-15, and O-15 are quite denser, with only several fine pores compared to the
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counterpart’s reference, which indicates both SF and OPF play a good role in filling pores.
However, when the replacement rate increases to 30 wt. %, these two fibers exhibit different
filling effects: SF effectively reduces the size and number of pores, but OPF has a relatively
poor filling effect, still leaving some visible large pores. This behavior is difficult to explain,
and the most likely reason can be related to the chemical components of plant fibers. As can be
seen in Table 5.2, compared to SF, OPF has more content of lignin and extractives, which
significantly delay the cement hydration reaction [252]. Especially when there are fewer cement
proportions, the delaying effect is more manifested. It results in a looser skeleton (reacted
products) of the MSWI BA-based cement binders. Consequently, OPF incorporation could not
effectively improve the mechanical strength of the MSWI BA-BCB. This view is also consistent

with the result of the above-tested compressive strength.

Ref-15
0c-J8y

S-15
0¢e-S

0-15
0e-O

Fig. 5.4 The distribution of pore areas in different samples (see Table 5.3) using Imagel

software.

Fig. 5.5a presents a typical greyscale histogram from a 28-d cured binder mixture (O-15). The
histogram was transformed into the Gaussian curves using the PeakFit function in the software
OriginPro version, in which the Gausses 1, 2, and 3 represent the pores, reacted products, and
unreacted products. The threshold values (intersections) between Gauss 1 and Gauss 2 and
between Gauss 2 and Gauss 3 were thought to distinguish the pores, reacted products, and

unreacted particles, which is shown in Fig. 5.5b. With this approach according to Fang et al.
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[253], the threshold values and relevant area fractions of all binder samples were listed in Table
5.5. It can be seen that reference samples without plant fibers have a wider threshold range and
higher pore area fraction than other samples with plant fibers. That means plant fiber
incorporation can reduce the porosity of the MSWI BA-based cement binders through the filling
effect, thus contributing to the improvement of compressive strength. However, the
incorporation of plant fibers into the MSWI BA-based cement matrix also brings about the
retardation of the cement hydration, negatively influencing the strength development. For the
S-30 sample, the threshold range representing unreacted particles is wider and the area fraction
of reacted products is lower compared to the Ref-30 sample. From this point of view, the
compressive strength of S-30 should be lower than that of the Ref-30 sample. With opposite
this expectation, the tested strength results from Fig. 5.3 show that the compressive strength of
S-30 is significantly higher than that of Ref-30. This indicates that the positive effect of SF as
a filler role on the compressive strength of the MSWI BA-BCBs considerably exceeds the
negative effect of it as a “cement retarder”. Similar behavior was visible in the case of OPF
incorporation, but the exceeding degree is not evident (as shown in Fig. 5.3), which probably
could be explained by the fact that the higher organic components of lignin and extractives

(Table 5.2) enhance the influence of it as a ‘cement retarder’.

(a) (b)
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Fig. 5.5 A typical polychromatic greyscale histogram (a) and a typical cross-section (b) of different
phases in the binder samples after 28 days of curing. Noting: Red zones represent unreacted particles;

Purple represents reaction products; Blue represents pores.
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Table 5.5 Threshold values and related area fractions for identifying different phases in different samples

(see Table 5.3).

Pores Reaction products Unreacted particles
Samples - - -

Threshold Area fraction Threshold Area fraction Threshold value Area fraction
valuerange  (mm%mm? %) valuerange  (mm?%mm?, %) range (mm%mm?, %)

Ref-15 0-53 10.50 £0.08 53-154 55.42+2.03 154-255 32.13+3.08

S-15 0-43 4.82+£0.16 43-136 53.13+1.76 136-255 41.07£2.23

O-15 0-37 2.04£0.11 37-145 4539 +2.21 145-255 54.36 +£3.01

28d

Ref-30 0-57 14.54 £1.08 57-132 51.63 £2.70 132-255 35.83 £2.69

S-30 0-41 6.03 £0.25 41-126 48.53+2.35 126-255 4248 £2.18

0-30 0-42 9.74 £ 0.07 42-129 39.14+1.68 129-255 55.16 +3.15

In order to further investigate the influence of the plant fibers incorporation on the micro-size
range pores in the MSWI BA-based cement binders, Micro-CT is employed to analyze the fine

pores (the size of diameter below 2 mm) in all samples after 28-d curing.

The results of micro-size pore distribution and 3-dimensional volume of all binder samples are
displayed in Fig. 5.6. It can be clearly observed from the 3D volumes that the percentage of the
large pores in the blended binders with 30% replacement is higher than that of 15% replacement.
The increment of MSWI BA mixing could release more hydrogen gas, leading to more and
larger pores being generated. In addition, it can be seen from the corresponding data that the
pore count distribution in the MSWI BA-BCBs with plant fibers is more concentrated in the
small-size range compared to those binders without plant fibers (Ref-15 and Ref-30). This
indicates that plant fiber filling can reduce certain the formation of larger pores. On the one
hand, due to the existence of plant fibers, some small pores can be prevented from
interconnecting to form large pores. On the other hand, plant fibers due to the hollow lumen
structure can allow gas to enter. That means, the diffusion from the hydrogen gas can be reduced
to form large-size pores during the curing period of MSWI BA-BCBs. Therefore, the larger the
diameter size of plant fibers (SF versus OPF, Table 5.2) leads to a better large pore-filling effect.
For samples with OPF, the pore diameter distribution is mostly focused on the smaller size

range compared to those samples with SF.
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To summarize, when only considering the micro-pore filling (below 2 mm), OPF incorporation
has a more significant effect than SF incorporation regardless of MSWI BA addition level.
However, when considering the naked-eye pores, the filling effect of OPF is less apparent as
the increase of MSWI BA; while SF is still relatively evident due to fewer organic components
(lignin and extractives). Thus, considering the stability of the filling effect at high MSWI BA
utilization, it is recommended to incorporate SF into MSWI BA-BCBs.
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Fig. 5.6 The porosity of different MSWI BA-BCB samples (Table 5.3) by Micro CT.
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5.3.2 Microstructural properties
Hydration process

To study the influence of plant fiber additions on the hydration process of MSWI BA-BCBs,

the MSWI BA-BCBs hydration heat release was determined by using an isothermal calorimeter.

The results of hydration heat release are illustrated in Fig. 5.7.

The entire hydration process generally consists of four periods: dissolution period, induction
period, acceleration/deceleration period, and stable period [254]. The first exothermic peak
formation is due to rapid dissolution and the reaction of aluminates and sulfate from MSWI BA
and the cement clinker initially one hour after mixing with water. Then the second exothermic
peak comes with the hydration of C3S and the formation of secondary C-S-H gel [255]. It can
be seen from the enlarged picture in Fig. 5.7a that the samples with plant fibers have longer
second-peak reached time and lower second-maximum heat release rates than their
corresponding reference samples. This is mainly due to the plant fibers' addition, which leads
to the retardation of the CEM-MSWI BA hydration. Especially for samples with oil palm fibers,
the retardation is considerably prolonged by approximately 8 h for the O-15, and the second
peaks for both O-15 and O-30 are the lowest in their groups (one group is a 15% replacement
level, and the other group is a 30% replacement level), respectively. This is attributed to the
high proportion of lignin and extractives in the oil palm fibers, which retard the cement
hydration reaction by forming an organic layer coating around the anhydrous or partially
hydrated cement grains [256, 257]. In addition, with the increase of MSWI BA, the second
exothermic peak of the binders with 30% MSWI BA was greatly decreased and the arrival time
of their second peaks was delayed. This indicated that MSWI BA addition also results in a
certain degree retarding of cement hydrations. In fact, MSWI BA due to lower reactivity would
dilute the clinker contents (Alite and Belites) when the equivalent cement was replaced [258].
Interestingly, it has to be mentioned that the time reaching the second exothermic peak for O-
30 is shorter than that for O-15. This behavior is difficult to explain, and the most likely reason
is that more and larger pores generated due to the increase of MSWI BA, lead to the looser
interface linking between the embedded oil palm fibers and the CEM-MSWI BA matrix. That
means the oil palm fibers in the sample with a higher amount of MSWI BA are difficult to
sufficiently inhibit the CEM-MSWI BA hydration reaction. Thus, the delaying effect in O-30

is relatively stronger.
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Fig. 5.7 Heat of hydration: (a) heat flow (b) total heat release.

As can be seen from Fig. 5.7b, Ref-30 has the highest total released heat, followed by Ref-15.
This indicates that increasing the replacement level generates more heat released. That means,
a 15% MSWI BA extra addition in the CEM-MSWI BA system could contribute more heat
cumulative than 15% of pure cement, which is dominantly attributed to more silica and alumina
sources provided by MSWI BA for the pozzolanic reaction. This is confirmed by the result of
the above XRF. On the other hand, both S-15 and O-15 are higher than both S-30 and O-30
regarding the total heat release. This suggests that when plant fibers are incorporated, the
increasing replacement level with MSWI BA causes relatively poor pozzolanic reactivity in the
MSWI BA-BCBs. The reason for this phenomenon is not yet clear until now, but this behavior
is possibly related to the calcium source decreasing caused by both less cement amount and the

capture of plant fibers on calcium.

XRD analysis

The XRD results in Fig. 5.8 compare the hydration products of different samples at 3-d and 28-
d curing. Compared with the samples in the early 3-d curing, the peak of portlandite shows a
certain increase in the 28-d curing samples with plant fibers incorporation whereas no
significant difference among the blended binders without plant fibers. It illustrates that the
organic components of plant fibers delay the hydration reaction, thus reducing the developing
consumption of CH in the secondary hydration reaction period [259]. This behavior is also in
line with the analysis of the calorimeter. In addition, the inner quartz peak intensity increases

with the extra addition of MSWI BA, which is due to the large amount of quartz contained in
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the MSWI BA. It is noteworthy that the wide peak representing the CI-LDH phase formed is

more obvious as the replacement level increases, which is probably because relatively higher

alumina content and lower SO4? content contained in the MSWI BA compared to the cement

promote the LDH formation. This product is well-known to be beneficial for the trapping of

inorganic anions like chlorides. The formation of CI-LDH is not only characterized in this study

but also reported and confirmed by [214, 260].
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Fig. 5.8 XRD of all tested samples at 3 days and 28 days. Abbreviations associated with the

mineralogical phase are: E-ettringite, CI-LDH-chloride layered double hydroxide, B-brownmillite, G-

gypsum, CH-portlandite, Qz-quartz, C,S-dicalcium silicate phase.

TG-DTG analysis

The TG and DTG results of all tested samples for 28 d curing are shown in Fig. 5.9. Comparing

the TG curves shown in Fig. 5.9a and b, it can be seen that the mass loss of each binder sample

is quite similar when the cement replacement ratio is 15%, but when the replacement ratio is

30% the degree of mass loss is obviously different. This indicates that when the MSWI BA

addition is too large, the effect of plant fiber on the CEM-MSWI BA reaction is more evident.
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Fig. 5.9 TG-DTG results of all tested samples (see Table 5.3) for 28 days.

The DTG curves could be generally divided into four stages. The first wide peaks at 40-200 C
were attributed to the vaporization of unbound water (40 -105 °C) and the decomposition of the
hydration product C-S-H (105-200 °C); the second sharp peaks at 400-500 °C are the
decomposition of portlandite (Ca(OH)2 —CaO + H:0), and the peaks at 600-800 °C are related
to calcite decarbonization CaCO3; — CaO + COas. Lastly, rare literature about the peak at 800-
850 °C is reported. According to the metallic zinc that existed in MSWI BA. it was assumed
that this peak was probably related to the great volatilization of ZnCl, formed when the
temperature was above 800 °C [261-263]. Besides, it is noted that the small exothermic peaks

located at around 280 °C due to the degradation of cellulose and lignin [264].

In comparison with the DTG curves, the peak of C-(A)-S-H for a 30% replacement level is
higher than that for a 15% replacement level, while the peaks of both portlandite (CH) and
calcite are reduced. This phenomenon also verifies the results of the XRD, which suggested
that the portlandite produced by cement hydration was consumed due to the pozzolanic reaction
of extra MSWI BA, thereby leading to a decrease in calcite and more amorphous C-(A)-S-H

transformed.
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Heavy metal ions leaching

The results of heavy metal ions and anions leaching of all samples are presented in Table 5.6.
Even though the milled MSWI BA and CEM I have very high leaching of heavy metal ions and
anions, almost all these ions in all MSWI BA-BCBs much lower the legislative limit except for
Cu. With regard to the slightly exceeding standard limit of Cu leaching, it could be caused by
the fine-size crushed samples selected for the leaching test. Yang et al., [265] reported that the
smaller the particle size of the crushed MSWI BA-based cement composites the higher the
concentration of Cu leached. Therefore, the Cu leaching can be declined by increasing the
relatively big-size crushed samples (still meeting the requirement of below 4 mm) for the
leaching test. For another solution, it is known that the heavy metal composition distribution is
much related to the size of raw MSWI BA. Thus, the metallic Cu of MSWI BA can be recovered
by sieving before the MSWI BA is milled and used in cementitious binders. Here, we do not

further study the recovery techniques, which is out of the scope of this investigation.

Table 5.6 Leaching of anions (sulfate and chloride) and heavy metal ions present in the leachates cations
for milled MSWI BA, CEM 1 52.5 R, and all binder samples after 28 d curing; the units for

concentrations given as mg per kg of dry matter; LL is the legislation limit [266].

Leaching value (mg/kg d.m.)

Samples
Chloride  Sulfate Ni Cu Zn Mo Pb pH

Milled MSWI BA 8682 13865 0.18 7.01 0.84 3.77 0.56 9.8

CEM 1 52.5 R [240] 322 52 20.5 <0.01 0.05 0.2 17 -
Ref-15 291.4 384 023 1.52 0.21 0.1 0.69  13.68
S-15 2523 28.5 0.09 1.06 0.17 0.09 0.58 13.64
0O-15 242.8 27.7 0.15 1.1 0.18 0.1 0.58 13.6
Ref-30 5333 36.9 0.12 1.84 0.38 0.13 0.89  13.51
S-30 477.9 31.6 0.1 13 0.33 0.11 0.72  13.25
0-30 455.1 21.7 0.11 131 0.36 0.12 0.75 13.18

LL 616 1730 044 09 4.5 1 23 -

- Not measured

Noticeably, when plant fibers are incorporated into the MSWI BA-BCBs, the leaching of anions
(chloride and sulfate) is considerably decreased. That means, plant fibers can promote the

absorption of chloride and sulfate by capillary suction [122], which thus reduces the risks of
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steel reinforcement and the expansion issue caused by excessive sulfate. Comparing SF to OPF,
the OPF has a more obvious absorption capacity of the anions. This could be explained by the
denser lumen structures efficiently exerting the fiber capillary force to absorb the chloride and
sulfate anions. In comparison with the above absorption effect, plant fiber addition has a less
reduction in the leaching of heavy metal ions. This is unexpected since it is usually considered
that positive charges of heavy metal ions are more easily attracted to the plant fiber surfaces
with negative charges due to electrostatic interactions. Combined with capillary absorption,
therefore, the leaching of heavy metal ions should be considerably reduced. A possible reason
for this phenomenon is the fact that the existence of heavy metal ions in the alkali environment
mainly are the forms of their hydroxides (Pb(OH)s", Zn(OH)s*, Cu(OH)s%>), resulting in
electrostatic repulsion with negatively charged plant fiber surfaces. Eventually, the electrostatic
repulsion decreases the absorption effect of capillary suction on the heavy metal ions.
Nonetheless, the leaching results of heavy metal ions absorbed by incorporated plant fibers can

basically comply with the Dutch soil environmental legislation.

5.3.3 Environmental and economic assessment
Greenhouse gas (GHG) emissions

GHG emissions for one ton of binder composites are shown in Fig. 5.10. The data show that the
MSWI BA-based binders with or without plant fibers have lower GHG emissions than pure
cement binders. This is because the MSWI BA or plant fibers incorporation reduces the dosage
of cement in the binder, hence decreasing the GHG emission from the production of cement.
Additionally, it has to be mentioned that the incorporation of plant fibers mixed into binders
can reduce GHG emissions when the cement replacement keeps the same level. Especially SF
reinforcement has a better decrease in GHG emissions than OPF. For samples with 30%
replacement, the GHG emissions of S-30 are reduced by around 63 kg CO> eq./ton compared
to the Ref-30, exceeding the relative reduction of O-30 emissions (45 kg COz eq./ton). This
indicates that S-30 has an advantage in carbon dioxide emissions compared to other samples,

which have great potential for building applications.
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Fig. 5.10 GHG emissions of all tested samples (see Table 5.3).

Economic evaluation

To evaluate the cost-benefit of the MSWI BA-based binders containing SF and OF, a cost-
benefit analysis is carried out for pure cement binders and six different binder samples. The
price of raw materials for binders comes from the local market price in Europe (the Netherlands)
shown in Table 5.7. It is noted that the cost of MSWI BA and its relevant transport is free. One
reason is that MSWI BA is a waste material. Another, for the municipal waste incineration plant,
the fee of MSWI BA landfilling or other treatments is far higher than that of transport for the
MSWI BA-based binders’ preparation. Fig. 5.11 shows a cost-benefit analysis of all binder
samples. As shown in Fig. 5.11, the cost of the MSWI BA-based binders remarkably reduced
with the increase of the replacement level of MSWI BA. In addition, it can be seen that even
though plant fibers were incorporated into the relevant MSWI BA-based binders, the cost gap
between them was almost negligible. This is because plant fibers chosen in our current work
are a bulk commodity and very cheap (Table 5.7). In the future, if this technique is matured, the
waste plant fibers will be chosen, which not only receive huge economic benefits but also
mitigate the impact of waste plant fibers on the environment. Thus, S-30 can be considered to
be a suitable mix design considering its compressive strength, leaching, economic benefit, and

waste utilization rate.
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Table 5.7 Prices of raw materials and processing for all tested samples.

Raw materials Process
Plant fibers
OPC MBSXH Water Electricity Transport
SF OPF
Price 123 ) 0.87 10 15 0.32 0.348
@Y €lton €/m*  €/ton €/ton €/kWh €/tkm

Economic evaluation
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Fig. 5.11 Cost of one cubic meter of MSWI BA-BCB samples (see Table 5.3).

5.4 Conclusion

Two types of plant fibers (SF and OPF) were compared and analyzed to assess the effect of
their incorporation on the mechanical property and leaching of the MSWI BA-BCB. The
different replacement of MSWI BA was also studied. Moreover, the environmental and
economic feasibility of the plant fibers reinforced binders is evaluated. The following

conclusions can be drawn:

(1) In the MSWI BA-based cement binders, plant fiber incorporation has a positive impact on
the compressive strength of the MSWI BA-BCBs, due to the filling effect. Especially the
compressive strength of SF incorporation increases by 85% compared to the reference sample

at 28-day curing when the replacement level is 30 wt.%. Further, it is found that S-30 has
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acceptable compressive strength which meets some types of road pavement requirements under

the premise of MSWI BA maximum consumption.

(2) The increase of cement replacement with MSWI BA leads to larger and more pores
generated in the MSWI BA-BCBs, which is attributed to more hydrogen gas release, while
plant fiber incorporation considerably reduces the size and numbers of the pores on account of
the obstacle of plant fiber on gas diffusion and pore interconnection. Furthermore, the micro-
CT study has proved plant fiber with a larger diameter size is more beneficial to the pore filling

in the MSWI BA-BCBs.

(3) Although the filling effect of plant fibers effectively enhances the strength of MSWI BA-
BCBs, the fiber addition also delays the cement hydration due to some organic components
(extractives and lignin) as cement retarders, consequently, it negatively affects the strength of
MSWI BA-BCBs development. Eventually, OPF with a higher content of those organic

components reduces the contribution to compressive strength by the filling effect.

(4) It is noted that the leaching of heavy metal ions, chloride, and sulfate anions is lowered
when plant fibers are incorporated due to capillary suction. This effect is very remark for anions

leaching and to a lesser extent for heavy metal ions leaching.

(5) The results of GHG emission in the LCA tool show the waste MSWI BA and plant fibers
incorporation notably reduce the GHG emission reduction by increasing the cement

replacement level, mitigating the environmental impact.

In terms of economic feasibility, the cement replacement with BA helped in reducing the cost
of the MSWI BA-BCBs (around 52%) even though plant fibers incorporation brings an almost
negligible cost increment. If this technique is successful, the waste plant fiber could be applied,

which saves huge costs for MSWI BA-BCB production.
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6. Effects of sisal fiber incorporation on lightweight aggregates

made using MSWI bottom ash

Based on this paper:

H. Song, T. Liu, F. Gauvin, and H.J.H. Brouwers. Investigation of sisal fiber incorporation on
engineering properties and sustainability of lightweight aggregates produced from municipal
solid waste incinerated bottom ash. Construction and Building Materials 413, 134943 (2024).

6.1 Introduction

Municipal solid waste incinerated bottom ash (MSWI BA) is the largest residue fraction from
waste-to-energy plants. Because of its physical-chemical properties and pozzolanic reaction,
incorporating MSWI BA for the production of building materials has attracted more and more
interest [240, 267]. The primary forms of MSWI BA employed in mortars/concrete were
commonly categorized in two ways: supplementary cementitious material [268, 269], which
was investigated in Chapter 5, and artificial aggregates [12, 270, 271]. Currently, the technique
of cold-bonded pelletization for aggregate production is the most commonly adopted by many
researchers due to a series of advantages (low energy consumption, low cost, and low carbon
footprint) [272]. Furthermore, to maximize the utilization of MSWI BA, some scholars
attempted to improve the proportion of MSWI BA in artificial aggregates. For instance, Liu et
al. [273] explored different amounts (10% - 60% of the total solid) of the binder (cement and

ground granulated blast furnace slag) to bond MSWI BA for artificial lightweight production.
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The results showed that 30% of the total solid reached the optimal condition considering the
production efficiency and MSWI BA recycling rate. However, the building products prepared
by MSWI BA were found to have low strength due to the undesirable swelling of metallic
aluminum under the alkaline environment with hydrogen emission [271], and serious
contaminating ions leaching (e.g., heavy metal ions, chloride, and sulfate anions). Two main
drawbacks would limit its practical application in the building industry. To address them, many
attempts have been made but introduced a series of new challenges, inlcuding high treatment

cost (see Chapter 5.1).

Given the positive effects of sisal fiber incorporation on the mechanical strength and leaching
immobilization of MSWI BA-based cementitious binders discussed in Chapter 5, the
incorporation of sisal fibers can be anticipated to address the abovementioned two drawbacks
when utilizing MSWI BA to manufactured lightweight aggregates. Meanwhile, to the best of
the authors’ knowledge, no studies have analyzed the effect of sisal fiber incorporation into

artificial aggregates with MSWI BA.

Considering the above, the purpose of this study is to explore the feasibility of the MSWI BA-
based aggregates incorporated with sisal fibers and provide scientific insight for developing a
new solidification technology from the strength properties and contaminant leaching. A cold-
bonded pelletizing technique was employed in this work. A comprehensive experiment work
including physical properties, mechanical strength, and microstructure characteristics of
aggregates was conducted. Then the mechanisms of strength development and contaminants
immobilization were also explored in depth. Finally, the impacts of MSWI BA-based
synthesized aggregates on the environment and related manufacture cost evaluation were

investigated.

6.2 Experimental
6.2.1 Materials

The MSWI BA, CEM I 52.5 R, and sisal fibers used here are the same as Chapter 5. The

corresponding properties have been detailed in the previous section 5.2.1.

114



6.2.2 Methods
6.2.2.1 Pretreatment

In this experiment, the same batch of SF was cut twice into very fine fibers using a cutting mill
(SM 100, Retsch) to ensure a homogeneous dispersion within the cement and MSWI BA
particles. The raw MSWI BA from the plant was first dried in the oven at 60 °C due to some
water content according to EN 933-1. The moisture content was tested at approximately 8%.
The carbon emissions and fees during the drying process were also calculated into the carbon
emissions and cost assessment in the subsequent section. After that, the MSWI BA was milled
(Vibratory disc mill RS300, Retsch) for the powder to the effective and homogeneous aggregate
production. The particle size distribution of milled MSWI BA is also the same as in section

5.2.1.

6.2.2.2 Synthesized sustainable lightweight aggregate

In view that the pozzolan activity is slightly low and the hydration capacity is weak [214, 237],
it is necessary to add OPC to stimulate pozzolanic activity, and then the gelling and bonding
effect of the chemical reaction was applied to combine MSWI BA to form synthesized
lightweight aggregates (SLWAs). This principle has been also reported in the literature [274].
To ensure that the cut sisal fibers and MSWI BA can be fully bonded by the binders, it is
necessary to find a suitable water/cement ratio before manufacturing. After several trials, the
liquid-solid (cement and MSWI BA) ratio was determined at about 25% on the weight of the
cementitious materials. However, a slight variation in the practical liquid-solid ratio was
observed among groups (Table 6.1). This is primarily attributed to practical operational factors.
Occasionally, some of the fogged water may spray on the inner wall or even out of the pelletizer,
rather than all targeting the dried particle surfaces. This results in a minor loss of water loss or
a minor addition of water supplementary, leading to a deviation in the calculated liquid-solid
ratio. However, the practical liquid-solid ratio used to produce the aggregates should be

considered consistent.

In addition, it was found that the bonding effect of SLWAs was very loosened when the mass
percentage of MSWI BA constituent occupied over 80%. Thus, the replacement proportions
with MSWI BA range from 60% to 80% here. In this work, the cold bonded method was adapted
to manufacture the aggregate. The size of the disc pelletizer (ERWEKA-AR 403) is specified

as follows: 100 cm diameter and 15 cm high. The detailed parameters were modified based on
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the information from the literature from Tang [275], and the practical manufacturing effect. The
coordination of synthesized LWA is illustrated in Table 6.1. The manufacturing process is
presented in Fig. 6.1. Before manufacturing lightweights, the raw solid materials were first
mixed sufficiently within a plastic bucket by shaking up and down for 3 minutes. Partly mixed
materials (around 30% of total solid weight) were placed on the running disc at 60 rpm. The
water was sprayed continuously onto the surface of dried materials. This process lasted about
15 minutes. After that, the running disc speed was changed to 70 rpm and then the rest 70% of
the raw materials were slowly and continuously placed on the running disc, and the water was
still slowly sprayed on the dried materials surfaces. This process lasted 20 minutes until no new
aggregates were produced, and then the produced aggregates were collected. The production

efficiency of the aggregates is calculated as follows:

Production efficiency= certainsize y 1000, , (6.1)

total size

where Wi ertain size 18 the weight (g) of the synthesized aggregates at a certain size and

Wiotar size 1S the total weight (g) of the synthesized aggregates of all sizes.

Table 6.1 The fraction of raw materials to synthesize green LWA.

Ww/C Fibers o Cement
Item (%) (Wt.%) MSWI BA (wt.%) (Wt.%)
S1-C 24.20 -
S1 e 60 40
S1-F 24.74 2
S2-C 23.66 -
S2 R 70 30
S2-F 28.62 2
S3-C 26.54 -
S3 _ 80 20
S3-F 2435 2

Noting: (1) The unit: wt.% means the weight percentage relative to the total inorganic mass (MSWI B4

and cement).

The obtained aggregates need to be sealed by plastic bags to harden and form for 24 hours to
avoid the loss of water evaporation. Finally, the aggregates were cured in an environment (21 °C
and 98% relative humidity) for 28 days to get the necessary strength. In addition, high humidity

was chosen as the curing condition in this experiment considering the report by Shafigh et al.
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[276], which concluded that moist curing could reduce the decrease of strength in oil pal shell-

blended fly ash lightweight concrete than air curing.

Milling
MSWI BA BA powder
Pre-mix (3 mins) Partly
Cement Mixture Pelletizing
Homogeneously
i Cutting i Rotating speed

Continuously adding | |

the remaining mixture
Spraying with water
20 mins
Pelletizing ‘ Pelletizing

. . Rotating speed
‘ Spraying with water | at 70 rpm

15 mins

Collecting
synthesized LWA

Fig. 6.1 The manufacturing process of SLWAs.

6.2.3 Characterization
Physical properties

Prior to the below characterizations, the aggregates were put into the oven at 105 °C for 24 h.
The loose-filled bulk density was tested according to EN 1097-3. The bulk density (ppy %) of a
single aggregate was calculated and obtained via the cross-section image processed by ImageJ
software. The description is detailed in the literature [277, 278]. The apparent density
(Papparent) and true density (0 ) are measured using a helium pycnometer performed on the
aggregate and the milled powder, respectively. The closed porosity (¢ ioseq) Of the aggregate

was calculated following:

1

Pclosed = Pbulk * ( -
Papparent  Ptrue

> X 100% . (6.2)

The total porosity (@;orq:) Of the aggregate was calculated according to eq. (4.1). The water
content and water absorption test of SLWAs were determined following the ASTM C-127. To

evaluate the shape of SLWAs, the flattening coefficient p, was as follows:
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__ e (thickness)

I (width) (63)
The elongation coefficient g, was as follows:
I (width
= (L) (6.4)

1= 1 (length)

For each granular fraction, 20 aggregates were measured based on the literature [279].

According to Zingg’s classification method [280], the shape of aggregates is categorized into

four types: disk, spherical, blade, and rod (Fig. 6.2).

1
I I
Disc Spherical
2/3
q
I v
Blade Rod
0 2/3 1
p

Fig. 6.2 Zingg’s classification of particle shape.

Furthermore, the sphericity (V) of aggregates is calculated following Wadell’s formula:

Y=3xp. (6.5)

Mechanical performance

The crushing strength of a single synthesized aggregate in this study is obtained by adapting a
modeling calculation proposed by [281]. The test was conducted using the EZ 20 Lloyd
Instrument machine with a 30 kN loading cell, accurate to 1/1000 of the load cell capacity, at a

loading speed of 0.8 mm/min until it is broken, as shown in Fig. 6.3.
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Fig. 6.3 Crushing strength of individual pellet.

20 pellets in each subgroup were statistically tested and the results of peak force were recorded.

According to the literature [281], the crushing strength was calculated following the relation

2.8P

Ocrushing = TL’d_Z , (6.6)

where o is the crushing strength of individual aggregate (MPa), P is the peak force (N), and d

(mm) is the distance between the points of loading.

The above equation was built on the hypothesis that the fracture along the middle part of the
test samples. As can be seen from Fig. 6.4, the crack propagated along the middle axis, which
proves that it is reasonable to employ this modeling formula performed on the synthesized

aggregates in this experiment.

(@) (b)

Fig. 6.4 Crack propagation of typical aggregates without SF (a) and with SF (b).

Microscopic properties

To analyze the microscopic performance difference of SLWAs with or without sisal fibers, the
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cross-section microstructure of crushed aggregates was characterized with a Zeiss optical
microscope and scanning electron microscopy (SEM, Phenom ProX, PhenomWorld). The
surface roughness of the SLWAs was quantified by phenom 3D roughness reconstruction
software. The field of view is between 10 um and 2 mm. Ra (average roughness) is
automatically calculated and obtained. In addition, to better understand the underlying effect of
the hydration kinetic of aggregates on strength development, the isothermal calorimeter (TAM
air, Thermometric) is employed to study the hydration reaction of synthesizing the aggregates.
However, the mixtures for producing aggregations are difficult to disperse due to the low
water/solid (MSWI BA and cement) ratio. To address this problem, the water/solid ratio is
increased to 0.5 to prepare the samples for calorimeter measurement. Various ratios of MSWI
BA, cement, and/or SF were blended in glass bottles. Following 3 minutes of manual shaking,
water was added to the glass bottles, and mixing was performed using a glass rod. The mixed
samples were then sealed and loaded into an isothermal calorimeter that had reached thermal
equilibrium at 20 °C. After nearly 2 weeks, the test was stopped, and the samples were removed.

The obtained data were subsequently analyzed and compared.

Leaching evaluation of SLWAs

The environmental impact of the investigated SLWAs is evaluated by the leaching test
according to the Dutch legislative standard NEN 7383, 2003. The crushed aggregates after a
single compressive strength test are sized below 4 mm before the test. The crushed aggregates
were placed into a sealed plastic bottle (L/S = 10) and shaken at 200 rpm for 24 hours. After
that, the leachates were filtered through the 0.2-um filter to prepare solutions for the heavy
metal ions test (Inductively coupled plasma atomic emission spectrometry, ICP-AES) and anion

test (Ion chromatography, IC).

Environmental and Economic Evaluation

According to the literature [282] [283], [284], the approach of life cycle assessment (LCA) has
been employed to evaluate the environmental impact of lightweight aggregates synthesized by
solid waste. In this work, the cradle-to-gate method within the LCA was employed to evaluate
the environmental impact of synthesized MSWI BA-based aggregates. Detailed calculation

procedures are the same as those in the section 5.2.3.
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6.3 Results and discussion

6.3.1 Physical properties

The aggregates with different replacement substitutes of MSWI BA were produced and the
obtained production efficiency results are illustrated in Fig. 6.5. In general, synthesized coarse
aggregates with 4 mm more (4-8 mm and >8 mm) account for the major percentage of produced
aggregates. Therefore, considering the effective utilizing ratio of aggregates, coarse aggregates
are chosen more than 4 mm in diameter size as the research objectives in this study. When SF
is incorporated, the production efficiency of coarse aggregates synthesized is obviously
increased. In particular, the fraction of coarse aggregates in the S2-F is 60.54%, with the highest
increment of 66.5% compared to the control S2-C. This indicates that SF can provide a bond
effect in mixed powder (cement powder and MSWI BA powder) in the preparation process.
According to the literature [285, 286], cement powder and MSWI BA powder have positive
charges, leading to the appearance of electrostatic repulsion forces. That means such forces
would be set off to some extent the driving force produced from the hydrophilic characteristics
of powders. Whereas, sisal fiber with both hydrophilic characteristics and negative charges [287]
can not only take water absorption force to bind inorganic powder but also attract these
negative-charged powder agglomerations to form aggregates. Furthermore, when cement
replacement with MSWI BA increases, the production efficiency of the coarse aggregates
without fiber incorporated generally decreases. This is in accordance with the previous study.
However, it was noticed that sisal fibers incorporated have the best effect on production
efficiency when the proportion of MSWI BA increases to 70 wt.%. This could be because when
the amount of MSWI BA is lower, the water is easily absorbed by a higher proportion of cement,
which leads to less bonding effect provided by sisal fibers due to their lower wetting surfaces.
On the other hand, when the amount of MSWI BA exceeds 70 wt.%, the cement binder is
insufficient for the system, resulting in synthesized aggregate powder being prone to loosening
and finally reducing the production efficiency of aggregations. Therefore, considering the
efficient production, the 70 wt.% MSWI BA with sisal fibers is the optimum design ratio in this
study.
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Fig. 6.5 Production efficiency of SLWA (equivalent diameter > 4 mm) under different proportions.

Shape characteristics and physical properties of aggregates are significant parameters for
assessing synthesized lightweight aggregates. Table 6.2 shows the morphological and physical
properties of all studied aggregates. In terms of morphological performances, three main
parameters: flakiness ratio, elongation ratio, and sphericity are focused on. According to
Zingg’s classification, three groups are categorized as spherical (flakiness ratio > 2/3.,
elongation > 2/3). Meanwhile, the shape of aggregates in the S2 group is the nearest closest to
the spheric, with the highest levels of sphericity (0.87). The reason for this is unclear but it is
possibly related to the design ratio of S2. The resulting early strength can effectively be resistant
to impact force in the course of pelletizing. Besides, such a spherical shape can improve
workability and affect the stress concentration of corresponding LWA concrete under loading
[288]. The results of surface roughness show that sisal fiber incorporation can increase the
roughness degree of synthesized aggregates, which can improve the interface property of
concrete in the future. Among all the MSWI BA replacement groups, the S2-C and S2-F in the
S2 group have the most significant difference in surface roughness as can be seen in Table 6.2.

The corresponding surface roughness profiles are depicted in Fig. 6.6.
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Table 6.2 Geometrical characteristics and physical properties of synthesized coarse aggregates under

different proportions (Table 6.1).

S1 S2 S3
C F C F C F

Flakiness ratio 0.89 0.86 0.92 0.90 0.85 0.86

Shape parameters Elongation ratio 0.88 0.83 0.86 0.86 0.81 0.86

Sphericity 0.87 0.84 0.87 0.87 0.82 0.86
Surface roughness (Ra, pm) 2.92 4.07 3.20 5.09 291 3.18
Water absorption (%) 22.81 28.17 2417 29.55 32.23 36.23
Loose-filled bulk density (kg/m?) 72092  882.81 67550 69542 633.52 652.61
(a) (b)
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Fig. 6.6 Surface roughness appearances and corresponding type lines of coarse aggregates: S2-C(a)

and S2-F(b).

In terms of water absorption, the data presents that SLWAs produced with S1-F, S2-F, and S3-
F perform relatively higher compared to those without SF. This could be related to their

microstructure changes due to the SF incorporation. Commonly, plant fibers have a hollow
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lumen structure, which is prone to absorb water via capillary force [289]. The detailed
explanation is further discussed in the following sections. In addition, the loose bulk density of
the aggregates is also shown in Table 6.2. This shows that the loose bulk density of all aggregate
samples is in the range of 633.52-882.81 kg/m?, which meets the density requirement (between
500 and 1200 kg/m?) of LWAs according to UNI EN 13055-1:2005 standard. High replacement
levels result in a decreased density of the aggregates, which is attributed to the binder content
decreases [12]. Whereas, at each substitution level, the SF added can increase the loose bulk
density of synthesized aggregates. In fact, there are certain macro and micro pores generation
resulting from hydrogen gas release of the metallic aluminum contained MSWI BA, reacted
with alkali [269]. SF incorporation can fill the pore spaces and increase the density to some
extent. This will be further proved by the following cross-section observation with SEM.
Meanwhile, this analysis implied the pore structures are likely to affect the mechanical
performance of the SLWAs. To under the effect, the strength of single aggregates is studied in

the subsequent section.

6.3.2 Strength of individual aggregate

The strength property of synthesized aggregates is likely to depend on two fundamental aspects.
First, the low-activity MSWI BA replacement can negatively influence the hydration kinetics
of the binder cement, thus leading to a reduction of strength [290]. Second, the mixture of
MSWI BA and cement results in pores generation from metallic aluminum reacting in the alkali

environment, seriously hindering the development of structural strength [271, 290].

The strength results of individual aggregate with 4-15 mm are presented in Fig. 6.7. The data of
the individual aggregate strengths are relatively dispersed since this strength test would be
affected by the chosen single aggregate [275]. Therefore, to more clearly exhibit the correlation
between the strength properties and the aggregate size, we fitted these dispersed data to analyze
and compare. According to the data of the peak force and particle size (Fig. 6.7a, b, and c), the
peak force statistically increases with the rising equivalent diameter of individual SLWA
regardless of with/without SF incorporation. This trend is well in agreement with the reports of
[291, 292]. However, as the replacement level with MSWI BA increases, the average peak
forces of the aggregates gradually decrease. Increased MSWI BA content not only reduces the
potential degree of pozzolanic reaction within the CEM-MSWI BA system [214, 237] but also

generates more pore spaces due to the increase in the metallic aluminum content [36, 293]. The
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combination of both factors leads to serious negative effects on the load force. This can be in
line with the loose density measurement. According to the data regression analysis, the addition
of SF enhances the peak force of individual particles, which is highly related to the filling role
of plant fiber. Here, the filler role of SF in the CEM-MSWI BA system is thought a combination
of both a physically filling effect and a seeding effect (hetero nucleation and growth). The deep
analysis will be discussed in the following sections. In addition to filling the pores, incorporated
SF has high stiffness that helps in resistance to compression force. It has to be noted from the
fitting non-linear curves that the strengthening effect of SF becomes more significant when the

equivalent diameter increases. This could depend on the MSWI BA content of the individual

aggregate.
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Fig. 6.7 Relationships between SLWA size and peak force (a, b, and c), and strength (a’, b’ and ¢’);
different SLWAS represented in Table 6.1.

The correlations between crushing strength and pellet diameter size were calculated and
obtained in Fig. 6.7a’, b’, and ¢’. The crushing strength of SLWAs decreases with the increase
of the aggregate size, which is consistent with the discovery of Liu et al.[292] .investigated the
single-particle compression test of artificial MSWI BA-based aggregates and found the peak
force increases with the increase of the single-aggregate size. In contrast, the relation between

the crushing strength and the aggregate size is a positive correlation for the SF addition. In
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particular, in the S2 group (70% replacement), SF addition exhibited the most significant
strengthening effect on the SLWAs. In general, plant fiber added to the cementitious matrix can

improve the flexural strength of the composites by resisting cracking destruction.

To deeply understand the effect of the SF addition on the CEM-MSWI BA system, we analyze

the hydration kinetics of the mixtures and micro-structures of SLWAs in subsequent sections.

6.3.3 Microscopic properties analysis
Calorimetry

The calorimetry results are shown in Fig. 6.8. It can be seen from Fig. 6.8a that the heat flow
rate is quite low, which is mainly due to the major content of low-active MSWI BA
incorporation. In addition, several peaks derived from one curve appeared at different hydration
times, as shown in Fig. 6.8b and c¢. It is unclear but it is probably related to the
accelerating/retarding effect of some element components of MSWI BA. Kumar et al. [32]
concluded that some heavy metal elements like Cu and Fe can retard cement hydration while
the others like Pb and Br appear to accelerate cement hydration. Interestingly, the total heat
release of the mixture with SF exceeds that of the mixture without SF at all substitution levels
as the hydration time increases. There are two potential reasons for this phenomenon, one is
likely because of the internal curing role of SF [294, 295]. SF, due to the hollow lumen structure,
absorbs the alkali pore solution containing OH- inside its structure in the initial hydration period.
However, at the later period of hydration time, as the moisture of the system is lost, the solution
absorbed by SF is slowly released. At this time, the hydroxyl ion in the alkali pore solution can
continue to dissolve the metallic aluminum from MSWI BA, forming alumina tetrahedral and
finally participating in the system cementitious reaction. These exothermic processes of
dissolution and reaction further increase the total heat release. The other is closely related to the
extra hetero nucleation sites due to the presence of the SF, which can accelerate the system

hydration reaction. The deep mechanism explanation will be discussed in the following section.
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To clearly observe the influence of SF incorporation on the system hydration parameters, the
correlation between hydration parameters and SF at the different replacement levels of MSWI
BA was depicted in Fig. 6.9. The SF incorporation is positively correlated with the time at the
maximum heat flow (final setting time), as shown in Fig. 6.9a. The time advance suggests that
fiber incorporation can accelerate the hydration reaction via increased hetero nucleation sites,
which is in line with the above analysis of total heat release. The cumulative heat result (Fig.
6.9b) indicated that SF added can significantly promote the hydration kinetics of the CEM-BA
system. In particular, the SF incorporation under the 70% substitution level achieves the highest

cumulative heat, indicating the added SF plays the best optimal role in this substituted system.
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Fig. 6.9 Heat map of correlation between SF contained at the different substitution of MSWI BA and

hydration parameters: (a) final setting time and (b) cumulative heat of SLWAs.

Microstructure and pore structure

The optical microscope and SEM images of S2-C and S2-F are shown in Fig. 6.10. According
to the optical images, the synthesized aggregates without fibers have many micropores and
some small pores, whereas only several small pores were observed in the aggregates with fibers.
Meanwhile, the fiber and the cementitious matrix are well-bonded. The reason for this
phenomenon could be due to the hydroxyl and carbonyl groups on the fiber surfaces, which can

promote the nucleation and growth of the calcium silicate hydrate C-S-H gel and chemical

bonding with cementitious matrix [296, 297].

Large pores

Fig. 6.10 The optical microscope cross-section images of S2-C (a) and S2-F (c); the SEM images of
S2-C (b) and S2-F (d).

128



The SEM images of samples S2-C and S2-F are depicted in Fig. 6.10b and d. It can be observed
that both the amount and size of pores in S2-C are much more than those of sample S2-F. This
indicates that the sisal fiber incorporation can densify the aggregates, which is attributed to the

pore filling and accelerated hydration through extra hetero-nucleation sites provided.

To quantify the proportion of pore spaces, the porosity of aggregates under different
replacements with/without fibers is measured, as shown in Fig. 6.11. The total porosities of the
aggregate samples (S1-S3) generally increase as the replacement level with BA increases. This
is consistent with the strength behaviors of the aggregates at different replacement levels.
However, in terms of closed porosity, S2-F at a 70% replacement level, displays the lowest
(1.97%). There are possibly two reasons for this. One is related to the closed pore size, which
matches the size of the fiber diameter. This is well confirmed by the above optical microscope
observation. Another possible reason is when the replacement level is from 60% to 70%, the
increased BA tends to lead to increased pore amount and expanded pore size, which means
many open pore amounts are generated and closed pore amounts are relatively reduced. As it
continues to increase to 80%, the expanding degree of the pore size and the increase of the pore
amount gets relatively weak due to much less cement incorporation. Therefore, this is why the

increasing trend of total porosity trend is kept, not presenting the same turning point as the

closed porosity.
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Fig. 6.11 Porosites of the synthesized aggregates with different replacement levels (60%-S1, 70%-

S2, and 80%-S3; see Table 6.1): closed porosity (a) and total porosity (b).
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Leaching behavior

Considering some hazardous substances contained in MSWI BA, it is necessary to assess the
potential environmental impact of the synthesized aggregates in this study. The leaching test
was performed on the leachate from the SLWAs, focusing on the concentration of the type of
harmful anions (chloride and sulphate) and certain hazardous heavy metal cations. The leaching

data is shown in Table 6.3.

Table 6.3 Leaching of chloride and sulphate, and heavy metal cations present in the leachates for raw
materials (cement and ground MSWI BA) and SLWAs. LL is the legislation limit of building materials
in the Netherlands [266].

Leaching value (mg/kg d.m.)

Samples
Chloride  Sulphate Ba Cr Cu Mo Zn
Ground MSWI BA 8682 13865 0.98 0.4 7.01 3.77 0.84
CEM 1 52.5 R [240] 322 52 30000 0.5 <0.01 0.2 0.04
S1-C 2410 75.4 13.32 0.35 3.46 0.81 0.36
S1-F 2260 207 9.45 0.26 3.21 0.67 0.22
S2-C 3320 429 3.16 1.19 491 2.43 0.2
S2-F 2710 878 2.1 0.82 4.77 227 0.18
S3-C 4800 874 2.25 1.01 7.28 3.04 0.16
S3-F 4570 757 1.62 0.78 7.06 2.82 0.13
LL® 616 1730 22 0.63 0.9 1 4.5
LLP 8800 20000 100 7 10 15 14

mg/kg d.m. refers to the mg per kg of dry matter.

LL? refers to the legislation limit of the building materials that have not been molded.

LLP refers to the legislation limit of the building materials that only can be applied in insulating facilities.

It can be seen from the comparison of the leaching data with the legislation limitation values,
that the values for the SLWAs are far below the legislation limitation of building materials
applied in insulation facilities. This suggests that the synthesized aggregates can be applied in

certain construction facilities by enclosing them with an outer layer such as in the liquid-tight
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paving application. Compared to the limit values of unmolded materials, the leaching emissions
of partially harmful elements in the SLWAs have not yet met the legislation criteria, but it is not
difficult to estimate that when the aggregates used as lightweight concrete, the leaching
emissions of the resulting composites will be considerably reduced or even below the limit

values.

The results show that the leaching values of tested hazardous element ions are significantly
decreased after ground MSWI BA is processed into the SLWAs. This is likely to be the fact that
the hydration products like C-S-H gel and ettringite generated from the reaction of cement and
MSWI BA immobilize these harmful ions, thus reducing their release [11]. As regards the
comparison of the experimental aggregates with reference aggregates, the leaching values of
the aggregates reinforced with SF can effectively decrease the release of contaminated ions,
except for the sulphate anions. The reason for this unusual phenomenon is unclear but is
possibly related to the polysaccharides of sisal fibers. This could capture the Ca>* from gypsum,
leading to the potential release of sulphate [298].

Overall, after ground MSWI BA is processed into SLWAs, their leaching values of hazardous

ions can satisfy the environmental-friendly requirement.

6.3.4 Further mechanism analysis

It is well known that the water-soluble extractives and polysaccharides of plant fiber retard the
normal setting and then influence the strength development of the fiber/cement composites [299,
300]. However, in this study, plant fiber added in the CEM-MSWI BA system comprehensively
exhibits a positive role in the strength property of the synthesized aggregates, although the
retarder effect also possibly exists. To better understand the underlying positive effects of plant
fiber in the CEM-MSWI BA matrix, it is important to familiarize the chemical compositions of
MSWI BA and its performance within an alkali cement environment. Unlike common
supplementary cementitious materials (SCMs), MSWI BA contains a relatively higher amount
of metallic aluminum, which readily reacts with alkali and then releases hydrogen gas. This
release leads to pore generation, which can detriment the ultimate strength of the resulting
CEM-MSWI BA composites [36]. To address it, SF was incorporated into the CEM-MSWI BA

matrix for the production of lightweight aggregates.
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Based on the characterization and analysis conducted in this study, two mechanisms of SF
reinforcement are proposed: the filling effect and the seeding effect, as illustrated in Fig. 6.12.
For the former, plant fiber incorporation can physically fill the pores produced from the reaction
of MSWI BA in the cement system. For the latter, plant fiber can act as seeds, providing
additional nucleation sites for the growth of hydration products such as portlandite and the
calcium silicate hydrate C-S-H gel, as is shown in Fig. 6.13. Similar to the behavior reported in
[301, 302]. Meanwhile, plant fiber, as the internal curing agent [302], can more effectively and
persistently induce the hetero nucleation and growth of inorganic matrix substances on its
surface through the slow release of pore solution. and Ultimately, these two ways can help

improve the overall density and compactness of the aggregates.

Sisal fiber
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Fig. 6.12 Mechanism schematic in strength development of the SLWAs with SF.

Fig. 6.13 A scanning electron micrograph (SEM) of the cross-section of S2-F.
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In terms of contaminant immobilization, plant fibers with hollow structures are prone to absorb
wastewater containing heavy metal ions by the capillary force [303]. This suggests that when
SF was incorporated into the MSWI BA-OPC system, the pore solution containing heavy metal
cations from MSWI BA also could be absorbed into the inner structure of the fiber (Fig. 6.14).
Subsequently, the heavy metal cations absorbed will be well fixed on the inner surface of the
fibers due to the electrical attraction. It is known that plant fiber is negatively charged due to
the existence of some functional groups like carboxylic groups [304, 305]. Also, it was reported
that heavy metal elements are in the form of their cations distributed in MSWI BA [306]. That
means it is probably theoretically possible for the heavy metal cations to be absorbed onto the
inner surface of the fibers. Finally, The leaching data of the SLWAs confirmed the above

hypothesis of the immobilization mechanism.
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Fig. 6.14 Mechanism schematic in contaminant immobilization of the SLWAs with SF.

6.3.5 Environmental and economic evaluation
Environmental assessment

The greenhouse gas emission generated by the manufactured aggregates was evaluated as an
indicator of environmental impact. To quantify the greenhouse gas emission of SLWAs, life
cycle assessment (LCA) was employed in this study according to ISO 14040. Because the
MSWI BA is one waste substance, the energy consumption and greenhouse gas emissions
generated by MSWI BA production are not considered in the following LCA calculation. The
transportation distance for delivering raw materials was considered 200 km, (252 km is the

longest straight line distance in the Netherlands, referring to [307].

The global warming impact of SLWAS is shown in Fig. 6.15. It can be seen that the greenhouse
gas emissions comprehensively continue to decrease as the replacement rate with MSWI bottom

ash increases. In addition, SF incorporation can help reduce the global warming impact when
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the replacement level is the same. This is highly related to the enhanced production efficiency
of the SLWAs due to the bridging effect of the fibers. For example, with the S2 group (70%
replacement), the global warming impact of S2-F is significantly decreased by about 156 g CO>
eq./kg (a decrease of 21%) in comparison with the S2-C. That means, S2-F is the best candidate
among them considering the global warming impact, which has great potential for the

sustainable building industry.
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Fig. 6.15 Global warming impacts per 1 kg of aggregate preparation (see Table 6.1).

Cost evaluation

The cost data for the materials and their corresponding processing are sourced from the Alibaba
online website in the Netherlands region or the broader European area [308]. The detailed price

date is referred to in Table 5.7.

The cost of synthesized aggregates at different substitutions with MSWI BA is shown in Fig.
6.16. The cost data shows that as the substitution level increases, the cost of the SLWAs exhibits
a decreased trend. This suggests that the dosage of MSWI BA used plays an important role in
reduced cost. Comparing the S2 group and S3 group, the cost gaps of the SLWAs are smaller,
which is attributed to the decreased production efficiency with increased MSWI BA. In addition,
it is because of the production efficiency sisal fiber can promote, the aggregates reinforced with
fiber generally lower cost advantages at the same replacement level. Expanded clay aggregates
common commercial LWAs. The price is between €90/m* and €120/m?, which averages far

above the cost of the SLWA (both S2 and S3). That means, in the aspect of materials cost, such
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SLWA aggregates have the potential to be competitive. Finally, combined with the strength
analysis above, the S2-F is the best candidate for the SLWAs production.
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Fig. 6.16 The cost of the SLWAs under different replacement levels (see Table 6.1).

In conclusion, the studied SLWAs can not only be friendly to the environment in terms of the
green housing gas emission and hazardous contaminant leaching but also have huge economic

benefits in the lightweight aggregates market.

6.4 Conclusion

This comparative experiment aims to study the feasibility of the SF incorporation into
synthesized MSWI BA aggregates in terms of strength improvement and contaminant leaching
solidification. 2 wt. % SF was added into the SLWAs with different replacement levels of MSWI
BA. The impacts of SF on the physical characteristics, strength performance, microscopic
properties, and sustainability of the produced aggregates were investigated. The following

conclusions are drawn:

(1) The incorporation of SF can promote the production efficiency improvement of SLWAs by
both hydrophilic nature and charge attraction of the fiber. The surface roughness extent of
aggregates containing SF is obviously increased, which benefits the improved interface

property of further concrete engineering.

(2) With increased MSWI BA content, the strength properties of SLWAs are reduced. However,

the SF addition can considerably strengthen the strength performance of relatively large-
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diameter SLWAs, by improving the cement hydration kinetic (seeding effect) and reducing the
porosity-filling effect. Especially, the SF shows the most remarkable strengthening effect of the
SLWAs at the 70% replacement level of MSWI BA.

(3) The SF added into the aggregates can effectively absorb chloride anions and some harmful
heavy metal ions from BA. Combined with the cement solidification effect, the harmful ion

leaching requirement of some building applications like insulated facilities can be satisfied.

(4) Through the greenhouse gas emission calculation, it is concluded that the SF incorporation
can evidently reduce greenhouse gas emissions when the SLWAs are prepared, particularly the
S2-F (a decrease of 23%) compared to S2-C. In addition, for the cost evaluation, the cost of
SLWAs has been greatly decreased in comparison with the commercial expanded clay

aggregates.

Therefore, our results support the feasibility of the SF as reinforcement for the cold-bonded
granulation of MSWI BA. The SF incorporation not only enhances the strength properties of
the SLWAs but also contributes to environmental benefits by reducing harmful ion leaching and
greenhouse gas emissions. Furthermore, it is evaluated that the cost of SLWAs reinforced with

SF is remarkably low, which has huge economic benefits.
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cHAPTER 7 [N

7. MSWI bottom ash as natural sand in mortars: the effect of sisal

fibers

Based on this paper:
H. Song, T. Liu, F. Gauvin, and H.J.H. Brouwers. Upgrading sand replacement with MSWI

bottom ash in mortar applications: A green solution of sisal fiber incorporation (Submitted).

7.1 Introduction

Natural silica sand, especially river silica sand, plays a crucial role in the growth of urbanization
and infrastructure, particularly in the construction industry. Globally, an estimated 10.5 billion
tons of river sand are consumed annually for the production of mortar and concrete [309]. With
the rapid growth of the construction sector, this demand is projected to continue rising. However,
excessive excavation of river silica sand can bring remarkable economic benefits, but in turn,
simultaneously leads to many environmental threats such as riverbank erosion, river bed
depletion, risk to bridge safety, and negative impacts on biodiversity and ecosystems along
riverbanks [310, 311]. Moreover, due to its non-renewable nature, the exploitation of river sand
is subject to regulation by governments and environmental protection legislation in many
countries [311]. As a result, in the present scenario, an alternative material to replace the river

silica sand is urgently needed to identify for making mortar and concrete.

In recent years, the use of MSWI BA as a direct replacement for river silica sand in virgin

building composite materials, such as mortar and concrete, has attracted large attention in the
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context of promoting a circular economy [312-314]. This is because of similar chemical
compositions and grain size distribution between MSWI BA and river sands used in building
materials [315]. Sani et al. [316] investigated the effect of different sand replacement ratios with
bottom ash on the strength properties of the concretes. The results showed that 30% bottom ash
replacement, as an optimum usage, could get a favorable strength property. Minane et al. [315]
explored the mechanical properties of the mortar by utilizing 100% bottom ash for the
substitution of natural sand (<2 mm). Compared with the bottom ash-based mortar without
superplasticizer addition, the compressive strength of the bottom ash-based mortar with 3%
superplasticizer addition exhibited a significant increase while flexural strength showed a slight
increase. Moreover, Tang et al. [227] studied the strength and environmental impacts of the
MSWI BA use as sand replacement (maximum replacement ratio of 30%) in the mortar
application. It was found that the sand replacement with MSWI BA harmed cement hydration
and decreased the strength properties of the mortars. In addition, the leaching contaminants
exceed the Dutch legislative limit, which threatens environmentally friendly. Thus, ensuring
both sufficient strength performance and effective control of pollutant leaching presents a

significant challenge in practical application within the construction industry [314].

In light of the challenges mentioned above, which are similar to those encountered in both
Chapter 5 and Chapter 6, the incorporation of sisal fibers can be expected to address these

challenges when substituting MSWI BA for natural sands substitution in mortar or concretes.

Consequently, this chapter aims to investigate the effects of sisal fiber incorporation on the
mechanical properties and leaching behaviors of the mortar using MSWI BA as a replacement
for sand. In this work, the replacement level of sand with MSWI BA in the mortar ranges from
0 -100 vol. %. Flexural strength and fracture toughness of the mortar specimens without or
without sisal fibers were obtained by the three-point bending test. The fracture morphology of
the specimens was characterized. In addition, the leaching behaviors of the mortars
with/without sisal fibers were evaluated. The findings of this study will further accelerate the

potential of the practical application of MSWI BA in civil engineering.
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7.2 Experimental
7.2.1 Materials

The cement was used 52.5 R grade; The standard silica sand with particle size distribution was
used following the UNI EN 196-1:2005 [73]; The employed MSWI BA was supplied by the
company Heros (the Netherlands), with already dried treatment. Sisal fibers were provided by
Wageningen Food & Biobased Research, the Netherlands. Detailed information on these

materials will be given in the following subsection.

Physical properties

The particle size distribution of MSWI BA within 2 mm and standard sands is shown in Fig.
7.1. It can be seen that the distribution is similar between them. In addition, the fineness modulus

(FM) of MSWI BA and standard sands is 3.7 and 2.4, respectively.
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Fig. 7.1 Particle size distribution of MSWI bottom ash and standard sand.

The bulk density (ppy,) of the MSWI BA was obtained from the 40*40*40 mm?> mold filling.
For true density (p¢-ye) and apparent density (0gpparent)> @ helium pycnometer was employed
for measuring the ground MSWI BA powder and dried MSWI BA particles, respectively. For
envelop density, the surface dried MSWI BA sample was put into a graduated container, the
envelop volume of the sample could be measured by Archimedes method and then calculated
to obtain the envelop density (Penpeiop). The MSWI BA sample was oven-dried for 24 h at
105 °C, recording the weight as Marieq, The dried sample was soaked in water for 24 h, and then

the surface water by the absorbed papers, recording the weight as Myuer. The water absorption
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rate (W) of the MSWI BA could be calculated by eq. (4.2). According to the abovementioned
calculation, the basic physical properties of MSWI BA and standard sands used are given in

Table 7.1. The characteristics of sisal fibers in this study are provided in Table 7.2.

Table 7.1 Basic physical properties of MSWI BA and standard sand.

Bulk density Apparent density  Envelop density =~ Water absorption

(g/em’) (g/em’) (g/cm3) (%)
MSWI BA 1.02 2.65 1.52 24.3
Sand 1.66 2.54 - 2.3

- unmeasurement

Table 7.2 Characteristics of sisal fibers.

Properties Values

Fiber length (cm) 0.5-4.5

Fiber diameter (um) 191-235
Density (g/cm?) 1.41
Water absorption rate (%) 3.58

Tensile strength (MPa) 430-710

Surface appearance

The microscopic appearance of MSWI BA was observed under scanning electron microscopy
(Fig. 7.2). Many mineral agglomerations are condensed together and the shapes are irregular
including spherical-like and cubic and geometric size. Also, the surface texture of MSWI BA is
rough which promotes better bonding and higher strength of mortar or concrete [317]. Further,
many fine mico-pores were observed on the surface of MSWI BA. Thus, that is why the
coefficient of water absorption is higher compared with fine aggregate sands. This is also

confirmed by the literature [318].
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(b)

Fig. 7.2 Microscopic appearance of MSWI BA (a) and SF (b).

7.2.2 Methods

Ten types of mortar were produced with various levels of MSWI BA substitution for sand by
volume (0%, 25%, 50%, 75%, and 100%). These mortar mixtures were prepared both with and
without the SF incorporation. The capital letters, “C” and “F”, represent the mortars with and
without SF, respectively. The mix proportion example is given in Fig. 7.3. The amount of SF is
2 wt.% of cement, and the water/cement ratio was 0.5. It has to be noted that extra water was
added in the mixing process to compensate for the water absorption amount of MSWI BA. This
step aims to solely focus on the effect of MSWI BA replacement on our research results,
excluding the effect of actual w/c ratio variation resulting from the water absorption of MSWI

BA and SF.

() (b) ()

Sisal fiber

v

12.7%
Cement
25.3%

& MswiBA
23.4% B8

Fig. 7.3 Volume proportions of representative mixes from left to right: (a) control; (b) 50% MSWI
BA sand replacement; (c) 50% MSWI BA sand replacement added with sisal fibers.
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For the mortar preparation, all dry materials containing cement, MSWI BA, and/or sisal fiber
were mixed at a low speed for 1 minute to obtain a perfect homogeneous mixture. The
calculated water was added to the mixture slowly. After that, the speed was changed to the
middle level at about 120 rpm for the 120 s, to the high level at about 480 rpm for the 60 s, and
finally back to the intermediate level for the 30 s. The workability of obtained mortars was
measured by a flow table test following the EN 1015-3 [319] and the size of the slump cone
used is specifically 60 mm in height with an internal diameter of 100 mm at the bottom and 70
mm at the top. For each mix proportion, three prisms (40*40*160 mm) were cast and covered
by the cling film to avoid water evaporation. After 24 h, they were demolded and stored in a

curing room at a temperature of 20 + 1 °C and relative humidity at 96+2% for different ages.

7.2.3 Characterization
Mechanical properties

The mechanical strengths of all mortar samples were tested after 28 days of curing. The
compressive strength was carried on broken specimens after a three-point bending test. Three-
point bending test was carried out according to the standard EN 196-1[73], which evaluates the
flexural strength and fracture toughness of mortars. The EZ 20 Lloyd Instrument (AMETEK)
testing machine, equipped with a loading capacity of 50 kN was performed on the mortar
samples. More precisely, the displacement of the specimen is driven by the loading cell, with a
rate of 0.5 mm per minute. Furthermore, the curves of applied load P versus the mid-span
deflection 6 of the beam were recorded during the tests, till the complete failure of the specimen
[320, 321]. The flexural strength can be calculated according to eq. (2.1). The experimental

setup and related testing parameters are shown in Fig. 7.4a and b, respectively.

(a) | (b E

Fig. 7.4 Experimental setup (a) and geometrical sizes and loading configuration (b) for three-point

bending test.
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Fracture toughness was performed on the current mortars according to the extending provision
of ASTMC C1018 [322]. The corresponding toughness index was computed through the

following

[ CMOD(36) -
" CMODon(8) ' 7.1

where § refers to the mid-span deflection when the first crack of the specimen occurs;
CMOD(36) refers to the area under the Crack Mouth Opening Displacement (CMOD) from the
origin to 36; and CMOD,.,,, (8) refers to the area under the CMOD of the control specimens till
the crack opening. Therefore, the above formula represents the relative value of energy
absorption capacity of the sisal fiber-reinforced mortars compared to the unreinforced mortars.
The elasticity modules of the mortars are related to the following ultrasonic pulse velocity test

and the corresponding results were obtained based on the following

E = (105 x V2) x (9%1) , (12)

where E stands for elasticity modulus (GPa), V stands for ultrasonic pulse velocity (km/s), and

A stands for unit weight (g/cm?).

Ultrasonic Pulse Velocity (UPYV)

Mortar specimens at 28 days of curing were measured using the IP-8 ultrasonic measuring
system (Ultratest GmbH, Germany) [323]. Before the measurement, the system was calibrated
based on the UPV of 343+3 m/s at 20 °C. Consequently, the mixing mortar was poured into the
silicon mold. The inside of the @50 mm x 50 mm mortar in the silicon was measured every

minute for 72 h through P waves with a measuring distance of 40 mm.
The ultrasonic wave velocity (Vs, km/s) was calculated using:
V=L/T, (7.3)

in which V represents the ultrasonic pulse velocity (km/s), L represents the distance between

centers of transducer faces (mm), and T represents the velocity time (us).

143



Microstructural analysis

To better understand the microstructure and the interfacial bonding between cement and
sand/MSWI BA in mortars, the microstructure of mortar samples was investigated with
scanning electron microscopy (SEM). Typical mortar samples were broken into small pieces.
These pieces were immersed in isopropanol for 24 h and then over-dried in an oven at 45 °C
for 24 h. The dried specimens were sputtered with Au. Finally, a Thermo Fisher Phenom Pro-
X microscope was employed to observe the microstructure of prepared samples under an
accelerating voltage of 15 kV. The crack propagation on the surfaces of the broken specimens,
observed after the compressive strength test, was photographed. Image processing and analysis
were conducted using Imagel software. The original images of the cracked samples were
digitally processed to identify cracks for the resistance-deformation capacity analysis. In the
analyzed area, contrast and sharpness filters were applied. The images were then converted to

8-bit grayscale binary images and thresholded to obtain grayscale outlines.

7.3 Results and discussion

7.3.1 Workability

Due to the various physical characteristics of MSWI BA and river sands, the workability of
fresh mortars is necessary to be evaluated to ensure the feasibility of MSWI BA and/or added
SF on the application of the mortar. The results are shown in Fig. 7.5. At the MSWI BA
substitution rate of 0%, the mortars with/without fibers have remarkably low fluidity. With the
increase of MSWI BA replacement level, the spread diameter of fresh mortars expanded
gradually. The higher the replacement ratio of MSWI BA is, the higher the fluidity degree of
corresponding mortars is. The smaller-sized silica sand tends to absorb water more rapidly at
the initial mixing period in light of higher surface areas, somewhat hindering the grain
flowability [324]. In contrast, the larger-sized MSWI BA sand enhances grain flowability,
particularly in the case of higher replacement of silica sand by MSWI BA. This could be
confirmed by the particle size distribution data of cement and MSWI BA. Also, the spherical-
like shape of MSWI BA readily flows compared with angular sands.
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Fig. 7.5 Spread diameter of fresh mortar containing MSWI BA (0%, 25%, 50%, 75%, and 100%)

and/or sisal fibers. Noting: C-control; F- fibers.

Compared with the control mortars, the flowing diameters of all mortars reinforced with SF
were remarkably reduced regardless of the MSWI BA contention. Taking the MSWI BA75
group as an example, the flowing diameter of MSWI BA75-C is 198 mm, while MSWI BA75-
F is 165 mm in flowing diameter, dropping by about 17%. The drop in the workability can result
from the combined effect of rough surface, irregular shape, bridging effect, and porosity
structure of SF [325, 326]. This is consistent with the study of Wongsa et al. [327] on the
characteristics of sisal fiber-reinforced geopolymer mortars, which demonstrated that the

geopolymer mortars reinforced with sisal fibers exhibited low flow values.

7.3.2 Mechanical properties of the MSWI BA-based composites
Correlation between compressive strength and non-destructive test

We studied the variation of compressive strength and ultrasonic pulse velocity of the examined
mortars under different MSWI BA replacement levels, shown in Fig. 7.6a and b. As detailed in
Fig. 7.6a, the compressive strength of mortars exhibited a continuously decreasing trend with
an increasing amount of MSWI BA. In all mortars containing MSWI BA, the highest
compressive strength was observed with a 25% replacement of MSWI BA, whereas the lowest
was observed with a 100% replacement of MSWI BA. This is because the metallic aluminum
present in MSWI BA can be reacted in the alkaline cementitious medium, releasing hydrogen

gas, forming porous structures, and finally lowering compressive strength [328]. This is also
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called the swelling of metallic aluminum [220]. Therefore, higher MSWI BA replacement is

poorer strength of the resulting mortars.
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Fig. 7.6 The relation of compressive strength, ultrasonic pulse velocity, and Young’s modulus versus
different replacements of the two types of mortars with/without SF (C-control and F- fibers). (a) the
relation between compressive strength and MSWI BA replacement level; (b) the relation between
ultrasonic pulse velocity and MSWI BA replacement level; (c) the relation between compressive
strength and ultrasonic pulse velocity, and (d) the relation between Young’s modulus and ultrasonic

pulse velocity.

Moreover, it can be seen that under 0% MSWI BA replacement level (pure mortars), the fiber
addition lowers the compressive strength of the mortar. The compressive strengths of the control
mortar and the fiber-reinforced mortar are 53.73 MPa and 41.81 MPa, respectively. similar
behavior has been found in the literature [329]. The polysaccharides of SF can delay the cement
hydration via hydrolyzed and transform into some carboxylic acids, negatively impacting the
strength development. By contrast, in all mortar specimens containing MSWI BA, the
compressive strengths of the fiber-reinforced mortar are higher than those of the counterpart
control mortars. Notably, the highest strength increment (25.1%) is observed for the MSWI BA
25 group. MSWI BA25-F and MSWI BA75-F are 30.8 MPa and 19.8 MPa, higher than their
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counterpart mortars. The increments for the MSWI BA25 group and MSWI BAS0 group are
5.7% and 8.6%, respectively. This differs from the common reduced strength of cement-based
materials caused by the polysaccharide fibers [116, 330]. In our study, this controversial
phenomenon seems to be mainly related to the cementitious system. The structure of the pure
cement hydration system is dense, which is ready to be negatively influenced by the fiber
polysaccharide dissolution. Whereas, the MSWI BA-based cement system exhibited a porous
structure resulting from the swelling of metallic aluminum [220]. This loose structure not only
slows the negative impact of the polysaccharide cement hydration reaction but also plays the
filling role in the porous matrix due to incorporated SF. Consequently, this combined effect
exceeds the retarder effect brought by the fiber polysaccharide, contributing to strength

improvement.

Fig. 7.6b compares the non-destructive UPV values of the control mortars and the fiber-
reinforced mortars under 0-100% replacement of MSWI BA. The UPV is positively associated
with the mortar density (see Table 7.3), reflecting the pore structure of the mortars as the
presence of such pores can prevent and slow down the pulse velocity [331]. It can be also
observed that all fiber-reinforced mortars have higher UPV values than their counterpart control
mortars. With a 50% replacement, the fiber-reinforced mortar has a 4.0% higher UPV value in
comparison with the control mortar (3060 m/s). A similar result was also found by Wongsa et
al. [327] who found that the presence of SF in mortar could increase the ultrasonic wave travel
speed. In addition, Mohammed et al. [332] discovered that ultrasonic wave speed in dense
concrete (excellent quality) was higher compared to loose concrete (poor quality). Therefore, it
can be concluded that SF addition can effectively improve the quality of the mortars containing
MSWI BA. Interestingly, the trend of the UPV results is in line with the compressive strength

data, except for the control group.

Consequently, to further understand the relationship between these two factors: compressive
strength and the UPV value. The results are illustrated in Fig. 7.6c. Both correlation coefficient
values (R? >0.995) indicate a closely high correlation between compressive strength and the
UPV. It can be also observed that there are the best-fitted positive linear relations between these
two factors. The compressive strength increases as the ultrasonic wave travel speed increases.
Notice, that the slope value of the regression equation for the fiber-reinforced mortar (0.016) is

higher than that for the control mortar, at 0.013.
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In addition, Young’s modulus, highly related to mechanical strength property, is one of the
essential properties for mortar engineering applications. The results of Young’s modulus versus
the UPV are plotted in Fig. 7.6d. The UPV data points to are positive correlation with Young’s
modulus, which is in line with the correlation with compressive strength. Similar to this, the
mortar reinforced with SF exhibits a higher slope value in comparison with the slope of the
control mortars (1.682%*10%). This indicates that SF addition can somewhat improve the

resistance to deformation under loading.

Lastly, to directly characterize the deformation-resistance capacity of the mortars, Fig. 7.7
compares the side-surface morphology and corresponding grayscale outlines of the examined
mortars (MSWIBA 25 replacement and MSWI BA75 replacement) after loading. The grayscale

images were obtained through a grey value threshold process in ImageJ software [333].

(a)

Fig. 7.7 The side surfaces of the mortar specimens with 25% MSWI BA replacement: (a) control
mortar; (b) fiber-reinforced mortar) and with 75% MSIW BA replacement: (c) control mortar; (d)

fiber-reinforced mortar, after the compressive strength test.

With both MSWI BA replacement levels, the fiber-reinforced mortars (Fig. 7.7b and d) exhibit
fine and fewer cracks after the compressive test, as compared to their counterpart control
mortars (Fig. 7.7a and d). This is because the fiber addition restrains the deformation of mortar
under high loading by bridging effect and also because sharing the load force, transferring to
the matrix [334]. From the aspect of different substitution levels with MSWI BA, a trend can
be concluded that higher substitution corresponds to more serious damages such as wider crack
width, bigger crack opening, and more crack number. The increased amount of MSWI BA

effectively reduces the resistance-deformation capacity of the mortars.
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In summary, the increased replacement levels of MSWI BA can decrease the compressive
strength, the UPV, and Young’s modulus (deformation resistance). Whereas, the fiber addition
can effectively improve the mortar quality in terms of compressive strength, UPV, and

resistance-deformation capacity of the mortar composites.

Three-point bending test

The mechanical response of the mortars (containing MSWI BA) reinforced with/without SF is
carried out three-point bending test. We took the MSWI BA25 specimens as an example to
record an in-situ video of its three-point bending test. The corresponding synchronization of the
video frames and the load force-displacement curves is illustrated in Fig. 7.8. Through this test,
the applied load versus mid-span displacement curves of all investigated mortars were
determined and depicted in Fig. 7.9 and Fig. 7.10, respectively. Accordingly, flexural strength
and fracture toughness were calculated. Meanwhile, the mortar density and calculated porosity

were obtained by helium pycnometer. The results are in Table 7.3.
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Fig. 7.8 Synchronization of frames from in-situ record video and the corresponding load-
displacement curves of a three-point bending test on the mortars within 25% replacement (C-control

and F- fibers): (a) MSWI BA25-C and (b) MSWI BA25-F.
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Fig. 7.10 Force vs. displacement curves of the examined mortars (control mortars and fiber-reinforced

mortars) within 75% and 100% MSWI BA replacements.

It can be highlighted from the load-displacement curve evolution of the control mortar (Fig.
7.8a) that the maximum load force is at the crack appears, and falls rocketly to zero residual
strength. This indicates such specimens without the fibers perform quite a brittle failure. Unlike
the control mortar, the load force slowly decreased after the peak although a sharp drop load

also occurred resulting from less fiber incorporation (see Fig. 7.8b). This is because the fibers
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began to take over the load in the post-crack area, and the fiber bridging effect benefits
controlling the rate of energy release, thus retaining a certain load-carrying capacity of the
specimen. Meanwhile, compared with the control mortar, the crack opening of the fiber-
reinforced mortar is remarkably wider which indicates higher energy absorption capacity.
Similar behavior can be found by Ding et al. [335] reported the crack spacing of the 3D concrete
specimens with fibers increased when the force was loaded as compared with the 3D concrete

specimens without fibers.

Table 7.3 Tensile properties, densities, and porosities of different mortar specimens (C-control and F-

fibers).

Bulk True

Specimen Flexural strength Fracture density density Porosity
o,
(MPa) toughness (g/cmd) (g/cm’d) (%)

C 6.70£0.13 - 2.06 247 16.49
MSWI BAO

F 6.87+0.11 248 +0.18 1.99 2.45 18.54

C 5.17 £ 0.15 - 1.82 2.43 25.08
MSWI BA25

F 5.48 + 0.18 3.66+0.31 1.86 242 23.08

C 4.16 £ 0.14 - 1.66 2.35 29.45
MSWI BA50

F 441 £0.20 4.00 = 0.17 1.72 2.40 28.09

C 4.10 £+ 0.05 - 1.50 2.34 35.77
MSWI BA75

F 3.96 + 0.07 2.85 £ 0.16 1.59 242 34.51

C 3.22 = 0.08 - 1.29 2.40 46.19
MSWI BA100

F 3.16 = 0.10 2.60 +0.37 1.39 2.39 41.76

The results in Fig. 7.9, Fig. 7.10, and Table 7.3 emphasize that when below the 50% MSWI BA
replacement the flexural strength of the fiber-reinforced mortars is higher as compared to the
counterpart control mortar, while the slightly lower trend is observed when over the 50%
substitution level. This probably be related to the magnified retarder effect of polysaccharide
fibers, exceeding the filling effect as the MSWI BA content increases, which hinders the
hydration degree of the matrix and weakens the flexural strength. From the fracture toughness
data, it can be found that fiber inclusion increases the toughness of the mortar specimens
regardless of MSWI BA replacement levels. Noticeably, the reinforcement effect of SF within
the mortars containing MSWI BA is more significant than that in control mortars only without

MSWI BA. The reinforcement effect depends on the filling effect of SF, highly associated with
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void/pore size within the mortars. For the control mortar, the fine pores/voids are generated
from the water evaporation and air entrapping when mixing or casting; However, the relatively
larger pores/voids for the mortars containing MSWI BA are attributed to the reaction between
cement and the metallic aluminum within MSWI BA. The latter pore/void size is better matched
for the diameter of SF, which facilitates the specimen reinforcement. Among all mortar
specimens containing MSWI BA, the highest fracture toughness was seen at 50% replacement.
This phenomenon indicates that the combined effects: the filling effect and interface bonding

between the fiber and the matrix, achieve the optimality under such replacement.

Table 7.4 Comparison of the mechanical strength of MSWI BA-based cementitious composites at 28 d

curing.
Mechanical strength
Composit MSWI BA Fiber Fiber
content percenta . References
e type o type o Compressive Flexural
(%) ge (%)
strength strength
(MPa) (MPa)
Mortar 20, 40, 60 - - 37.8,27.7,24.2 - [336]
Mortar 25 - - 38.4 6.2 [337]
Mortar 50, 100 - - 12.5,7.5 - [338]
Mortar  10,20,30 - - 304,314,335 00002 [339]
5, 10, 15,
Paste 20,30,40, vood - - 4.0,4.3,4.9, [258]
wool 25,22
50
Paste 30, 40, 50 - - 272,214,151  49,45,3.6 [340]
25,50, 75, 28.2,22.1,17.8, 52,4.2,4.1, .
Mortar 100 - - 135 39 This study
25,50,75,  Sisal o 29.8,24.0,19,1, 5.5,4.4,4.0, .
Mortar 100 fibers 2 % wt. 151 39 This study

From the perspectives of porosity aspect and density, a rising trend of porosity and a decreasing
trend of density can be identified as MSWI BA replacement increases. This can be explained

by more amount of micro-small pores due to an increased aluminum-swelling reaction between
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cement and MSWI BA [328]. However, the addition of fibers generally reduced the porosity of
fiber-reinforced mortars compared to their counterparts due to the filler effect. The only
exception to this was observed in the MSWI BAOQ specimens. A comparison of the mechanical
strength of MSWI BA-based cementitious composites is also presented in Table 7.4. The
flexural strength of the mortars in this study is relatively higher compared to the pastes or
mortars in other studies, while the compressive strength remains at a similar level across the

studies.

Theoretical modeling

To reduce cost and time-consuming experiments, many theoretical models have been developed
to predict the mechanical properties of natural fiber-reinforced cement composites [341, 342].
To investigate the feasibility of the model on natural fiber-reinforced composites incorporating
MSWI BA, Hirsch’s model [343] was employed to predict the tensile modulus and strength of
the composites and compare it with the practical results in this study. The calculation equations

are as follows:

Me = x( My Vi + MpV;) + (1 My
¢ =X\ MmVm ff) ( X)Mme+MfVm‘ (7.4)
Ty Ty
Te = x( TV + TpVE) + (1 — %) ol .
[ x( mVm + ff)‘l'( x)Tme-l'TfVm (7.5)

in which x in both equations is 0.1 for randomly oriented composites. M. and T, are the
modulus and tensile strength of the composites. V; and V,,, are the fiber volume fraction and
matrix volume fraction, respectively. The subscript letters c, f, and m refer to composite, fiber,

and matrix, respectively.

Fig. 7.11 compares the predicted mechanical property results and practical results of the
investigated composites. The modeling results show good agreement with practical tested
results. This is attributed to the uniform distribution of random fiber at loading, which ensures
the reasonability of the modeling equations. Similar behavior was also found by Munde et al.
[342] reported at low fiber fraction, the model shows a good agreement. More importantly, the
comparative results suggest that Hirsch’s model can be applied to natural fiber-reinforced

composites containing MSWI BA.
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Fig. 7.11 Variation of modeling-calculated Young’s modulus values and tensile strength values in

comparison with their corresponding practical values of the fiber-reinforced composites.

7.3.3 Microstructure analysis

To directly reflect the variation of inner porous structures with different replacement levels, the
cross-section surfaces of fractured mortars were observed in Fig. 7.12. Fig. 7.12 shows optical
images of the fracture surfaces after the three-point bending test. Through comparing these
images, it can be highlighted that the structure of mortars gets loosened with increasing pores
as the replacement level with MSWI BA increases. In all cases of mortars containing MSWI
BA, However, the inner structure of mortar gets denser with reduced pore amounts when SF
was added into mortars. These results are well in line with the density and porosity data (see
Table 7.3). From the viewpoint of fracture surface color in all mortars, the color of fracture
surfaces gets darker grey as MSWI BA increases under 50% substitution, representing more
cement/MSWI BA matrix hydrated, whereas the mortar fracture surfaces present lighter grey
with increased MSWI BA over 50% replacement, standing for more cement/MSWI BA matrix
unhydrated. This indicates that when exceeding 50% replacement MSWI BA performs
significant inert characteristics, not much involving the hydration reaction. It is worth noting
that multiple narrow cracks exist in the MSWI BA75-C and the MSWI BA100-C specimens
while no visible cracks were observed in the counterpart fiber-reinforced mortar specimens.
The crack generation resulted from the over-thermal expansion generated by the reaction of
over-amount metallic aluminum from MSWI BA with cement as the replacement level
increases [271]. For the fiber-reinforced mortars, the fiber inclusion can absorb certain alkali
hydroxyl ions from cement pore solution, thereby reducing the thermal expansion reaction with

aluminum and crack generation [344].
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Fig. 7.12 The fracture surface of all mortar specimens (C-control and F- fibers) after the three-point

bending test.

To further analyze and compare the microstructure of different mortar specimens, the mortars
with 25% and 75% MSWI BA replacement and/or SF were selected to investigate. The results
are shown in Fig. 7.13. It is evident that the mortars at 25% MSWI BA replacement have fewer
pores and denser matrix structure as compared with the mortars at 75% MSWI BA replacement.
Also from Fig. 7.13a, an ITZ between the sand particle and the cement matrix is dense, owing
to the growth into the interface gaps of cement hydration products and the reacted cementitious
products between the cement and MSWI BA. wide micro-cracks are exhibited on the fracture
surface of the control mortar, while finer micro-cracks are shown on the fracture surface of the
fiber-reinforced mortar (Fig. 7.13b). Meanwhile, the interface bonding between the fiber and
the matrix is quite strong, which can be visible from both the dense fiber-matrix interface

microstructure and broken matrix pieces resulting from the fiber being pulled out.

In Fig. 7.13¢ and d, many visible holes occur due to the sand particles dropped. This implies that
the matrix becomes loosened when low-active MSIW BA is incorporated up to a certain level.
However, the fiber incorporation can reduce the pore size and amount through the filling role
and internal curing effect of SF. The phenomenon is also consistent with the optical microscope

observation (see Fig. 7.12).
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Fig. 7.13 SEM micrographs of typical mortar specimens (C-control and F- fibers): (a) MSWI BA25-
C and (b) MSWI BA25-F; (c) MSWI BA75-C and (d) MSWI BA75-F.

In summary, compared with the low MSWI BA replacement level, more pores and holes can be
generated within the mortar specimens at the high replacement, negatively affecting strength
development. However, the fiber addition can effectively reduce such pores and holes through
a physical filling role although certain delays cement hydration due to the polysaccharide

release.

7.3.4 Leaching behavior

Besides the strength factor, the leaching issue is another key factor in the feasibility of using
MSWI BA to replace sand in building composites. The leaching behaviors of the examined

mortar specimens are shown in Table 7.5.

It can observed that the leaching values of almost all mortars are below the threshold values set
in the Dutch Soil Quality Decree [266]. The concentrations of sulfate, Cr, Zn, and Mo are
significantly below the legislation limit value regardless of MSWI BA replacement and SF

inclusion. This is closely related to cement hydration products, which incorporate some
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contaminant ions into their structure and immobilize these ions [345, 346]. The leaching value
variation of chloride and Ba is remarkable, depending on the sand replacement level and SF
incorporation. Specifically regarding the leaching value of chloride, only a 25% replacement
level can meet the threshold requirement without SF addition. By contrast, the replacement
level with MSWI BA can be up to 50% when under SF incorporation. Similar behavior was
also found in cases of other contaminant ions. These phenomena suggest that the application of
SF in cementitious systems can effectively immobilize contaminant ions, especially some heavy
metal ions. Previous studies by scholars [347, 348] have shown that the presence of the
capillaries with a large diameter can effectivley treat wastewater especially dyes and heavy
metal ions. Therefore, the leaching immobilization in this study is highly related to the hollow-
lumen structure of SF, which absorbs the leachate of specimens via physical capillary role

during mixing, casting, and early curing.

Table 7.5 Leaching of chloride and sulphate and heavy metal cations present in the leachates for raw

materials (cement, MSWI BA, and mortars) and experimental samples (C-control and F- fibers).

Leaching value (mg/kg d.m.)

Samples
Chloride Sulphate Ba Cr Zn Mo
MSWI BA 4870 2390 0.59 0.44 12.64 0.7
CEM I 52.5 R [240] 322 52 30000 0.5 <0.01 0.2
C 383 81.6 16.1 0.07 0.25 0.03
MSWI BAO

F 34.6 60.8 13.6 0.05 0.15 0.03
C 549 51.5 26.1 0.05 0.43 0.05

MSWI BA25
F 313 429 18.3 0.07 0.25 0.05
C 1054 55.1 314 0.06 0.52 0.11

MSWI BA50
F 545 43.6 213 0.08 0.29 0.06
C 1438 51.8 32.7 0.08 0.52 0.09

MSWI BA75
F 698 45.1 21.0 0.11 0.40 0.08
C 1381 45.2 31.05 0.12 0.70 0.11

MSWI BA100
F 768 47.0 18.9 0.14 0.54 0.1

LL 616 1730 22 0.6 0.9 1

Noting: mg/kg d.m. refers to the mg per kg of dry matter; LL refers to the legislation limit of the
building materials that have not been molded [266].
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Therefore, SF addition can effectively immobilize the contaminant ions from the mortars
containing MSWI BA. That means green SF incorporation can help increase the sand
replacement level with MSWI BA, thus further enhancing the utilization rate of hazardous solid

waste.

7.3.5 Environmental impact and economic evaluation
Environmental impact

To evaluate the environmental impact of produced specimens, the amount of CO> emissions
generated was calculated within the Simapro software during the production process. In this
work, the COz emission of MSWI BA only considers its transport generation, not considering
its production process generation. This is because MSWI BA is burned waste by-products, not
actively produced by humans [292]. That means the transport category here just consists of the
transport of packed sisal fiber and sand. The transport distance is set as 250 km, based on the
longest straight line distance in the Netherlands [307]. The result of the CO2 emissions is shown

in Fig. 7.14.
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Fig. 7.14 CO; emissions of the produced specimens (C-control and F- fibers).

It can be observed that the processing in all mortars within MSWI BA emits a lower amount of

CO; as compared with the pure mortar process, 1324.5 kg CO2 eq./t in the MSWI BAO-C and

158



1292.4 kg CO2 eq./t in MSWI BAO-F, respectively. Additionally, the CO2 emission of the
corresponding mortar decreases as MSWI BA incorporation increases. The decrease is
attributed to the increased substitution ratios with MSWI BA in mortars. Compared with all
control mortars, a reduction in CO2 emission can be observed in their counterpart fiber-
reinforced mortars, especially under high replacement levels with MSWI BA. High MSWI BA
content generates more pores/voids, meaning incorporating much more low-embodied energy
SF into the mortars, consequently lowering the CO» emission of its process. Consequently, the
inclusion of SF in mortar specimens containing MSWI BA sand has a great advantage in

reducing carbon emission footprint.

Economic evaluation

To assess the feasibility and practicality of the specimens, the corresponding preparation cost
was calculated. The detailed price date is referred to in Table 5.7 and the standard sand is 139

€ /m?. Accordingly, the cost of specimen preparation is calculated, as shown in Fig. 7.15.
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Fig. 7.15 The cost of the produced specimens (C-control and F- fibers).

Fig. 7.15 indicates that as the substitution level with MSWI BA increases, the cost of produced
specimens considerably decreases. At the 25% replacement level, the cost of produced mortar

specimens is about 23.6% lower than that of pure mortars. Interestingly, the cost of the fiber-
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reinforced mortars almost remained constant compared with the control mortars under the same
substitution level. This is mainly because SF addition fills the pores within the mortar
containing MSWI BA, instead of changing the total mortar structure volume. Additionally, the
transport cost of raw material SF is quite low due to its lightweight. Consequently, the cost

variation resulting from added SF can be disregarded.

In other words, even though the addition of SF led to a slight increase in cost at the same MSWI
BA sand substitution level, it effectively enhances the sand replacement with MSWI BA within
specimens by improving specimen properties. This, in turn, results in significant cost reduction

and economic benefits.

7.4 Conclusion

This research aims to explore a feasible solution to poor mechanical strength and contaminant
leaching issues concerning using the waste by-product MSWI BA as a substitute for natural
sand in conventional mortars/concretes. For this, this study introduces sisal fiber and
investigates the effects of sisal incorporation on the workability, mechanical properties, and
fractography micro performance of the mortars containing MSWI BA sands, while also
evaluating environmental impacts, especially toxic leaching behavior, and economic benefits.

The conclusions can be drawn as follows:

(1) The utilization of MSWI BA as a substitute for river silica sand appears promising. MSWI
BA exhibits similar particle size distribution and density properties with fine silica sands.
Additionally, the irregular shape and rough surface of MSWI BA are noted to enhance

interfacial bonding, resulting in higher strength properties of mortar/concrete.

(2) Regarding workability, an increased flowability diameter of the mortar as the MSWI BA
content increases. By contrast, the addition of SF was observed to reduce the flowability

diameter, attributed to the water absorption nature of SF.

(3) Substituting sand with MSWI BA significantly reduces the compressive strength, Young’s
modulus, and UPV value of the mortar. However, the incorporation of SF enhances these
properties in the corresponding mortars. Notably, a highly linear relationship was obtained

between compressive strength, Young’s modulus, and UPV, which suggested that non-
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destructive UPV can be an effective means for estimating the compressive-behavior mechanical

properties of this type of mortar mixture containing MSWI BA sand.

(4) Through three-point bending tests, flexural strength, and fracture toughness generally
increase upon the addition of SF. Comparative analysis between experiment results and
simulated results confirms that Hirsch’s theoretical simulation for predicting the tensile
modulus and strength of the fiber-reinforced composites applies to SF-reinforced mortars

containing MSWI BA sand.

(5) The incorporation of SF can yield remarkably positive environmental impacts. In the
leaching test, it was demonstrated that SF effectively mitigates the leaching of certain heavy
metal ions, chloride, and sulfate anions, irrespective of the replacement level. Ultimately, the
addition of SF enables the replacement of MSWI BA sand to comply with Dutch legislation
thresholds for shaped building materials. In assessing the CO> emissions associated with the
use of MSWI BA sand, it was found that mortar using MSWI BA sand has lower emissions
compared to the control mortar using standard river sands; the addition of SF can further reduce

COz emissions.

(6) In terms of cost calculation, it is found that using MSWI BA sands significantly decreases
the preparation cost. As the replacement level increases, the corresponding cost continues to
decrease. Due to the extremely low cost of SF, its addition does not significantly impact the

overall cost variation.

Therefore, the addition of SF is a cost-effective way to solve the challenges of using MSWI BA
sands in mortar specimens. This not only remarkably increases MSWI BA sand substitution
level and enhances the mechanical properties of the related products but also contributes to
sustainability, offering both environmental friendliness and economic benefits. Further
investigations are warranted to evaluate the efficacy of incorporating other natural fibers in

mortar specimens containing MSWI BA sand.
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CHAPTER 8 s

8. Conclusions and recommendations

The thesis focuses on the development of sustainable building composites through the
application of natural fibers and MSWI BA. Toward this path, natural fiber-reinforced
composites and MSWI BA-based sustainable composites, respectively, are explored. The
conclusions drawn from this work, along with corresponding recommendations for future study,

are summarized as follows.

8.1 Conclusions for presented work
8.1.1 Durability of natural fiber-reinforced composites

Chapter 2 to Chapter 4 focus on the durability improvement of hemp fiber-reinforced cement
composites (HFRCCs) and bio-based insulation composites via fiber treatments. In the study
of HFRCCs, the fiber modification effects, mechanical strength, microstructure properties,
interfacial bonding, and degradation behavior are evaluated and discussed. To improve the poor
fiber-matrix interface property of HFRCCs, caused by the swelling and shrinking behavior of
the hydrophilic hemp fibers, the fiber surface was purposefully modified by introducing a low-
cost hydrophobic agent, namely alkyl ketene dimer (AKD). The experimental results revealed
that the AKD modification can change the hydrophilic characteristic of hemp fibers. The AKD-
modified fiber can effectively improve the interfacial bonding and compatibility between the
fibers and the cement matrix in comparison with unmodified fibers. As a result, the highest
increment of mechanical strength of the composites from 7 d to 28 d of curing was observed in
the AKD-modified fiber-reinforced cement composites. The compressive and flexural strength

effectively increased up to 53 MPa and 8 MPa, respectively.
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Furthermore, to prevent fiber degradation in alkaline cement composites, ZrO> was used to coat
hemp fibers. According to the thermogravimetric analysis test, the ZrO> film can act as a
thermal insulator, providing protection that enables the modified hemp fibers to exhibit good
thermal stability and effectively mitigate or even prevent rapid alkaline degradation. In addition,
it was found that the surface of fibers without ZrO- exhibited more cement hydration products,
such as portlandite and ettringite. While the surface of ZrO:-modified fibers in cement
composites had fewer hydration products, primarily in the form of C-S-H phases. Importantly,
the composites reinforced with ZrO>-modified fibers retain their high mechanical strength, even
after long-term wetting-drying cycles. Finally, based on alkali resistance tests, fibers coated

with ZrO; film demonstrated superior resistance to both hydrolysis and mineralization.

In terms of bio-based insulation composites, to mitigate the risk of mould growth, which
negatively affects durability, hydrophobic modification using AKD was proposed. The
experimental investigation revealed that AKD hydrophobic modification enables improved
hygrothermal performance and better mould growth resistance capacity of bio-based
composites. Notably, modified grass composites exhibit higher porosity, significantly reduced
water absorption, lower thermal conductivity, and better mould resistance compared to
modified mycelium composites, making them more suitable as insulation materials.
Furthermore, hygrothermal simulation results further reveal that AKD modification can
effectively enhance the mould resistance of bio-based composites and their suitability to various

climate conditions by reducing their hygroscopic properties, particularly for grass composites.

8.1.2 Recycling MSWI BA into building composites

From Chapter 5 to Chapter 7, it is demonstrated that despite many technological barriers, MSWI
BA can be successfully utilized as a sustainable building material. This is achieved with the
addition of natural fibers, which serve a dual role of filler and contaminant absorbent. The filling
and absorbing properties of natural fibers help to which can effectively address the two key
problems associated with the use of MSWI BA in different cementitious composites: low

strength and contaminant leaching.
As supplementary cementitious materials, MSWI BA was milled to partially replace the cement
powder. To address the abovementioned two issues, sisal fibers and oil palm fibers were

incorporated into the MSWI BA-based binder composites. The effects of incorporating these
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two types of fiber on the composites containing MSWI BA were compared. It was found that
when the maximum replacement with MSWI BA increased to 30% the 28-d compressive
strength of the blended binder with sisal fibers was about 85% higher than the reference binder.
The leaching of contaminants from the crushed MSWI BA-based cement binders is almost far
below the limit values of Dutch legislation. Furthermore, MSWI BA-based cement binders with
natural fibers have lower greenhouse gas (GHG) emissions and production costs in comparison

with pure cement binders.

In the manufacturing process of cold-bonded lightweight aggregate using milled MSWI BA,
finely cut sisal fibers were added. The incorporation of sisal fibers improved the production
efficiency of coarse manufactured aggregates, with an increase of up to 66.5% at a 70%
replacement level of MSWI BA. Moreover, the surface roughness and strength were improved
due to the addition of sisal fibers. In the system of the CEM-MSWI BA matrix, the fiber
incorporation not only accelerates the cement hydration reaction but also fills the pore generated
from the swelling of metallic aluminum in MSWI BA, achieving the strength enhancement of
the aggregates. More importantly, some contaminant ions including chloride, chromium, and

copper from MSWI BA, could be effectively absorbed and solidified by the sisal fibers.

Apart from the abovementioned applications, the incorporation of sisal fibers is proposed to
improve the substitution level of MSWI BA as sand in mortar composites. While the workability
increased with higher replacement levels of MSWI BA sands, the mechanical strength
properties exhibited a decreased trend due to the increased pore formation according to
morphology observation. Conversely, the addition of sisal fibers can increase the mechanical
strength of corresponding mortar specimens. The leaching behavior was controlled with the

addition of sisal fibers, meeting the Dutch requirement on shaped building materials.

8.2 Recommendations for future studies

This thesis systematically studies the valorization of natural fibers and MSWI BA for the
development of sustainable building materials. A series of engineering performances including
mechanical strength, microstructure properties, hygrothermal performance, leaching behavior,
and sustainability were evaluated. The presented results can provide information and guidance
for the management of waste biomass fibers and MSWI BA to achieve an eco-friendly society.

Nonetheless, some remaining issues are still in demand for further research, which are as below:
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In the investigation of the interfacial bonding of hemp fiber-reinforced cement
composites, mechanical strength, compatibility calculation, and SEM observation have
been studied and proven in this thesis. More effective methods and characterization of
interface bonding should be applied such as pull-out tests, interfacial transition zones,

and molecular simulation.

In the durability study on using ZrO> to modify the fibers as the reinforcement in the
cementitious composites, to effectively and reasonably evaluate the durability of
modified fiber-reinforced cement composites, the resulting composites should be placed

in the practical conditions to evaluate their durability.

When MSWI BA is used as supplemental cementitious materials, the incorporation of
either sisal fiber or oil palm fibers is fixed at a low percentage value. Therefore, it is
recommended to optimize the additional amount of these fibers in the composite
containing MSWI BA.

The MSWI BA-based lightweight aggregates under the sisal fiber incorporation show
better mechanical strength and decreased leaching behavior. However, this investigation
is currently on the aggregate level. A further study on the performance of incorporating

them into concrete composites needs to be conducted.
In the study of incorporating sisal fibers in mortars containing MSWI BA sands, a

durability assessment under outdoor conditions should be conducted in order to better

evaluate the feasibility of real-scale application.
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List of abbreviations and symbols

Abbreviation

AKD
BA

EDS
FTIR
GHG

HF
HFRCCs
IBA

IC

ICP-AES

LCA
LOI
MSWI BA

MSWI BA-BCBs

NFRCCs
OPC
PSD
SEM
SF
SLWAs
SQD
TGA
UPV
WAC
WAT
XRD
XRF

Alkyl ketene dimer

Bottom ash

Energy dispersive spectrometry

Fourier transform infrarood spectrometrie
Greenhouse gas

Hemp fibers

Hemp fiber-reinforced cement composites
Incinerator bottom ash

Ion chromatography

Inductively coupled plasma-atomic emission
spectrometry
Life cycle assessment

Loss on ignition
Municipal solid waste incineration bottom ash

Municipal solid waste incineration bottom ash-
based cement binders
Natural fiber-reinforced cement composites

Ordinary Portland cement
Particle size distribution
Scanning electron microscope
Sisal fibers

Synthesized lightweight aggregates
Soil quality decree
Thermogravimetric analysis
Ultrasonic Pulse Velocity
Water absorption capacity
Water absorption test

X-ray diffraction

X-ray fluorescence
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Symbols

A (m?)

It (%)

mg/kg d.m.
Penvetop (g/em’)
Pirue (g/em’)
Pouk (g/em?)
Papparent (g/em?)
pw (g/em?)

Wsar (kg)

Wariea (kg)

@ (%)

b g

Ra (um)

RH (%)

Oqir (Kg/m*s*Pa)
g (kg/m’ss)

A (W/m*k)

H (J/m?)

P (Pa)

T(°C)

1 (dimensionless)
Dw (m?¥/s)

AP (Pa)

At (s)

D (m)

Ocrushing (MPa)

V (Km/s)

Area

Toughness index

Mg per kg of dry matter
Envelop density

True density

Bulk density

Apparent density

Water density

Saturated weight

Dried weight

porosity

Sphericity

Surface roughness

Relative humidity

Water vapor permeability of air
Water vapour transmission rate
Thermal conductivity

Enthalpy

Pressure

Temperature

Vapor diffusion resistance factor
Liquid transport coefficient
Partial pressure difference of water vapor
Time interval

Thickness

Crushing strength

Ultrasonic pulse velocity
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Developing building composites that are both sustainable and
high-performance is crucial for the construction industry. This
work focuses on the valorization of natural fibers (i.e. plant-
based) as well as Municipal Solid Waste Incineration (MSWI) bot-
tom ash. The thesis starts with providing potential solutions such
as fiber modification to technical barriers when utilizing natural
fibers in cementitious composites (e.g., interface property and
durability). Then, bio-based composites without cementitious
binders for thermal insulation applications are studied and a po-
tential approach to enhance their durability is proposed. Fur-
thermore, recycling MSWI bottom ash in building materials such
as supplementary cementitious materials, synthesized light-
weight aggregates, and sand substitutes is investigated with
emphasis on their mechanical strength and environmental as-
pects. A method with natural fiber incorporation is proposed to
enhance these properties. Overall, this thesis aims to develop
cost-effective and eco-friendly strategies to address key chal-
lenges in recycling natural fibers and MSWI bottom ash for
building composites, promoting their practical application.
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