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ARTICLE INFO ABSTRACT
Keywords: There are well-known drawbacks to using municipal solid waste incineration bottom ash (BA) as
Bottom ash cement substitution materials: low compressive strength and the leaching of contaminant ions
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from BA. These drawbacks hinder the practical application of MSWI BA in construction. Con-
ventional strategies, such as steel or synthetic fiber reinforcement and BA washing pre-treatment,
can improve performance but often involve increased costs, high water consumption, and the risk
of secondary pollution. In this context, natural fibers present a more sustainable alternative due to
their high stiffness, renewability, and low embodied energy. This work evaluates the effect of
natural fiber incorporation to solve the above issues. Effects of natural fiber types (sisal fibers, SF,
and oil palm fibers, OPF) and BA replacement levels (15 wt% and 30 wt%) on compressive
strength and porosity were evaluated. Hazardous ions leaching changes were examined using
inductively coupled plasma atomic emission spectrometry (ICP-AES) and Ion chromatography
(IC). It was observed that when the maximum replacement with BA increased to 30 %, the 28-
d compressive strength of the blended binder with SF is about 85 % higher than the reference
binder. Leaching tests show that most contaminant ions were effectively mitigated under the
experimental conditions. In addition, compared with a pure cement binder, BA-based cement
binders with natural fibers have lower greenhouse gas (GHG) emissions and production costs.
This study provides a promising solution to effectively apply MSWI BA into the cement binders for
potential building materials.
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1. Introduction

Global municipal solid waste (MSW) generation is estimated to increase by approximately 1.3 billion tonnes annually, with total
generation expected to reach approximately 3.4 billion tonnes by 2050 [1,2]. An enormous amount of MSW is currently deposited
through landfilling or incineration [3]. Landfilling is increasingly constrained due to higher fees, largely occupied lands, policy re-
strictions, and environmental pollutants. In contrast, MSW incineration not only reduces waste mass (by 70 %) and volume (90 %), but
also enables energy recovery [4]. Therefore, incineration has become a more widely accepted and effective way to treat solid waste.
However, it generates a significant quantity of bottom ash (BA), which accounts for around 80 % by weight of all solid residues
produced after incineration [5].

Previous studies [6,7] have shown that BA possesses chemical compositions and pozzolanic activity similar to other supplementary
cementitious materials, such as fly ash and silica fume, and ground-granulated blast-furnace slag. These findings indicate that BA can
be directly used as a cementitious material to partially replace cement [8]. Nevertheless, its practical application in the construction
sector has been hindered by two major issues: (i) leaching of contaminants and (ii) low compressive strength. For instance, the low
strength has been attributed to the presence of metallic aluminium in BA [9]. When BA is mixed into a cementitious matrix, metallic
aluminium reacts in the alkaline environment and generates hydrogen gas, resulting in pore formation and strength deterioration. To
solve this, several treatment strategies have been proposed: (1) physically removing the aluminium from the stony fraction [10]; (2)
mechanically milling and sieving out the aluminium fraction [11]; (3) oxidizing the metallic aluminium before utilization [12,13]. For
example, Joseph et al. [14] reported that the oxidation reaction of metallic aluminium of milled BA could be accelerated by increasing
the water temperature. Although these treatment approaches can effectively reduce the content of metallic aluminium in BA, they also
bring some new disadvantages: a complex treatment process and high cost. More importantly, the other core challenge is the leaching
of contaminants from BA. BA 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 to the environment and human health [11,15,16]. Thus, the concentrations of
heavy metal ions and anions need to be decreased to meet the requirements of local legislation before the BA can be safely used as a
building material. To achieve this, a series of treatment methods, such as water washing repeatedly [17], weathering [18], acid
washing [19], and alkaline washing [20], have been adopted. However, these approaches often involve substantial water consump-
tion, high chemical costs, complex processing procedures, and stringent equipment requirements, thereby limiting their economic and
environmental feasibility for large-scale implementation. Hence, a simple and cost-efficient approach is urgent to achieve both the
strength enhancement and environmental compliance.

In this context, some studies have explored the incorporation of fibers as a relatively simple strategy to improve the performance of
BA based-cementitious composites. Various types of fibers, including steel fibers [21], basalt fibers [22], polyvinyl alcohol fibers [23],
polypropylene fibers [24], polyethylene fibers [25], and glass fibers [26], have been incorporated to enhance mechanical strength and
crack resistance. However, these investigations have largely focused on mechanical performance, with limited consideration of
environmental aspects. A few studies have reported that fiber addition may indirectly influence contaminant leaching by modifying
the microstructure of cementitious matrices. For example, Youssari et al. [27] observed that metal fiber incorporation densified the
cementitious matrix, leading to reduced leaching behavior. Similarly, Zhang et al. [28] discovered that concrete with basalt fibers
added can suppress the leaching by increasing the density of the concrete. Nevertheless, the potential role of fibers in influencing
contaminant leaching behavior of BA based-cementitious composites has not been investigated. Moreover, the aforementioned fibers
are often associated with high embodied energy, increased carbon emissions, and higher material costs, which limit their sustainability
and practical applicability. Thus, an alternative, eco-efficient fiber reinforcement materials is needed that can immobilize leaching
behavior.

Natural fibers, derived from biomass, exhibit high stiffness, good mechanical strength, sustainability, and low cost [29]. Moreover,
they have been widely employed as bio-based sorbents for the removal of heavy metal ions from wastewater [30,31]. Two main
mechanisms have been proposed to explain their adsorption behaviour: (1) physical adsorption driven by the unique hollow lumen
structure, and (2) ion exchange, whereby positively charged metal ions are attracted to negatively charged functional groups on the
fiber surface through electrostatic interactions [32]. In this study, therefore, it is proposed that natural fibers have the potential to
absorb the leachate when BA is applied to partially replace cement. Furthermore, it is reported that natural fibers have the advantage
of filling the pores caused by the swelling of coal bottom ash [22] or wood bottom ash [33]. In addition, natural fiber incorporation
brings other benefits, such as sustainability and low cost. Considering the above factors, natural fiber incorporation appears to be the
most feasible solution for solving the above bottleneck problems when BA partially replaces the cement. However, despite this po-
tential, the combined effects of natural fiber incorporation on both strength development and contaminant leaching in BA-based
cementitious binders have not yet been systematically explored.

Hence, this study aims to investigate whether the incorporation strategy of natural fibers can simultaneously mitigate both the low
mechanical strength and contaminant leaching issues of BA-based cementitious binders (BA-BCBs). Specifically, the study is designed
to answer the following research questions.

(i) To what extent can natural fiber incorporation improve the strength performance and pore structure of BA-BCBs?
(ii) How does the presence of natural fibers influence the leaching behavior of contaminant ions of BA-BCBs?
(iii) What are the environmental and economic implications of incorporating natural fibers into BA-BCBs?

Sisal fibers (SF) and oil palm fibers (OPF) were selected as the research objects, as preliminary experiments indicated that these two
fibers exhibited superior leachate absorption capacity compared to other commonly used natural fibers (e.g., bamboo fibers, hemp
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fibers, coconut fibers, and wood wool fibers). According to the statistics of the Food and Agriculture Organization of the United Nations
[34], the annual global production is around 300000 tons for SF and 1940 million tons for OPF, indicating their abundant availability
and potential as sustainable materials. In this study, BA was used to replace cement at levels of 15 % and 30 % by weight of the binder.
The compressive strength and macro-micro pore distribution of the BA-based cement binders (different replacement rates and different
natural fibers) were investigated and analyzed. The microscopic characteristics of the blended binders were further examined using
isothermal calorimetry, XRD, and TGA. Additionally, the leaching behavior of heavy metal ions and anions was investigated through
ICP-AES and IC. Finally, the environmental impact of proposed binders was assessed using life cycle assessment (LCA) with greenhouse
gas (GHG) emissions as the primary indicator, and an economic evaluation was conducted to estimate the associated costs.

2. Materials and methods

2.1. Materials and selected reasons

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

Before mixing, MSWI BA material was dried and milled for 5 min to meet the PSD requirement as a cementitious supplementary
material, as is shown in Fig. 1. The chemical composition of the CEM I 52.5 R and milled BA, determined by using the XRF, is given in
Table 1. The summation of the oxides (SiO, + Al;03 + Fe;03) sample was found to be 69.3 %, close to 70 %; 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 bottom ash almost meets
all the requirements to be used as a cementitious material. Regarding the natural fiber selection, sisal fibers and oil palm fibers were

selected in this study, considering the fiber microstructure (Fig. 2). Besides, the chemical composition of these fibers is further analyzed
(Table 2).

2.2. Sample preparation

The composition of the BA-based cement binders (BA-BCBs) is shown in Table 3. Several BA-BCBs mixed with natural fibers were
designed to solve the bottleneck problems (leaching & low strength) caused when BA was directly used as the replacement for cement.
Therefore, two kinds of ‘reference’ binders, only mixed 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 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 highest possible amount of waste BA application, 30 % wt. of the cement was replaced by BA in this study,
which is referred to as the number ‘30’. Similarly, the number ‘15’ means that the cement replacement ratio with BA is 15 %. The
selection of the replacement ratio is based on the preliminary experiments. When the replacement level with BA exceeded 30 %, the
compressive strength of the specimens became too low to allow reliable mechanical testing. Thus, the 15 % and 30 % substitution
levels were selected in a reasonable and stepwise manner. The design of the binders also considered the potential effect of natural fibers
on the actual water/cement ratio; hence, the water absorption capacity of the two natural 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, in view of the poor absorbing-water ability and low amount of fiber addition, the influence of the natural
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Fig. 1. Particle size distribution of cement and milled BA.
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Table 1

Chemical compositions of the CEM 52.5 R and milled BA.
Oxides (%) Milled BA Cement 52.5 R
SiOy 37.9 15.8
CaO 21.9 68.2
Al,O3 13.8 6.9
Fe,03 17.7 3.9
K>0 1.3 0.2
MgO 1.5 1.3
P05 1.1 _
o 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 2.2+0.1 25+0.1

100 pm

100 pm

Fig. 2. Microstructure of sisal fiber (a, cross-section; a’, surface) and oil palm fiber (b, cross-section: b’ surface).

Table 2

Chemical composition of fibers.
Type Cellulose (%) Hemicellulose (%) Lignin (%) Ash (%) Extractive (%) Average diameter (pm)
Sisal fiber [35] 67.0-78.0 10.0-14.2 8.0-11.0 10.0 2.0 150-320
Oil palm fiber [36] 32.8+19 42.7 + 2.0 149 £ 0.21 7.8 11.3+0.1 410-650

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

fiber absorption on the total 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. The fiber incorporation was selected at 2 %.
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Table 3
Composition of the BA-BCBs with or without natural fibers.
NO. Fibers The proportion of cementitious matrix
0Oil palm Sisal Milled BA 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
0-15 2% 15 % 85 % 0.45
0-30 2% 30 % 70 % 0.45

wt of cement, considering optimal enhancement of mechanical properties reported in other literature [37]. At higher fiber contents,
achieving uniform fiber dispersion becomes increasingly difficult due to the soft and hydrophilic characteristics of natural fibers,
which can negatively affect the homogeneity and performance of the cementitious matrix.

For the specimen preparation, the fibers (SF or OPF) were first mixed with cement and milled BA in a blender (Perrier Labotest, type
32, France) for 90s to ensure homogeneity, followed by the addition of water. After mixing for an additional 2 min, the mixture was
cast into plastic molds with dimensions of 40 mm x 40 mm x 160 mm and covered with a damp polyethylene film to minimize water
evaporation. The specimens were initially cured at room temperature for 24 h. After demolding, they were sealed again with cling film
and cured in a climatic chamber (20 + 2 °C and 50 + 5 % RH) until the test ages.

2.3. Characterization

2.3.1. Physical properties

Regarding the raw materials: cement and milled BA, the specific densities were tested by a Helium pycnometer (Accupyc II 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 (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 BA. In terms of natural fibers, their micro-
structures were characterized by scanning electron microscopy (SEM). The micro-sized pore distribution of the cut specimens (15 x 15
x 10 mm®) was characterized by Micro-CT 100 (Scanco Medical AG, Switzerland). The detailed parameters for testing are following
the literature [38].

2.3.2. 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 nitrogen gas pro-
tection from 40 to 800 °C, with a rate of 10 °C/min.

2.3.3. Standard leaching test

The leaching test was conducted in accordance with EN 12457-4, 2002, involving 24 h of agitation at 200 rpm with a liquid/solid
ratio of 10. The original BA and six cement paste samples were tested, with the paste samples crushed and sieved to below 4 mm after
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28 days of curing. Following the leaching procedure, the solutions were filtered through 0.2 pm membrane filters for IC and ICP
analyses. The filtrates used for ICP-AES analysis were subsequently acidified with 69 % nitric acid (ISO grade). The concentrations of
potentially toxic elements (Ba, Cr, Cu, Zn, Mo, Sb), as well as chloride and sulfate ions, were measured in this study. Additionally,
Furthermore, we adopted the strict Dutch soil decree [39] to assess the leaching behaviour of paste samples, ensuring compliance with
building safety and human health requirements.

2.3.4. Compressive strength

All binder samples of 40 x 40 x 160 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.

2.4. Life cycle assessment (LCA)

The LCA approach has been used to assess the environmental impact of supplementary cementitious composites [40,41]. The
process includes three stages for LCA execution: Goal and scope definition, inventory analysis, impact assessment, and interpretation
[42]. In this study, the LCA was conducted using the cradle-to-gate method to evaluate the environmental impact of incorporating
natural fibers in the BA-based binders. The system boundary is illustrated in Fig. 3, and 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).

2.4.1. Life cycle inventory (LCD)

In this study, unit processes in the LCI were sourced from the Ecoinvent databases shown in Table 4. The impact assessment was
conducted using the ReCiPe midpoint (H) method. The built data of the MSWI bottom ash (including the electricity used in the milling
process) was modified based on this experiment. Additionally, the environmental properties of sisal fibers and oil palm fibers were
modified based on the system database of jute and kenaf fibers due to their similar agronomic characteristics and processing routes.
Nevertheless, such modifications may lead to deviations from actual environmental profiles of SF and OPF. To reduce the associated
uncertainty in carbon emission estimates, the carbon footprint values were adjusted according to the carbon content of SF and OPF
measured by the elemental analysis. However, other environmental impact categories were not considered in this study, which rep-
resents a limitation of the present LCA and should be addressed in future research.

3. Results and discussion
3.1. Compressive performance

3.1.1. Compressive strength

The compressive strength of all binder samples is shown in Fig. 4. The compressive strength of the BA-BCBs is considerably reduced
as the amount of replacement with 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 aluminium presented in BA, resulting in the poor
strength property of the binders. This finding is consistent with Chen et al. [9] showed that the detrimental effect of metallic
aluminium existed in MSWI BA on the compressive strength of concrete due to the release of the hydrogen gas generated by the re-
action between metal specimens (e.g., aluminium) and alkali salts. And it is also confirmed by the following analysis of pore distri-
bution. In addition, another potential reason is the lower pozzolanic reaction of BA [43], meaning that large unreacted particles of BA
also loosen the compressive strength of the blended binders. Therefore, the reasons for this compressive strength phenomenon are not a
single parameter [44] and will specifically be discussed later.

It is clear that the mechanical strength of BA-BCBs increases to some extent with the addition of natural fibers at both replacement
levels with BA. This increment is dominantly due to refined pore structure and densified matrix through the fiber filling [45]. Further,
it is noted that there is a significant difference (p < 0.05) between the sisal fiber samples and the reference samples. This holds
irrespective of the level of cement replacement and the duration of curing. The compressive strength for SF incorporation is signifi-
cantly superior to that of the counterpart reference samples. For samples with the replacement of 30 wt%. BA after 28-d curing, S-30

Table 4
Source of unit process.
Type of Input data Source
Water Ecoinvent 3 database, water, the Netherlands
Sisal fibers Ecoinvent 3 database, jute modified
0Oil palm fibers Ecoinvent 3 database, kenaf modified
Electricity Ecoinvent 3 database, natural gas, conventional power plant, the Netherlands
MSWI bottom ash Ecoinvent 3 database, MSWI bottom ash built based on the pre-treated process in this study and the literature
Cement Ecoinvent 3 database, Cement, Portland
Transportation Ecoinvent 3 database, lorry 16-32 metric tons, EUROS.




H. Song et al. Journal of Building Engineering 120 (2026) 115330

*
16
‘S 14
s
< 121
-=
e
= 10
o
2
o 84
=
172}
0y
=
g 47
(@}
©
2_
0

5 BB aD D O 5 6 B D oD WD

NI DRy DS F A e r 0] B

PR AR & oo
3 days 28 days

Fig. 4. Compressive strength of the BA-BCBs with different replacement and different natural fibers(the symbol * represents a signifi-
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gains the highest compressive strength (about 10 MPa), up to 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 BA-BCBs in terms of compressive strength. The difference in strength increment between the two fiber-reinforced
BA-BCBs may be associated with the difference in the organic component contents of SF and OPF, which delays the cement hydration
reaction. To discuss it further, the cement hydration, setting, and hardening mainly depend on the concentration of lignin and ex-
tractives in the natural fiber [46]. Therefore, the binders with sisal fibers, due to the low content of lignin and extractives, have
relatively higher compressive strength. From the application of BA for road pavement, the remaining binder groups except Ref-30 and
0-30 can meet the compressive strength requirement of road paving in garden parks [47]. Meanwhile, combined with considering the
consumption amount of BA, the S-30 is the best candidate.

3.1.2. 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.

Ref-15
0¢-9y

0€-S

0e-0

Fig. 5. The distribution of pore areas in different samples using ImageJ software.
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The cross-section slices of different samples are processed by using the software ImageJ (Fig. 5). 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 BA powders due to being less reactive than cement [48]), and the color 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 evidently
observed, and the pore number is more in Ref-15 and Ref-30. While the other binder samples with natural fibers have relatively few
tiny circular pores. Natural fiber incorporation can function as a filler for large pores. For instance, when cement replacement by BA is
15 wt%, S-15 and O-15 are quite denser, with only several fine pores compared to the 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 with some visible large
pores. The most likely reason can be related to the chemical components of natural fibers. As can be seen in Table 2, compared to SF,
OPF has more content of lignin and extractives, which significantly delay the cement hydration reaction [49]. Especially, the fewer
cement proportions there are, the more pronounced the delaying effect is. It results in a looser skeleton (reacted products) of the
BA-based cement binders. Consequently, OPF incorporation could not effectively improve the mechanical strength of the BA-BCB. This
view is also consistent with the result of the above-tested compressive strength.

Fig. 6(a) presents a typical greyscale histogram from a 28-day 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. 6(b). With this
approach [50], the threshold values and relevant area fractions of all binder samples were listed in Table 5. It can be seen that reference
samples without natural fibers have a wider threshold range and a higher pore area fraction than other samples with natural fibers.
That means natural fiber incorporation can reduce the porosity of the BA-based cement binders through the filling effect, thus
contributing to the improvement of compressive strength. However, the incorporation of natural fibers into the 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. In
opposite this expectation, the tested strength results from Fig. 4 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 BA-BCBs considerably
exceeds the negative effect of it as a “cement retarder”. Similar behaviour was visible in the case of OPF incorporation, but the
exceeding degree is not evident (Fig. 4), which probably could be explained by the fact that the higher organic components of lignin
and extractives (Table 2) enhance its influence as a ‘cement retarder’.

In order to further investigate the influence of the natural fibers incorporation on the micro-sized range pores in the 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-day curing.

The results of micro-size pore distribution and 3-dimensional volume of all binder samples are displayed in Fig. 7. It can be clearly
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Fig. 6. 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

Threshold values and related area fractions for identifying different phases in different samples.

Samples Pores Reaction products Unreacted particles
Threshold value range Area fraction (mm?/mm?, %) Threshold value range Area fraction (mm?/mm?, %) Threshold value range Area fraction (mm?/mm?, %)

28 days 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

0-15 0-37 2.04 +0.11 37-145 45.39 + 2.21 145-255 54.36 + 3.01

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 42.48 + 2.18

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

‘v 30 8uos ‘I
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Counts in percentage (%) Counts in percentage (%)

Counts in percentage (%)

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 BA mixing could release more hydrogen gas, leading to more and larger pores generated. In
addition, it can be seen from the corresponding data that the pore count distribution in the BA-BCBs with natural fibers is more
concentrated in the small-size range compared to those binders without natural fibers (Ref-15 and Ref-30). This indicates that natural
fibers contribute to the reduction of larger pores through a filling effect. On the one hand, due to the existence of natural fibers, some
small pores can be prevented from interconnecting to form large pores. On the other hand, the hollow lumen structure of natural fibers
may act as channels for gas release, thereby reducing hydrogen gas accumulation and mitigating the formation of large pores in the BA-
BCBs during the curing period. Therefore, natural fibers with larger diameters tend to provide a better pore-filling effect, as they are
less likely to be obstructed by the pastes. For samples with OPF (Table 2), the pore diameter distribution is mostly focused on the
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Fig. 7. The porosity of different BA-BCB samples by Micro CT.

smaller-size range compared to those samples with SF.
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To summarize, for the micro-pore filling (below 2 mm), OPF incorporation has a more significant effect than SF incorporation,
regardless of the BA addition level. For the naked-eye pores, the filling effect of OPF is less apparent as the increase of BA, while SF is
still relatively evident due to fewer organic components (lignin and extractives). Thereby, it is recommended to incorporate SF into BA-
BCBs, considering the stability of the filling effect at high BA utilization.

3.2. Microscopic performance

3.2.1. Hydration process

To study the influence of natural fiber additions on the hydration process of BA-BCBs, the BA-BCBs hydration heat release was
determined by using an isothermal calorimeter. The results of hydration heat release are illustrated in Fig. 8.

The entire hydration process generally consists of four periods: dissolution period, induction period, acceleration/deceleration
period, and stable period [51]. The first exothermic peak formation is due to rapid dissolution and the reaction of aluminates and
sulfate from BA and the cement clinker initially within 1 h after mixing with water. Then the second exothermic peak comes with the
hydration of C3S and the formation of secondary C-S-H gel [52]. It can be seen from the enlarged picture in Fig. 8(a) that the samples
with natural 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 incorporation of natural fibers, which leads to the retardation of the CEM-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 [53]. In
addition, with the increase of BA, the second exothermic peak of the binders with 30 % BA was greatly decreased, and the arrival time
of their second peaks is delayed. This indicated that BA addition also results in a certain degree retarding of cement hydration. In fact,
BA, due to lower reactivity, would dilute the clinker contents (alite and belite) when the equivalent cement was replaced [54].
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 higher BA content generates more and larger pores, which are
well-suited to the size of OPF. Consequently, OPF may facilitate a seeding effect, promoting heterogeneous nucleation and crystal-
lization during the CEM-BA hydration process [55]. This effect could partially offset the hydration delay caused by the organic
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components of OPF. As a result, the retarding effect in O-15 is more pronounced compared to O-30.

As can be seen from Fig. 8(b), Ref-30 has the highest total released heat, followed by Ref-15. This indicates that increasing the
replacement level leads to greater cumulative heat generation. In other words, the addition of 15 % BA in the CEM-BA system con-
tributes more cumulative heat than an equivalent amount of pure cement. This is primarily attributed to the additional sources of silica
and alumina supplied by BA, which promote pozzolanic reaction and thus enhance heat evolution. 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 natural fibers are incorporated, the increasing replacement level with BA causes relatively poor pozzolanic reactivity in the
BA-BCBs. The reason for this phenomenon is not yet clear until now, but this behavior is possibly related to the decrease in calcium
source caused by both less cement amount and the capture of natural fibers on calcium.

3.2.2. XRD analysis

The XRD patterns compare the hydration products of the different samples at 3 and 28 days of curing (Fig. 9). Compared with the
samples at 3 days, the portlandite peak is noticeably higher at 28 days in the mixtures containing natural fibers, whereas no significant
change is observed in the binders without natural fibers. This indicates that the organic components of the natural fibers delay the
hydration process, thereby reducing the consumption of CH during the secondary hydration stage [56]. This observation is consistent
with the calorimetric analysis. Furthermore, a higher quartz peak intensity is observed as the BA replacement level rises, which can be
attributed to the substantial quartz content in the BA. Notably, the broad peak associated with the Cl-LDH phase becomes more
pronounced as the BA replacement level increases. This is likely due to the relatively higher alumina content and lower SO3~ content
contained in the BA compared to the cement, which favours the formation of LDH phases. These products are known to effectively
immobilize inorganic anions such as chlorides. The formation of Cl-LDH has not only been identified in the present study but has also
been reported and confirmed in the literature [57,58].

3.2.3. TG-DTG analysis

The TG and DTG results of all tested samples for 28 d curing are shown in Fig. 10. Comparing the TG curves shown in Fig. 10(a) 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 BA addition is too large, the effect
of natural fiber on the CEM-BA reaction is more evident.

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 + H30), and the peaks at 600-800 °C are related to calcite
decarbonization CaCO3 — CaO + CO,. Lastly, rare literature about the peak at 800-850 °C is reported. According to the metallic zinc
that existed in BA, this peak is assumed to be associated with the volatilization of ZnCl, formed at temperatures above 800 °C [59,60].
Besides, it is noted that the small exothermic peaks located at around 280 °C are attributed to the thermal degradation of cellulose and
lignin [61].

In comparison with the DTG curves, the peak of C-(A)-S-H for 30 % replacement level is higher than that for 15 % replacement level,
while the peaks of both portlandite (CH) and calcite are reduced. This phenomenon also verifies the results of the XRD, which sug-
gested that the portlandite produced by cement hydration was consumed due to the pozzolanic reaction of extra BA, thereby leading to
a decrease in calcite and more amorphous C-(A)-S-H transformed.
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Fig. 9. XRD of all tested samples at 3 days and 28 days. Abbreviations associated with the mineralogical phase are: E-ettringite, Cl-LDH-chloride
layered double hydroxide, B-brownmillite, G-gypsum, CH-portlandite, C-Calcite, Qz-quartz, C,S-dicalcium silicate phase.
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Fig. 10. TG-DTG results of all tested samples for 28 days.

3.2.4. Contaminant leaching

The leaching results of heavy metal ions and anions in all samples are summarized in Table 6. Even though the milled BA and
unhydrated CEM I exhibited high levels of contaminant leaching, the concentrations of most ions in all BA-BCBs were significantly
lower than the legislative limit, with the exception of Cu. This indicates that contaminant ions are immobilized by hydration products
and fibre adsorption. The corresponding immobilization mechanisms are illustrated in Fig. 11. As shown, C-(A)-S-H gels can adsorb
contaminant ions through SiOy4 tetrahedral substitution and Ca®" cation exchange [62], thereby controlling their mobility. Meanwhile,
the LDH phase can immobilize anionic species, such as chloride, via interlayer anion exchange, which is supported by the XRD results.
Furthermore, when incorporating natural fibers into BA-BCBs, the leaching concentrations of contaminants have been significantly
reduced. This effect can be attributed to fiber-assisted immobilization [63,64]. Natural fibers enhance immobilization through
capillary suction facilitated by their hollow lumen structure [65]. Upon entering the inner structure, contaminant ions can be further
stabilized by electrostatic attraction and binding by numerous hydroxyl groups [32,66]. Collectively, these mechanisms contribute to
effective contaminant immobilization within the BA-BCB system, thereby reducing leaching.

It is worth mentioning that the slight exceedance of the Cu leaching limit may be attributed to two factors. First, the concentration
of Cu in the milled BA is relatively higher than that of other heavy metals (e.g., Ni, Mo, Pb). Second, the fine particle size of the crushed
samples used for the leaching test may have contributed to enhanced Cu release. Yang et al. [68] reported that the smaller the particle
size of the crushed BA-based cement composites, lead to higher Cu leaching. Nevertheless, the results still indicate that natural fiber
incorporation contributes to the mitigation of Cu leaching. In this case, the BA-BCBs can be alternatively applied in specific engineering
applications, such as subgrade layers, pavement structures beneath bridges, covered parking areas, or intermediate layers in
multi-layer wall systems, where direct contact with water is limited. Under such conditions, Cu is unlikely to be readily leached due to
its limited migration potential.

Noticeably, the leaching of anions (chloride and sulfate) is considerably decreased compared with that of metal cations when plant
fibers are incorporated. That means the fiber incorporation can reduce the risks of steel corrosion caused by chloride and the expansion
issue caused by excessive sulfate. Comparing SF to OPF, the OPF has a more obvious absorption capacity for 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, natural fiber addition has less reduction in the leaching of several heavy metal ions,
possibly related to their relatively low concentrations in the BA-BCBs. Nevertheless, the heavy metal ions were still effectively
immobilized, and the leaching results of heavy metal ions absorbed by incorporated plant fibers can basically comply with the Dutch
soil environmental legislation [39].
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Table 6

Leaching of anions (sulfate and chloride) and heavy metal ions present in the leachates for milled BA, CEM I 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 [39].

Samples Leaching value

/mg/kg d.m.

Chloride Sulfate Ni Cu Zn Mo Pb pH
Milled BA 8682 13865 0.18 7.01 0.84 3.77 0.56 9.8
CEMI52.5R [67] 322 52 20.5 <0.01 0.05 0.2 17 -
Ref-15 291.4 38.4 0.23 1.52 0.21 0.1 0.69 13.68
S-15 252.3 28.5 0.09 1.02 0.17 0.09 0.58 13.64
0-15 242.8 27.7 0.15 1.1 0.18 0.1 0.58 13.6
Ref-30 533.3 36.9 0.12 1.84 0.38 0.13 0.89 13.51
S-30 477.9 31.6 0.1 1.3 0.33 0.11 0.72 13.25
0-30 455.1 21.7 0.11 1.31 0.36 0.12 0.75 13.18
LL 616 1730 0.44 0.9 4.5 1 2.3 -

- Not measured.
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3.3. Environmental and economic assessment

3.3.1. Greenhouse gas (GHG) emissions

GHG emissions for one ton of binder composites are shown in Fig. 12. The data show that the BA-based binders with or without
natural fibers have lower GHG emissions than pure cement binders. This is because the waste BA or natural fibers incorporation re-
duces 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 natural 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 CO5 eq./ton compared to the Ref-30, exceeding the relative reduction of O-30
emissions (45 kg CO5 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.

3.3.2. Economic evaluation

To evaluate the cost-benefit of the 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 the Netherlands,
shown in Table 7. It is noted that the cost of BA and its relevant transport is free. One reason is that BA is a waste material. Another, for
the municipal waste incineration plant, the fee for BA landfilling or other treatments is far higher than that of transport for the BA-
based binders’ preparation. Fig. 13 shows a cost-benefit analysis of all binder samples. As shown, the cost of the BA-based binders
remarkably reduced with the increase in the replacement level of BA. In addition, it can be seen that even though natural fibers were
incorporated into the relevant BA-based binders, the cost gap between them was almost negligible. This is because natural fibers
chosen in our current work are a bulk commodity and very cheap (Table 7). In the future, if this technique is further optimized and
validated, waste natural fibers could be utilized. This would not only generate huge economic benefits but also contribute to reducing
the environmental burden associated with fiber waste. Thus, S-30 can be considered to be a suitable mix design considering its
compressive strength, leaching, economic benefit, and waste utilization rate.

4. Conclusions

Two types of natural fibers (SF and OPF) were incorporated and evaluated to investigate their effects on the mechanical properties
and leaching behavior of the BA-BCBs. And the different replacement of BA was studied. Moreover, the environmental and economic
feasibility of the natural fiber-reinforced binders was evaluated. Based on the findings of this study, the following conclusions can be
drawn.

(1) In the BA-based cement binders, natural fiber incorporation has a positive impact on the compressive strength of the 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 acceptable compressive
strength, which meets some types of road pavement requirements under the premise of BA maximum consumption.

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

(3) Although the filling effect of natural fibers effectively enhances the strength of BA-BCBs, the fiber addition also delays the early
cement hydration due to some organic components (extractives and lignin) as cement retarders; consequently, it negatively
affects the strength of BA-BCBs development. Eventually, OPF, with a higher proportion of these organic components,
apparently reduces the contribution to compressive strength by the filling effect.

(4) The incorporation of natural fibers reduces the leaching of chlorides, sulfates, and heavy metal ions due to their capillary
suction effect. This reduction is particularly pronounced for anions, while the effect on heavy metal ion leaching is compara-
tively less significant.

(5) The GHG emission results obtained from the LCA analysis indicate that the incorporation of waste BA and natural fibers
significantly reduces greenhouse gas emissions by increasing the cement replacement level, thereby mitigating the environ-
mental impact.

Table 7
Prices of raw materials and processing for all tested samples.
Raw materials Process
OPC MSWI BA Water Natural fibers Electricity Transport
SF OPF
Price(approx.) 123 €/ton - 0.87 €/m® 10 15 0.32 0.348
€/ton €/ton €/kWh €/tkm
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Fig. 13. Cost of one cubic meter of BA-BCB samples (€/m>).

(6) In terms of economic feasibility, replacing cement with BA substantially reduced the overall cost of the BA-BCBs by approxi-
mately 52 %, while the incorporation of natural fibers resulted in only a negligible cost increase. Furthermore, if waste natural
fibers are utilized, the cost efficiency of BA-BCB production could be further enhanced, making this technique even more
economically attractive.

To conclude, both SF and OPF demonstrate significant potential as sustainable reinforcements, contributing to improved me-
chanical performance, contaminant immobilization capacity, and overall environmental sustainability. Among the investigated for-
mulations, the incorporation of SF is particularly recommended for BA-BCBs, especially at a 30 % cement replacement with BA. This
combination effectively enhances mechanical strength, promotes microstructural densification, and improves the immobilization of
hazardous ions, while simultaneously reducing carbon emissions and exerting minimal adverse effects on economic cost. Based on
these considerations, the S-30 mixture exhibits the highest potential for practical engineering applications. Further investigations are
warranted to optimize the mixture design and assess the feasibility of other waste-derived fibers as reinforcement materials in
cementitious composites containing BA.
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