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Abstract
Approximately 3 billion metric tonnes of garbage involving industrial and agricultural waste is expected to be gener-
ated by 2030, posing a significant environmental hazard. Notably, recycling or reusing asphalt modification components 
(palm oil fuel ash (POFA), garnet waste, and sawdust) in pavement construction encounter ongoing challenges. This study 
comprehensively assessed the chemical characteristics and microstructure analysis of individual wastes and various 
hybrid asphalt binder and mixtures incorporated with these components. The mixture consisted of asphalt grade 60/70 
blended with varying amounts (0%, 3%, 6%, and 9%) of POFA, garnet waste, and sawdust. Fourier transform infrared 
spectroscopy (FTIR), X-ray fluorescence (XRF), and X-ray diffraction (XRD) analyses were also employed to examine the 
chemical compositions of the raw waste materials. Meanwhile, the microstructure properties of various hybrid asphalt 
binder mixtures were analysed utilising Scanning Electron Microscopy (SEM) and Atomic Force Microscopy (AFM). Con-
sequently, this study presented that the correlation between the 6% POFA, 6% garnet waste, and 6% sawdust substan-
tially impacted the chemical composition and morphology of the mixture. The findings of this study demonstrated that 
including POFA, garnet waste, and sawdust in a hybrid asphalt binder and mixture could enhance performance and 
engineering properties.

Article Highlights

•	 XRD, XRF, FTIR, SEM, and AFM identified chemical properties and morphology characterisation.
•	 The study examines the correlation between raw materials properties; POFA, garnet waste and sawdust with hybrid 

asphalt mixture as a combination of the three wastes.
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1  Introduction

The utilisation of industrial and agricultural waste materials to enhance the sustainability of bitumen modification is 
vital. Notably, palm oil fuel ash (POFA) is a residual substance derived from the palm oil industry, which demonstrates 
excellent potential as a viable option for improving bitumen characteristics [1–3] . This material can address the 
environmental difficulties of waste disposal while creating a more robust and environmentally friendly infrastructure. 
Similarly, garnet waste (a by-product of the gemstone industry) and sawdust (a by-product of agricultural activities) 
extend the possibilities of sustainable bitumen modification [4]. Hence, the correlation examination between these 
waste components and bitumen is crucial for discovering inventive solutions to produce durable and environmen-
tally aware road pavements [5, 6].

Although bitumen modification involves adjusting the composition, the process also profoundly impacts the 
chemical and microstructural features of the resulting asphalt. When the molecular dynamics and microscale interac-
tions are investigated, the transformative impact of modification on the fundamental characteristics of bitumen can 
be understood. Numerous characterisation tools are also essential for studying changes at the chemical and micro-
structural levels, including Scanning Electron Microscopy (SEM), Atomic Force Microscopy (AFM), X-Ray Fluorescence 
(XRF), X-Ray Diffraction (XRD), and Fourier Transform Infrared Spectroscopy (FTIR)[7–9]. Therefore, understanding 
these complex changes can improve the understanding of modified bitumen. This process also establishes a basis 
for customising the characteristics to satisfy the rigorous requirements of sustainable and high-performance road 
construction [10–12].

Multiple studies have investigated using POFA, garnet waste, and sawdust in bitumen modification, mainly relying 
on advanced chemical testing methodologies [13–15]. The XRD and XRF analyses have demonstrated a crucial role 
in understanding the crystalline structure changes and elemental composition caused by POFA in the bituminous 
matrix. POFA primarily comprises SiO2 alongside K2O, MgO, CaO, and traces of Al2O3 [13, 16, 17]. A study by Alnahhal 
et al. used XRD to verify the potential use of POFA as a partial substitute in lightweight concretes [18]. The study high-
lighted that the highest chemical composition was 50% SiO2, followed by 6.70% Fe2O3 and 2.07% Al2O3. Meanwhile, 
the FTIR analysis of the POFA-modified bitumen revealed distinct peaks corresponding to the functional groups in 
the ash. This outcome denoted the successful chemical bonding between the two materials [19]. Likewise, a study 
by Mulizar et al. [20] documented that the FTIR analysis presented stretching in the Si–O–Al gel of the POFA material.

A study by Muttashar et al. [21] applied XRD to determine that garnet waste comprised a significant proportion of 
Fe2O3, SiO2, and Al2O3. Alternatively, Aletba et al. [14] further examined the chemical composition of garnet waste as 
an aggregate substitute in asphalt mixtures. The study emphasised that the chemical composition generated elevated 
Fe2O3 and SiO2 levels. Another study by Usman et al. [22] conducted a laboratory assessment to illustrate that the 
rigidity of cold mix asphalt was significantly impacted by the chemical composition using XRF and XRD (irrespective 
of the specific asphalt binder employed). The validity of the study was reinforced by the significant Fe2O3 content 
in manually and automatically generated waste spent garnet. This outcome was demonstrated by the XRF analysis 
and the presence of quartz in manually and automatically generated waste spent garnets. The FTIR result offered 
an additional avenue of investigation regarding the XRD result [19]. A study by Muttashar et al. [23] recorded that 
FTIR analysis of garnet waste incorporation revealed shifts in specific spectral bands. This finding indicated that the 
chemical interactions enhanced the overall cohesiveness of the modified bitumen. The FTIR spectra of the spent 
garnet also illustrated that the bonding vibrations of OH and Si–O groups caused the absorption bands. Thus, the 
existence of these groups frequently exerted a notable influence on the rate at which water was absorbed and the 
process of differentiating mineral composition.

The introduction of sawdust causes noticeable alterations in the broadening of XRD peaks, suggesting crystalline 
nature changes in the bitumen. Sawdust ash is a low-density substance composed of Ca, Si, Al, Fe, S, K, Mg, W, and P 
oxides [35, 36]. This material acquires a specific gravity of 2.29 [15]. Specifically, CaO is the highest chemical compo-
nent observed, indicating a strong bond between the asphalt binder and the aggregate. This compound improves 
the bonding and cohesiveness of asphalt modification. Hence, integrating sawdust resulted in elemental composi-
tion changes (characterised by increased C content), contributing to enhanced tensile strength in XRF. Another two 
studies by Karati and Roy and Ing et al. utilised XRF to evaluate and quantify the proportion of the present element in 
sawdust ash, leading to high CaO amounts [24, 25]. This outcome could enhance the CaO interaction with the asphalt 
binder. Other studies by Osuya and Mohammed and Wang et al. applied XRF to measure the chemical constituents 
of sawdust ash, which confirmed insufficient presence of CaO components [26, 27]. This finding ensured that no 
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risk of environmental pollution was indicated. Likewise, a study by Couto et al. investigated the FTIR spectrum of 
sawdust. The study exhibited a broad band at approximately 3400 cm-1, corresponding to the axial OH deformation 
[28]. Additionally, signals at 2930 cm-1 indicated the symmetric and asymmetric vibrations of –CH2– groups. Another 
study by Ayuba conducted an SEM analysis on ash particles from different sources [29]. The study observed variations 
in physical characteristics (particle size and shape), which were influenced by the incineration method. In addition, 
the study discovered that sawdust ash (SDA) acquired high CaO and SiO2 levels, which increased ignition loss due 
to uncontrolled incineration.

Three prominent findings became apparent upon analysing previous studies. Firstly, the SEM scans demonstrated 
a more even distribution of POFA particles inside the bituminous matrix, improving the overall stability. These SEM 
studies also reported that the POFA particle exhibited a rough surface, resulting in decreased workability and an 
extended setting time compared to the 5% POFA-based mixture [20]. The ground POFA generally displays irregular, 
thinner, and crushed particles arranged in clusters of spherical particles with minimal air space between them [30]. A 
study by Usman et al. provided the micrograph results of the garnet waste samples at a 25% level using SEM, which 
reduced particle accumulation [31]. The study provided the micrograph results of the garnet waste samples at a 25% 
level, which reduced particle accumulation. Consequently, a distinct gel-like substance was developed based on 
the SEM analysis and corroborated by its reduced strength. Overall, POFA is a raw material characterised by highly 
asymmetrical particle morphologies and porous cellular surfaces [32].

The second finding of the previous studies involved garnet waste addition for a well-defined microstructural 
arrangement. This process enhanced the bonding capabilities of the material. The garnet waste related SEM images 
generated a modified surface morphology, interlocking particles and forming a denser matrix. A study by Ibrahim 
et al. documented several well-defined structures of the garner with sharp edges [33]. This design allowed for mul-
tiple contact areas with excellent tensile strength, and the material could be cut with rigidity. Likewise, a study by 
Yuan et al. [34] employed tapping mode in AFM at room temperature to determine that ageing led to a lower bond-
ing force in the catana, peri, and para phases. Another study by Garcia et al. utilised contact and pulse force modes 
and discovered that bonding and stiffness increased with ageing [35]. Finally, these previous studies showcased 
that AFM investigations presented the complex interlocking of sawdust with bitumen, resulting in improved tensile 
strength. Highly rigid cellulose crystals revealing a stick-like form in the SEM micrographs of sawdust ash were also 
noticed, which varied in length and width [36]. Thus, the data obtained from the morphological analyses of AFM 
verified the high efficiency of utilising ultrasonic techniques to accelerate the acid hydrolysis of sawdust waste for 
cellulose nanocrystal production.

This study thoroughly investigated the performance of bitumen modification, considering the issues presented 
by deteriorating road pavements and the increasing importance of sustainable infrastructure. Novel approaches for 
improving the chemical and morphological characteristics of bitumen were also explored by carefully integrating 
three specific waste materials: POFA, garnet waste, and sawdust. Therefore, the distinctive combination of these waste 
elements offered the potential to address waste disposal-related environmental issues and transform the current 
asphalt engineering practices. This study provided valuable insights into the chemical complexities and microstruc-
tural intricacy of asphalt modified with POFA, garnet waste, and sawdust. The outcome of this study could promote 
more sustainable, robust, and environmentally conscious road construction practices.

Table 1   Summary of the basic 
properties of the 60/70 PEN 
asphalt

ASTM = American Society and Testing Materials

Parameter Specification Result Requirement

Penetration (25 °C, dmm) ASTM D5 70 60–70
Softening point (°C) ASTM D36 47.6 49–56
Ductility (25 °C, Pa s) ASTM D113 100  ≥ 100
Viscosity (135 °C, Pa s) ASTM D4402 0.5  < 3
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2 � Materials and methods

2.1 � Materials

This study utilised a 60/70 penetration grade asphalt obtained from the Kemaman Bitumen Company (KBC), Tereng-
ganu, Malaysia. Table 1 lists the various engineering characteristics of the initial asphalt using standard empirical 
methods. The waste materials utilised included POFA, garnet waste, and sawdust. Table 2 illustrates the physical 
characteristics of the waste materials. This study then applied agricultural (POFA with sawdust) and industrial (gar-
net) wastes for the hybrid asphalt binder mixtures. All these materials were sieved to achieve a uniform particle size 
of 25 µm. The POFA was distinguished by its small particle size and dark grey colour. In contrast, the garnet waste 
presented a reddish-grey hue. Meanwhile, the sawdust was recognised by its light brown colour. Figure 1 depicts 
the research flowchart, which classifies into three distinct categories: raw materials, waste-modified asphalt binder, 
and hybrid asphalt binder and mixture.

Table 2   Summary of the 
physical indicators of the 
waste materials

Waste material POFA Garnet waste Sawdust

Density (g/cm3) 2.51 2.96 0.26
Specific gravity 2.51 2.97 1.23
Moisture content (%) 6.10 0.40 5.02

Fig. 1   Flowchart of this research

Fig. 2   The waste materials 
involving a POFA, b garnet 
waste, and c sawdust
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2.2 � Preparation of waste materials

The study involved drying POFA, garnet waste, and sawdust at 100°C and then sieving them to a particle size of 25 µm (see 
Fig. 2). Figure 3 depicts the three distinct waste materials that undergo XRD, XRF, FTIR, SEM, and AFM analyses. Table 3 is the 
proportion of the materials used and testing involved in this study. Concurrently, the waste materials used in this study were 
POFA, garnet waste and sawdust; POFA-modified, garnet waste-modified, and sawdust-modified asphalts with a 3% waste 
content and hybrid asphalt which contain the combination of POFA + garnet waste and sawdust. These materials were then 
examined using SEM and AFM.

2.2.1 � XRD test

The XRD instrument (Bruker D8 Advance Diffractometer) was fitted with a Cu radiation source with a wavelength of 1.54060 
Å, which assessed the structural properties of POFA, garnet waste, and sawdust. This instrument was operated using X-pert 
software with a current of 40 mA and a voltage of 45 kV. Initially, a fraction of each sample was placed in the sample holder 
of the instrument to characterise the components. The samples were then analysed using a step size of 0.05° and a scanning 
period of 2 s/data point. Moreover, the scan range encompassed a 2θ angle from 10° to 80°. This scanning technique facili-
tated the acquisition of diffraction patterns and enabled the examination of the crystallographic structure of the samples.

2.2.2 � XRF test

The chemical investigation of the waste materials was conducted using an XRF instrument (Epsilon 1 PANalytical). These 
samples were prepared into circular pellets using a hydraulic press for 10 s while applying a load of 20 t. Each analysed 

Fig. 3   The chemical test for the composition and properties analyses of the individual wastes

Table 3   Proportion of the materials used and testing involved

Asphalt name Type Proportion Testing

Raw materials POFA Garnet waste Sawdust Amount depending on 
the test in mg

XRD, XRF, SEM, FTIR

Modified asphalt POFA-modified asphalt Garnet waste-modified asphalt 
Sawdust-modified asphalt

3% AFM

Hybrid asphalt binder POFA + Garnet waste + Sawdust + Asphalt 60/70 0%, 3%, 6%, 9% SEM, AFM
Hybrid asphalt mixture POFA + Garnet waste + Sawdust + Asphalt 60/70 + AC14 0%, 3%, 6%, 9% SEM, AFM
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sample comprised 10 g of waste material in the form of dry powder, and the XRF analysis was conducted following the 
British standard European standard International Organization for Organization (BS EN ISO) 12677 standard. Subse-
quently, a custom-made X-ray tube with a silver (Ag) anode source (functioning at 50 kV) was used. Lastly, the samples and 
their corresponding elements were identified based on the unique XRF emitted by the sample when exposed to X-rays.

2.2.3 � FTIR test

An FTIR instrument (Thermo Fisher Scientific/Nicolet iS50) was employed to deter-mine the vibrational modes of the 
POFA, garnet waste, and sawdust. The spectrometer was utilised in absorption mode in the 400–4000 cm−1 frequency 
range. Additionally, the analysis was completed at a resolution of 4 cm−1 using an accumulation of 32 scans. The FTIR 
spectra were then collected using the Coherent Fourier Transform (CFT) method, while the inert purging gas was N2. A 
KBr pellet was also introduced to each sample for analysis. These samples were fabricated as a disc-shaped translucent 
sample following the specifications outlined in ASTM E1252-98. The KBr pellet also underwent a degassing process to 
aggregate the sample particles efficiently. Consequently, the FTIR analysis allowed for the assessment of the chemical 
bonds and functional groups present in materials by examining the absorption of infrared light at specific frequencies.

2.2.4 � SEM test

An SEM instrument (JSM IT-200) was used to analyse the morphology, chemical composition, crystalline structure, and 
orientation of the samples. This instrument could assess the position of the material on the designated surface (see Fig. 4). 
The instrument involved a concentrated high-energy electron beam, which caused the surfaces of the materials to gen-
erate numerous signals. Furthermore, the height offset was calibrated to handle tall samples before the sample loading 
process. Each of these samples necessitated a maximum diameter of 150 mm and a height of 48 mm. The procedure of 
evacuating the chamber was initiated after acquiring the optical image (holder graphics). This process entailed complet-
ing the designated observation area, condition settings, and image adjustments. The image magnification ranged from 

Fig. 4   The SEM test using the 
JSM-IT200 model

Fig. 5   The placements in the 
SEM instrument involving the 
a hybrid asphalt binder and 
the b hybrid asphalt mixture
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× 5 to × 300,000, depending on the accelerating voltage (0.5 kV to 30 kV). Consequently, the SEM results were obtained 
for the individual waste materials and various hybrid asphalt binder mixtures (0%, 3%, 6%, and 9%). Figure 5 illustrates 
the positionings of the hybrid asphalt binder and mixture in the SEM instrument.

2.2.5 � AFM test

The surface topography image was acquired through interaction measurement be-tween a sharp tip and the scanned 
surface of the cantilever. This technique was performed with the tapping mode in the JPK Nanowizard tool, which pro-
vided safe-guards against potential harm to the sample (see Fig. 6). A rectangular silicon tip was utilised in the tapping 
mode (topography and phase) at 27°C. This study employed a cantilever with a spring constant of 40 N/m, a thickness of 
4 m, a length of 125 m, and a width of 30 m. Each sample scan involved a scan size of 20 µm × 20 µm and 40 µm × 40 µm.

2.3 � Preparation of the hybrid asphalt binder mixtures

This study used a blending method to generate four hybrid asphalt binder samples (0%, 3%, 6%, and 9%). The technique 
involved a high-shear mixer to achieve a uniform asphalt blend at 1500 rpm and 160°C for 1 h. A mixture containing 25 
µm POFA, garnet waste, and sawdust was combined with the original asphalt in different proportions to create hybrid 
asphalt binder mixtures. The proportions used were 0% (control), 3%, 6%, and 9%. Figure 7 portrays the hybrid asphalt 
binder blending procedure, which the SEM and AFM instruments later examined. Meanwhile, Fig. 8 demonstrates the 
JPK Nanowizard and JSM-IT200 instruments characterising the various hybrid asphalt binder mixtures. Each sample was 
fabricated on a glass slide measuring 1 cm in diameter.

Fig. 6   The AFM test involving 
the JPK NanoWizard tool

Fig. 7   The preparation of the hybrid asphalt binder and tested with SEM and AFM instruments
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3 � Result and discussion

3.1 � Chemical properties of waste materials

3.1.1 � XRD

Figure 9 displays the XRD patterns of the POFA, garnet waste, and sawdust samples. The XRD pattern of POFA revealed that 
the highest peak intensity was located at 26.56°, indicating the presence of SiO2. This observation suggested that SiO2 was 
the primary constituent of the POFA [37, 38]. Alternatively, the average crystallite size (D) (represented as the peak width) of 
the highest intensity peak was 32.98 nm. The coefficient of determination value (R2) for the POFA was also 0.87.

The XRD peaks of garnet waste displayed greater intensities compared to POFA and sawdust. Notably, the quartz in the 
garnet waste was highlighted by the peak at 34.82°. This significant peak verified the high SiO2 and Fe2O3 levels in the XRF 
data (see Section 3.1.2). Thus, a high quartz content in the garnet waste was concluded, while an appreciable silica content 
was demonstrated in garnet waste and POFA. These findings indicated that POFA could perform comparably to garnet 
waste in asphalt mixtures. Another component detected during the peak analysis was observed at 92.1° corresponding to 
Fe and Al. The R2 value for the intensity of garnet waste was 0.94. The D value is also 37.27 nm using the Scherrer formula as 
follows (see Eq. 1):

(1)D =

k�

� cos �
,

Fig. 8   The sample prepara-
tion processes of the a hybrid 
asphalt binder and the b 
hybrid asphalt mixture

Fig. 9   The XRD diffraction 
patterns for POFA, garnet 
waste, and sawdust
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 where D is the crystallite size (nm), k is the constant factor (0.62–2.08), λ is the wavelength (nm), β is the full width at half 
maximum of peaks (rad), and θ is the angle.

Considering that the disordered nature of the sawdust pattern was observed in the XRD pattern, several amorphous 
phases (lignin and hemicelluloses) were predicted [15]. The sole crystalline phase detected was cellulose, consisting of 
a distinct peak at 26.56°, a broad peak from 20° to 25°, and a wideband peak at 35°. A crystallite size of 29.81 nm was 
then recorded during the sawdust peak analysis. The peak intensity also presented an R2 value of 0.88, demonstrating 
a strong correlation with the size, shape, orientation, and degree of order of the material. Consequently, the sawdust 
exhibited single and polycrystalline properties, indicating that it is a crystalline substance. Overall, the XRD data offered 
valuable information about the composition and crystalline structure of waste materials, aiding in comprehending their 
potential impact when employed in modified asphalt binders.

3.1.2 � XRF

The XRF test yielded information regarding the chemical compositions of POFA, garnet waste, and sawdust. Table 4 
reveals that the predominant oxide group in POFA is SiO2, accounting for 62.81% of the composition. Subsequently, 
Al2O3 was the second most crucial oxide group at 23.92%. Additional oxide groups identified in POFA included Fe2O3 
(4.77%), CaO (2.99%), K2O (1.8%), and P2O5 (0.79%). Meanwhile, the predominant constituent in garnet waste was Fe2O3 
(44.97%). Other reported oxide groups in garnet waste included SiO2 (27.13%), Al2O3 (17.73%), MgO (4.90%), and CaO 
(1.89%). These findings aligned with garnet waste related studies, in which Fe2O3 was consistently recognised as the 
primary constituent [8, 39, 40].

The highest value for sawdust was CaO (69.65%). Conversely, K2O and SiO2 recorded content values of 6.83% and 
4.61%, respectively. Sawdust typically possesses elevated SiO2 and CaO levels, while the Fe2O3 content is minimal. There-
fore, the XRF data offered insights into the elemental makeup of waste materials, which was crucial for comprehending 
their potential consequences and behaviour in different applications.

Table 4   Chemical 
composition summary of the 
XRF results for POFA, garnet 
waste, and sawdust

Chemical compound Waste materials (%)

POFA Garnet waste Sawdust

SiO2 62.81 27.13 4.61
Fe2O3 4.77 44.97 3.08
CaO 2.99 1.89 69.65
Al2O3 23.92 17.73 0.00
K2O 1.80 0.01 6.83
MgO 0.69 4.90 0.00
P2O5 0.79 0.41 2.96
SO3 0.23 0.06 1.64

Fig. 10   The FTIR results for 
POFA, garnet waste, and 
sawdust
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3.1.3 � FTIR

The FTIR analysis produced data on the specific functional groups present in the waste materials. Numerous absorption 
bands were documented for POFA at different wavenumbers (see Fig. 10). The prominent peaks were detected at 420 
cm−1, 443 cm−1, 464 cm−1, 487 cm−1, 563 cm−1, 794 cm−1, 1016 cm−1, 1089 cm−1, 1125 cm−1, and 3468 cm−1. Specifically, 
a significant peak at 1089 cm−1 corresponded to the Si–O stretching of the Si–O–Si bonds. On the contrary, the peaks at 
420 cm−1, 443 cm−1, 464 cm−1, and 487 cm−1 were indicative of asymmetric bending vibrations of Si–O–Si. The peak at 
794 cm−1 also suggested the occurrence of Si–O symmetric stretching and aromatic C–H bending vibrations. Likewise, 
the peak at 3468 cm−1 was related to the O–H stretching vibrations concerning water molecules absorbed in the binder. 
The peak at 1125 cm−1 also implied the aliphatic branches in the C–O–C stretching group. These findings aligned with 
the high SiO2 content of POFA, which was demonstrated in the XRF study.

The FTIR spectra for the garnet waste recorded absorption bands at wavenumbers of 1782 cm−1, 966 cm−1, 873 cm−1, 
568 cm−1, 510 cm−1, 502 cm−1, 487 cm−1, 472 cm−1, 455 cm−1, 444 cm−1, 436 cm−1, 423 cm−1, and 414 cm−1. Notably, the 
significant peak at 1782 cm-1 indicated the C=O stretching in the oxygenic groups. The peaks at 966 cm−1 and 873 cm−1 
in the fingerprint region also indicated the occurrence of active stretching and bending vibrations concerning the Si–O 
bond. In contrast, the peak at 1782 cm−1 corresponded to the stretching vibrations of Fe2OH, demonstrating the unique 
garnet waste composition. Meanwhile, the 568 cm−1 to 455 cm−1 peaks were attributed to Si–O–Al and Si–O–Si bending 
vibrations, respectively.

The FTIR analysis of sawdust indicated the presence of several functional groups, which the absorption bands included 
O–H (3400 cm−1), C–H (3000 cm−1), C=O stretching (1730 cm−1), and C–H bending (1000 cm−1). The peak at 3385 cm−1 
was attributed to cellulose and lignin phenol clusters. Likewise, the peak at 2930 cm−1 corresponded to the asymmetric 
vibrations of the CH2 and –CH3 groups. The peak at 1621 cm−1 also implied the presence of carboxylate clusters. Additional 
absorption bands corresponded to C=O stretching, C–C stretching, C–H bending, and C–O stretching. Nevertheless, the 
–H and aliphatic C–H functional groups were also observed. Overall, the FTIR data offered valuable information regard-
ing the functional groups and molecular structures in waste materials. This outcome could aid in comprehending their 
chemical properties and probable interactions within asphalt mixtures.

3.2 � Microstructural characterisations of waste materials

3.2.1 � SEM

The SEM study revealed valuable information regarding the surface characteristics and structure of the waste materi-
als. Figure 11 illustrates the particles in POFA as a bonded cloud of smoke, white in colour, with a rough and porous 

Fig. 11   The SEM images of 
POFA at a high and b low 
magnifications

Table 5   Percentage summary 
of the component masses 
in POFA, garnet waste and 
sawdust using EDX analysis

Element (%) Fe O Si Al Mg C

POFA – 100 – – – –
Garnet waste 37.82 33.73 12.61 8.42 4.89 2.53
Sawdust – 47.04 – – – 52.96
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surface. The dimensions and morphology of the particles exhibited variations contingent upon the pro-cessing conditions 
employed. Darker spots also implied the voids in the microstructure. When Energy Dispersive X-ray (EDX) analysis was 
performed, the primary chemical element in POFA was O, constituting 100% of its weight (see Table 5). This observation 
corresponded to SiO2 composition, which was also identified as the predominant component in XRF and XRD investiga-
tions. The SEM observations revealed that the surface characteristics appeared white and crystalline due to SiO2. Thus, 
this discovery was supported by the XRF study, which confirmed a substantial amount of SiO2 in POFA.

The SEM image of the garnet waste displayed crystalline particles characterised by irregular forms and a surface rang-
ing from smooth to slightly rough (see Fig. 12). When the magnification was 500 kx, the particles appeared highly dense. 
Several chemical elements were detected in the EDX analysis, including C, O, Mg, Al, Si, and Fe (see Table 5). The element 
with the most significant weight percentage was Fe, which accounted for 37.82% of the total weight. This outcome was 
followed by O (33.73%), Si (11%), and Al (8%). The XRD examination results also confirmed the almandine (Al2Si3O12) in 
the garnet waste, which was consistent with these findings. The high Al2Si3O12 content enhanced mechanical properties 
and a more refined pore structure in the modified asphalt binder. Meanwhile, CaO and MgO suggested that the asphalt 
binder and mixture exhibited favourable performance and strong bonding capabilities.

The SEM image of sawdust highlighted unevenly shaped and amorphous particles exhibiting a rough and porous 
surface (see Fig. 13). Nonetheless, woodworking waste products could influence the size and shape of the particles. The 
EDX examination indicated that sawdust mainly consisted of O (47 %) and C (53 %) (see Table 5). Therefore, the EDX and 
XRF tests revealed a strong positive correlation, suggesting a significant amount of CaO (≥ 70%) in the sawdust. Over-
all, the SEM results presented substantial insights into the surface characteristics and chemical compositions of waste 
materials. This knowledge enhanced the understanding of their potential attributes and how they may behave when 
integrated into asphalt mixtures.

3.2.2 � AFM

Figures 14, 15 and 16 depict the AFM topography images of the three waste components in the individual waste-
modified asphalt binder samples: 3% POFA, 3% garnet waste and 3% sawdust. These samples revealed three distinc-
tive phases, significantly affecting the AFM images. Consequently, the catana phase amount increased by 20%, 40%, 

Fig. 12   The SEM images of 
garnet waste at different 
angles

Fig. 13   The SEM images of 
sawdust at a high and b low 
magnifications
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and 50% for the 3% POFA, 3% garnet waste and 3% sawdust, respectively. The catana phase exhibited a consistent 
size across all samples, measuring 7 µm to 12 µm in length and 1.0 µm to 1.5 µm in width. Similarly, the phase contrast 
between peri and para phases was inverted at more significant SiO2 percentages (3% sawdust), resulting in a higher 
para phase. A study by Masri et al. [41] denoted that para phases were grouped as low stiffness while peri and catana 

Fig. 14   The topography 
images of POFA using a 
20 × 20 µm and b 40 × 40 µm 
scanning areas

Fig. 15   The topography 
images of garnet waste using 
a 20 × 20 µm and b 40 × 40 µm 
scanning areas

Fig. 16   The topography 
images of sawdust using a 
20 × 20 µm and b 40 × 40 µm 
scanning areas
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phases were categorised as high stiffness. Compared with the study by Ji et al. [42] adding 3% POFA and 3% garnet 
waste did not substantially impact the improvement of the asphalt binder.

3.3 � Microstructural characterisations of hybrid asphalt binder and mixtures

3.3.1 � SEM

Figures 17, 18, 19 and 20 showcase the morphological images of various hybrid asphalt binder mixtures (control, 3%, 6% 
and 9%). The surface of the aggregates exhibited noticeable voids and gaps. Improper bonding between the particles 
(irregular surface textures) was also presented due to the inadequate coating application and the prominent uneven-
ness of the surface. Given that no discernible gaps between the aggregates were recorded after the modification pro-
cess, the voids generated smaller sizes and produced a compact surface. Consequently, the 6% hybrid asphalt binder 
mixture demonstrated improved material bonding of the POFA, garnet waste, and sawdust components compared to 
the control sample. A significant surface exposure was also presented due to the extensive surface area of this mixture. 
The particles in the 6% hybrid asphalt binder mixture were uniformly distributed, establishing a cohesive bond among 

Fig. 17   The SEM images of 
the control asphalt at different 
angles

Fig. 18   The SEM images of 
the 3% hybrid asphalt binder 
mixture at a high and b low 
magnifications

Fig. 19   The SEM images of the 
6% hybrid asphalt binder at 
different angles
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the constituents. Meanwhile, the AFM investigation demonstrated that the particle interactions increased interfacial 
forces and decreased surface roughness. This finding improved the bonding characteristics of the 6% hybrid asphalt 
binder mixture. Therefore, the enhanced bonding of the 6% hybrid asphalt binder mixture produced a gap-filling and 
homogeneous coating, which presented greater strength.

The asphalt component identified the C peaks in the EDX graphs of the control, 3%, 6%, and 9% hybrid asphalt bind-
ers (see Fig. 21). Each hybrid asphalt mixture contained Si, Ca, and Al peaks, revealing the waste materials (POFA, garnet 
waste, sawdust) and the aggregates (see Fig. 22 and Table 6). Notably, the 3% and 6% hybrid asphalt binder mixtures 
included C, O, and Si as the primary contributors (C > O > Si). The 6% hybrid asphalt mixture produced a higher C (10% 
increment) and lower Si (29% reduction) with O (33% reduction) than the control. Nevertheless, the 9% hybrid asphalt 
binder mixture contributed the most inferior C content (C < Si < O). Although the control demonstrated lower C (15% 
reduction), it exhibited the highest Si and O levels among all samples.

The hybrid asphalt binder mixtures displayed a uniform surface due to the high C content, which promoted strong 
bonding between the hybrid materials and aggregates. Alternatively, the lower Si content was ascribed to reduced 
exposure of the aggregate surfaces resulting from the efficient coverage of aggregate particles in the hybrid asphalt 
binder mixtures. All the hybrid asphalt binder mixtures also demonstrated smaller voids and gaps between the 

Fig. 20   The SEM images of the 
9% hybrid asphalt binder at 
different angles

Fig. 21   The EDX patterns of the a control, b 3%, c 6%, and d 9% hybrid asphalt binders
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aggregates. This outcome produced lower oxidation and an accelerated ageing process of the mixture [43]. Overall, 
the hybrid materials (POFA, garnet waste, and sawdust) in the asphalt mixture could enhance the sustainability and 
performance of asphalt materials. Simultaneously, this process could reduce the negative environmental impact 
associated with traditional materials. The results from analysing the SEM-EDX instrument provided valuable insights 
into the elemental composition and distribution of the hybrid asphalt mixtures. Therefore, the 6% hybrid asphalt 
binder mixture demonstrated its capacity to serve as a replacement component.

Fig. 22   The EDX patterns of the a control, b 3%, c 6%, and d 9% hybrid asphalt mixtures

Table 6   Mass percentage 
summary of the hybrid 
asphalt mixtures from the EDX 
analysis

Element (%) C O Si Ca Al

0 37.09 34.27 8.42 20.21 –
3 44.86 34.40 12.44 3.69 4.61
6 39.47 32.97 14.45 9.04 4.07
9 25.74 39.96 18.98 8.36 4.02

Fig. 23   The SEM images of 
the control asphalt at different 
angles
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Figures 23, 24, 25 and 26 portray the morphological images of the control, 3%, 6%, and 9% hybrid asphalt mixtures. 
These images revealed obvious gaps and cavities on the aggregate surface. An insufficient coating approach also 
produced uneven surface textures and a noticeable roughness, causing unsatisfactory particle bonding. Following 
the modification, no discernible gaps between the aggregates were observed. Thus, the voids decreased in size 
and formed a dense surface (see Fig. 25). These outcomes indicated that the 6% hybrid asphalt mixture exhibited 
improved material bonding of the POFA, garnet waste, and sawdust components compared to the control. The wide 
surface area of the 6% hybrid asphalt mixture also documented substantial surface exposure. Furthermore, the 6% 
hybrid asphalt mixture particles were uniformly distributed, establishing a solid connection between the compo-
nents. Meanwhile, the AFM investigation revealed that the bonding properties of the 6% hybrid asphalt mixture 
were enhanced due to the higher interfacial forces and reduced surface roughness resulting from particle interac-
tions. Consequently, the improved bonding of the hybrid asphalt mixture resulted in a uniform and gap-free surface, 
thereby enhancing its strength.

Fig. 24   The SEM images of the 
3% hybrid asphalt mixture at 
different angles

Fig. 25   The SEM images of the 
6% hybrid asphalt mixture at 
different angles

Fig. 26   The SEM images of the 
9% hybrid asphalt mixture at 
a low and b high magnifica-
tions
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3.3.2 � AFM

An AFM instrument was used to analyse the topographical features of the hybrid asphalt binders. This study evaluated 
the surface roughness of the control, 3%, 6%, and 9% hybrid asphalt binders by scanning two different areas (20 µm × 
20 µm and 40 µm × 40 µm). Consequently, the hybrid asphalt binder topographies consisted of three unique phases: the 
bee structure (catana phase), the scattered domain (dark region or peri phase), and the flat matrix (light region or para 
phase) [41, 44]. Figures 27, 28, 29 and 30 depict the phase images of the control, 3%, 6%, and 9% hybrid asphalt binders. 
These images showcased a clear structural arrangement resembling a bee structure or catana phase dispersed within 
the matrix. Compared to the control, the bee structures of the 3%, 6%, and 9% hybrid asphalt binders were redesigned 
and downsized. The 6% hybrid asphalt binder also acquired a higher dispersed phase. This observation was attributed 
to a chemical interaction between the constituent materials and the asphalt component, resulting in the elastomeric 

Fig. 27   The AFM images for 
a 20 × 20 µm b 40 × 40 µm 
scanning areas of the control 
asphalt

Fig. 28   The AFM images for a 
20 × 20 µm b 40 × 40 µm scan-
ning areas of the 3% hybrid 
asphalt binders

Fig. 29   The AFM images for a 
20 × 20 µm b 40 × 40 µm scan-
ning areas of the 6% hybrid 
asphalt binders
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material swelling and altering the elastic characteristics of the entire bituminous matrix [45, 46]. The distributions of 
dark region zones in the 3%, 6%, and 9% hybrid asphalt binder mixtures were also inconsistent. Conversely, the control 
asphalt demonstrated constant dispersion, proving the consistent distribution of hybrid asphalt in the asphalt binders.

The hybrid materials (POFA, garnet waste, and sawdust) influenced the consistent dispersion region. Within this 
region, the 6% hybrid asphalt binder demonstrated the smallest bee structure and showcased a uniform distribution 

Fig. 30   The AFM images for a 
20 × 20 µm b 40 × 40 µm scan-
ning areas of the 9% hybrid 
asphalt binders

Fig. 31   The 3D views of the 
a 20 × 20 µm b 40 × 40 µm 
scanning areas of the control 
asphalt

Fig. 32   The 3D views of the a 
20 × 20 µm b 40 × 40 µm scan-
ning areas of the 3% hybrid 
asphalt binders

Fig. 33   The 3D views of the a 
20 × 20 µm b 40 × 40 µm scan-
ning areas of the 6% hybrid 
asphalt binders
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of domains. Typically, the presence of asphaltenes helps to form bee structures. Thus, the hybrid asphalt binders 
(3%, 6%, and 9%) with reduced aromatics content created small and homogenous bee structures. These structures 
were also influenced by the surface roughness of the asphalt [47]. Figures 31, 32, 33 and 34 illustrate the 3D view 
scanning areas (20 µm × 20 µm and 40 µm × 40 µm) of the control, 3%, 6%, and 9% hybrid asphalt binders. Mean-
while, the study demonstrated that the particle interactions promoted increased interfacial forces and decreased 
surface roughness. This process improved the bonding capabilities of the 6% hybrid asphalt binder (see Fig. 33). 
Consequently, the enhanced bonding of the hybrid asphalt binders led to filling gaps and forming a uniform cover-
ing, which improved strength.

Figure 35 displays the average roughness (Ra), root mean square roughness (Rq), and total roughness (Rt) for 
the control, 3%, 6%, and 9% hybrid asphalt binder. The Ra parameter is frequently utilised in surface roughness 
analysis to provide a number that does not consider specific peaks and valleys. In contrast, the Rq parameter is 
highly sensitive to variations in peak and valley values. Likewise, the overall vertical difference between the highest 
and lowest points is denoted as Rt. All these values (Ra, Rq, Rt) of the 3%, 6%, and 9% hybrid asphalt binder were 
comparatively lower than the control asphalt. An initial decline was detected until the 6% hybrid asphalt binder, 
followed by a further increase until the 9% hybrid asphalt binder. This trend implied that the 6% hybrid asphalt 
binder exhibited a lower surface roughness value than the other samples. The lower bee structure size and the 
uniformity of the peri phase region in the 6% hybrid asphalt binder contributed to the enhanced smoothness of 
the hybrid asphalt surface.

Effective bonding between the hybrid materials and the asphalt matrix was observed due to the uniform dis-
tribution of the hybrid materials (POFA, garnet waste, and sawdust) within the hybrid asphalt matrix. This uniform 
dispersion of the hybrid components led to improved bonding between the hybrid asphalt binders and aggregates. 
The surface roughness analysis in the stability test displayed the highest strength, suggesting enhanced bonding 
between the hybrid asphalt binder and the aggregate. Figure 36 illustrates the 3D views of the control, 3%, 6%, and 
9% hybrid asphalt binder. The peaks and valleys on the surfaces of the hybrid asphalt binder indicated the formation 
of bee structures. Specifically, the 6% hybrid asphalt binder resulted in a lower amount and smaller height of the 
bee structure than the control asphalt. Thus, the bonding capabilities of the 6% hybrid asphalt binder were signifi-
cantly enhanced by its roughness. This procedure enhanced the bonding between the asphalt and the aggregates.

Fig. 34   The 3D views of the a 
20 × 20 µm b 40 × 40 µm scan-
ning areas of the 9% hybrid 
asphalt binders

Fig. 35   The surface roughness 
values of the control, 3%, 6%, 
and 9% hybrid asphalt binders
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4 � Conclusions

This study successfully investigated the chemical characteristics and microstructure analysis of individual wastes and 
various hybrid asphalt binder and mixtures. The XRD and XRF analyses demonstrated that the chemical compositions 
of POFA, garnet waste, and sawdust contained high amounts of SiO2, Fe2O3, and CaO, respectively. The morphologies 
of POFA exhibited a clustered arrangement resembling smoke clouds, while garnet waste and sawdust produced 
irregularly shaped particles with a porous surface (primarily composed of oxygen as indicated by the EDX analy-
sis). This result suggested that all three waste types presented improved fatigue resistance due to irregular shapes 
and sizes. The FTIR analysis also confirmed the presence of significant SiO2 concentration in POFA, garnet waste, 
and sawdust, which consistently supported previous studies. The SEM analysis demonstrated that the 6% hybrid 
asphalt binder and mixture exhibited a dense and homogeneous structure, indicating a strong bonding between 
the constituent materials. Therefore, this mixture was better than the control sample. The AFM investigation revealed 
that the 6% hybrid asphalt binder and mixture acquired the lowest surface roughness, indicating a strong bonding 
between the asphalt and aggregates. The asphaltene amount increased, leading to a more pronounced differentiation 
between phases as the percentage of hybrid content grew. Thus, modifying hybrid asphalt led to a notable impact 
and reduced the observed number of bee structures. The topographical and surface characteristics of the wastes 
and hybrid asphalt binder and mixtures were successfully performed using AFM and SEM. The AFM study demon-
strated that incorporating hybrid materials as an additive facilitated a novel structure on the original hybrid asphalt 
binder surfaces. Observations also revealed that the combination impacted the binder, causing changes in the size 
of the bee structure. Furthermore, the hybrid asphalt concentration influenced the chemical and morphological 
behaviour of the hybrid asphalt binder mixtures. The 6% hybrid asphalt binder and mixture highlighted a significant 
improvement in the performance of the hybrid asphalt binder and mixtures. This improvement was attributed to the 
optimised density, enhanced stability, improved bonding, and interfacial solid bonding. Overall, the POFA, garnet 
waste, and sawdust components in road construction successfully exhibited promising enhancements in pavement 
performance, aligning with the overarching objectives of waste reduction and environmental sustainability in the 
infrastructure industry.

Fig. 36   The 3D views of the a control, b 3%, c 6%, and d 9% hybrid asphalt binders with 40 × 40 µm dimension sizes
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