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 Water hyacinth is an abundant lignocellulosic biomass with strong potential as a 

sustainable carbon source. This study aims to investigate the effect of particle size 

variation on the carbon phase and microstructural development of biomass-derived 

carbon from water hyacinth. The leaves of water hyacinth were used as raw material, 

thoroughly washed, cut into small pieces, and sun-dried for 11 days until completely dry. 

The dried leaves were then ground into powder and sieved into three particle-size 

fractions of 60, 80, and 100 mesh, with 75 g prepared for each sample. Carbonization was 

conducted using a furnace at 900°C for 1 h under a limited-oxygen environment. Carbon 

phase characterization was performed using X-ray diffraction (XRD), while surface 

microstructure analysis was carried out using Scanning Electron Microscopy (SEM). The 

results indicate that all samples exhibit a stable amorphous carbon phase, suggesting that 

particle size variation does not significantly influence carbon phase formation. However, 

particle size plays an important role in microstructural evolution, where finer particles 

promote more homogeneous morphology and enhanced pore development. These 

findings demonstrate that particle size acts as a microstructural control parameter without 

altering the resulting carbon phase, and they confirm the potential of water hyacinth 

leaves as a promising biomass precursor for carbon-based materials. 

 

1. Introduction  

Water hyacinth is a lignocellulosic biomass rich in cellulose, hemicellulose, and lignin, making it a highly 

promising raw material for conversion into carbon-based materials. Its biochemical composition typically 

consists of 20 - 35% cellulose, 15 - 30% hemicellulose, and 5 - 15% lignin on a dry-weight basis, all of 

which support its suitability for various thermochemical processes, including carbonization for producing 

biochar or activated carbon (Abba et al., 2025; Sanchez-Torres et al., n.d.). Carbon derived from biomass 

is widely utilized in advanced material applications such as electrodes, catalysts, and electromagnetic 

absorbers due to its lightweight, low cost, and renewable nature (Opia et al., 2021). One of the key factors 

influencing the quality of biomass-derived carbon is the particle size of the precursor prior to 

carbonization. Particle size affects the thermal homogeneity, devolatilization rate, and pore development, 

further determining the resulting microstructure and carbon phase (Peng et al., 2023; Zhang et al., 2024).  

Characterization of microstructure and crystallinity is essential for understanding the quality and 

functional performance of carbon materials. Scanning Electron Microscopy (SEM) is used to examine 
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surface morphology, sheet thickness, and fragmentation level, while X-ray diffraction (XRD) provides 

information on the amorphous or semi-crystalline phases formed during pyrolysis. The combination of 

these two techniques enables a comprehensive evaluation of how particle size influences the evolution 

of internal structures in biomass-derived carbon (Permatasari et al., 2025; Wibawa et al., 2020). 

Previous studies have shown that biomass-derived carbon typically exhibits an amorphous 

structure with small graphitic domains, although the extent of this characteristic strongly depends on 

carbonization conditions and the initial particle size of the biomass (Béguerie et al., 2022; Rigollet et al., 

2025). Finer particles tend to produce more uniform heat distribution, which promotes pore formation 

and improves structural ordering. In contrast, larger particles often generate dense aggregates with 

incomplete fragmentation, resulting in heterogeneous surface morphology. However, studies specifically 

comparing the microstructure and carbon phase of water hyacinth biochar across different particle sizes 

remain limited (Hong et al., 2020). 

This study focuses on analysing the effect of particle size variations 60 mesh, 80 mesh, and 100 

mesh on the microstructural evolution and carbon phase of water hyacinth-derived carbon. Through 

SEM and XRD characterization, this research aims to clarify how particle size influences carbon 

morphology, fragmentation behavior, pore development, and structural uniformity while maintaining a 

stable amorphous carbon phase after carbonization. The findings are expected to demonstrate that 

particle size acts as a microstructural control parameter rather than a phase-determining factor, thereby 

providing scientific insight into the optimization of water hyacinth-based biocarbon for advanced 

material applications. This work contributes to the development of biomass-based carbon materials 

within the field of materials physics. 

2. Theoretical Framework 

2.2. Carbon Structure 

Biomass such as water hyacinth serves as a natural carbon source rich in lignocellulosic components, 

particularly cellulose, hemicellulose, and lignin. These three components provide the fundamental 

framework for carbon formation during the pyrolysis process. When heated at high temperatures, the 

chemical bonds within the lignocellulosic matrix gradually break through devolatilization, releasing 

volatile compounds and leaving behind a solid carbon residue. At this stage, carbon atoms begin to 

associate and form an amorphous network lacking long-range structural order. This amorphous structure 

is characterized by the presence of small graphitic domains that are unevenly distributed and still contain 

residual oxygen functional groups within the carbon matrix (Jadhav & Dey, 2025). The particle size of 

the biomass plays a crucial role in determining the quality of the resulting carbon. Smaller particles possess 

a larger surface area and experience more uniform heat distribution, enabling the formation of a more 

homogeneous carbon structure. This condition also supports optimal pore development and sheet 

fragmentation during carbonization. Conversely, biomass with larger particle sizes often undergoes 

uneven heating, causing certain regions to remain partially uncarbonized, which leads to a more 

heterogeneous microstructure, the formation of larger aggregates, and non-uniform pore distribution 

(Zhou et al., 2020). These variations in particle size become a key factor in understanding the changes in 

physical properties and microstructural characteristics of biocarbon derived from water hyacinth. 
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2.2. Principle of X-Ray Diffraction (XRD) 

XRD is a primary characterization technique used to analyse the crystal phases and degree of 

amorphousness in carbon materials. When X-rays are directed onto a sample, the interaction between 

the X-ray waves and the atomic arrangement produces a distinct diffraction pattern. Biomass-derived 

carbon typically exhibits a broad diffraction peak in the range of 2𝜃 =  20° −  30°, which corresponds 

to the (002) graphitic plane. This broad peak indicates an irregular interlayer spacing and very small 

crystalline domains, classifying the resulting carbon structure as amorphous carbon (Murugesh, 2021). 

2.3. Principle of Scanning Electron Microscopy (SEM) 

SEM is used to examine the surface morphology, carbon sheet thickness, pore size, and the degree of 

particle fragmentation. In the context of biomass-derived carbon, SEM plays a crucial role in observing 

the transformation of the original cellulose-based structure into porous carbon sheets after the 

carbonization process. Carbon derived from smaller particle sizes (such as 100 mesh) typically exhibits 

thinner sheets, a more homogeneous structure, improved porosity, and more uniform fragmentation 

because heating and devolatilization occur more effectively throughout the material (Nurhilal et al., 2023). 

Conversely, samples with larger particle sizes (such as 60 mesh) tend to show large aggregates, denser 

surfaces, and lower porosity. This occurs due to uneven heat distribution, resulting in incomplete 

decomposition of certain regions. Consequently, the microstructure appears more massive and less 

developed, resembling graphene-like carbon that has not been well exfoliated (Fang et al., 2020). In this 

study, SEM analysis is used to compare the microstructural changes of carbonized water hyacinth across 

three different particle sizes, allowing a comprehensive evaluation of the relationship between particle 

size, pyrolysis behavior, and morphological development. 

3. Method 

3.1. Sample Preparation of Water Hyacinth 

The preparation of water hyacinth samples consisted of several steps, including cutting, washing, drying, 

grinding, and sieving, as illustrated in Figure 1 (Zhou et al., 2020), which presents the flowchart of the 

carbonization and characterization process of water hyacinth biomass with particle size variation. The 

leaves used in this study were collected from the riverbank area in Sragi District, Pekalongan Regency. 

After collection, the leaves were thoroughly washed and dried under direct sunlight for 11 days until 

completely dehydrated. The dried leaves were subsequently ground using a household blender to obtain 

fine powder. 

The resulting powder was sieved through 60, 80, and 100 mesh screens to produce uniform 

particle-size fractions. The variation in particle size was intentionally introduced as the independent 

variable to evaluate its influence on the structural and phase characteristics of the resulting biochar. For 

each particle-size fraction (60, 80, and 100 mesh), 75 g of dried water hyacinth powder was prepared as 

the initial mass to ensure consistency across all carbonization batches and to provide sufficient material 

for subsequent SEM and XRD characterization. 

The dependent variables in this study comprise the structural and microstructural parameters 

obtained from XRD and SEM analyses. The XRD characterization was used to examine the diffraction 

pattern, including peak position (2𝜃), diffraction intensity (a.u.), and carbon phase characteristics, while 
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SEM analysis was conducted to observe the surface morphology and qualitative pore distribution of the 

biochar. Meanwhile, several parameters were maintained as controlled variables, including the initial 

sample mass, source of raw materials, carbonization conditions, and characterization procedures, to 

ensure the reliability and comparability of the results. 

 
Figure 1. Flowchart of the carbonization and characterization process of water hyacinth biomass with particle size 

variation. 

3.2. Carbonization Process 

The water hyacinth powder was placed into a sealed cylindrical iron crucible designed specifically to limit 

oxygen exposure during carbonization. The crucible was equipped with a small pressure-relief pinhole 

on the lid, and the lid was secured tightly using a threaded locking cap. This configuration ensured that 

external air could not enter the crucible throughout the heating process, while the pinhole allowed volatile 

gases generated during devolatilization to escape in a controlled manner. Because the crucible was tightly 

sealed and had a limited internal volume, the small amount of oxygen initially present inside was rapidly 

consumed during the early phase of heating. Once this residual oxygen was depleted, the atmosphere 

within the crucible shifted into a stable low-oxygen (oxygen-limited) environment without requiring an 

inert gas flow. After the crucible was sealed, it was inserted into a horizontal furnace, and the temperature 

was increased from room temperature to 900°C at a controlled heating rate of 10°C/min. The furnace 

temperature was then maintained for 1 hour to complete the carbonization process. This heating profile 

supported consistent devolatilization and enabled uniform carbon development across all particle-size 

fractions. When carbonization was complete, the samples were left to cool naturally inside the furnace 

until they reached room temperature. The final mass of the carbon product obtained from each batch 

was approximately 8 grams, corresponding to a carbon yield of 10 - 11%, which is consistent with the 

typical mass loss behavior of lignocellulosic biomass undergoing high-temperature pyrolysis. 

3.3. Characterization of Water Hyacinth Biochar 

Microstructural characterization of carbonized water hyacinth was performed using a JEOL JSM-6510LA 

Scanning Electron Microscope (SEM) at the Integrated Laboratory of Diponegoro University. 

Observations were made at an accelerating voltage of 15 kV in Secondary Electron (SE) mode to obtain 

high-contrast images of the surface morphology. Several magnifications were used, including 50X, 200X, 

500X, and 2000X, with the primary morphological interpretation based on the 2000X micrograph 
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presented in this study. Crystal structure characterization was performed using XRD at the National 

Research and Innovation Agency (BRIN) Bandung. Measurements were obtained with a Bruker D8 

Advance diffractometer equipped with a 𝐶𝑢 𝐾𝛼 radiation source (𝜆 =  1.5406 Å), operating at 40 𝑘𝑉 

and 30 𝑚𝐴. Diffraction data were collected over the range 10° −  80° in 2𝜃 with a step size of 0.02°, 

providing sufficient resolution to identify the amorphous and semi-crystalline characteristics typical of 

biomass-derived carbon. This study adopts the idealization that variations in particle size primarily 

influence heat transfer uniformity during carbonization but do not significantly alter the fundamental 

carbon phase formed. Therefore, similar XRD patterns across different mesh sizes are expected, with 

variations mainly observed in diffraction intensity rather than peak position. The accuracy of the XRD 

measurements is governed by the instrumental resolution and scanning parameters of the diffractometer. 

The Bruker D8 Advance system used in this study provides a typical angular resolution of approximately 

±0.02° in 2𝜃, corresponding to the selected step size. Minor variations in diffraction intensity may also 

arise from factors such as sample packing, surface flatness, and preferred orientation effects. As the 

objective of this study is focused on qualitative phase identification and comparative analysis among 

particle-size variations, these instrumental uncertainties do not significantly affect the interpretation of 

the carbon phase. 

4. Result 

4.1. X-Ray Diffraction Analysis 

The XRD patterns of water hyacinth–derived carbon with particle sizes of 60, 80, and 100 mesh exhibit 

a dominant broad diffraction hump in the 2𝜃 range of 20° − 30°, indicating that all samples 

predominantly consist of amorphous carbon with small and poorly ordered graphitic domains, as shown 

in Figure 2. A prominent intensity maximum is observed at approximately 2𝜃 =  30.18° and appears 

consistently across all particle-size variations. This feature represents a broad amorphous scattering 

region rather than a sharp crystalline peak, reflecting the disordered nature of the carbon structure formed 

during pyrolysis. 

At approximately 2𝜃 =  30.18°, the relative peak intensity for the 60, 80, and 100 mesh samples 

shows a clear increasing trend with decreasing particle size. The 100 mesh sample exhibits the highest 

relative intensity, followed by the 80 mesh and 60 mesh samples, indicating improved structural 

uniformity and scattering contribution in finer particles. Although the peak position remains unchanged 

for all samples, the variation in relative intensity suggests differences in structural coherence rather than 

changes in crystallographic phase. This trend confirms that particle size variation primarily affects 

scattering efficiency and microstructural coherence rather than inducing any crystallographic phase 

transformation. 

The broad peak width indicates a reduced crystallite domain size and a high concentration of 

structural defects, which are characteristic of lignocellulosic biomass-derived carbon undergoing 

incomplete structural rearrangement during high-temperature carbonization (Hong et al., 2020; 

Murugesh, 2021). The diffraction intensity is expressed in arbitrary units (a.u.) because the analysis 

focuses on qualitative phase identification and comparative evaluation rather than absolute intensity 

quantification. Instrumental uncertainty and peak broadening effects are discussed in the Limitations 

section and are considered not to alter the qualitative phase interpretation presented here. 
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In addition to the dominant amorphous hump in the 20° − 30° region, weak and diffuse intensity 

features are also observed at higher diffraction angles (> 30°). These features do not correspond to any 

distinct crystalline phases but instead represent background scattering from highly disordered carbon 

networks and residual inorganic constituents commonly present in biomass-derived carbon. Their broad 

and low-intensity nature indicates the absence of long-range structural ordering and therefore they are 

not interpreted as separate carbon phases. For this reason, the structural discussion is focused on the 

20° − 30° region, which is widely accepted as the primary indicator of amorphous or poorly ordered 

graphitic carbon in lignocellulosic materials. 

These XRD characteristics do not indicate the formation of reduced graphene oxide. Confirmation 

of graphene-like structures would require additional techniques such as Raman spectroscopy or X-ray 

Photoelectron Spectroscopy (XPS) (Yuan et al., 2023). Therefore, the carbon phase in all samples is 

conservatively interpreted as amorphous carbon with minimal graphitic ordering. 

 

Figure 2. XRD patterns of water hyacinth–derived carbon with particle sizes of 60, 80, and 100 mesh, showing a 

dominant broad amorphous peak at approximately 2𝜃 =  30.18°. The relative diffraction intensity increases with 

decreasing particle size, where the 100 mesh sample exhibits the highest peak intensity, followed by 80 mesh and 60 mesh. 

4.2 Scanning Electron Microscope Analysis 

Morphology of 60 Mesh Biomass-Derived Carbon 

At the 60 mesh particle size, carbon is still dominated by large aggregates with thick, stacked sheets, as 

observed in the SEM micrograph at a magnification of 2000 × Error! Reference source not found.. 

Such morphology is commonly observed in coarse biomass-derived carbon that has not undergone 

optimal fragmentation during the grinding process. Larger biomass particles tend to possess dense 

structures with low porosity, resulting in reduced active surface area and less effective interaction with 

microwave waves (Ren et al., 2025). The coarse particle size also decreases available interfacial 

polarization pathways because the interlayer spacing is not formed optimally, thereby limiting the 

electromagnetic response of the material (Mu et al., 2024). This condition is consistent with the 60 mesh 

micrograph, which shows a rough surface with minimal pores, resembling densely packed and 

incompletely fragmented amorphous carbon. The dense structure restricts the development of interfacial 

polarization mechanisms. 
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Morphology of 80 Mesh Biomass Derived Carbon 

At the 80 mesh particle size, the particle structure begins to change more noticeably, as shown in Figure 

at a magnification of 2000 ×. The carbon sheets appear thinner and show reduced aggregation, allowing 

pores and gaps to emerge between the fragments (Goudarzi & Motlagh, 2019). This condition indicates 

that the grinding process is more effective compared to the 60 mesh sample, producing more reactive 

particles with a larger surface area. The increase in porosity and fragmentation helps enhance interfacial 

polarization and makes the material more responsive to microwave interaction. The more open structure 

also facilitates interactions between the carbon and the incoming waves, resulting in improved dielectric 

loss behavior at the 80 mesh particle size (Ma et al., 2023). 

Morphology of 100 Mesh Biomass Derived Carbon 

At the 100 mesh particle size, the carbon appears much finer, more uniformly dispersed, and forms thin 

sheets with more distinct pore structures, as shown in Figure at a magnification of 2000 ×. This 

morphology indicates that the grinding process produced more homogeneous fragmentation, resulting 

in a significant increase in the material’s accessible surface area. The thin, layered, and porous morphology 

reflects the formation of highly fragmented amorphous carbon, which is typical of finely ground biomass-

derived carbon. Finely fragmented biomass carbon with a uniform pore distribution generally offers a 

larger active surface area, thereby supporting enhanced dipolar polarization processes and stronger 

electromagnetic wave interactions (Liu et al., 2023). This finding is consistent with (Chang et al., 2025), 

which notes that highly porous and ultra-fine carbon sheets can enhance dielectric loss mechanisms 

through abundant structural defects and interfacial polarization pathways. 
 

   
60 Mesh 80 Mesh 100 Mesh 

 

Figure 3. SEM micrographs of water hyacinth–derived carbon with particle sizes of (a) 60 mesh, 

(b) 80 mesh, and (c) 100 mesh at 2000× magnification, showing progressive fragmentation, sheet 

thinning, and pore development with decreasing particle size 3. 

 

The more dispersed and pore-rich structure of the 100 mesh sample also allows multiple internal 

reflections (multiple scattering) when electromagnetic waves enter the material. This effect has been 

reported by (Zhou et al., 2020), who found that porous carbon with fine particle distribution increases 

the wave propagation path within the material, thereby improving energy attenuation. In the absence of 

direct microwave absorption measurements, the present study does not claim quantitative absorption 

performance. Instead, the observed microstructural features suggest that the 100 mesh carbon possesses 

structural characteristics that are favourable for porosity-driven multiple scattering and polarization-

related mechanisms in microwave absorption systems. This interpretation is therefore based on 
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morphological inference rather than experimental validation of electromagnetic absorption properties. 

4.3 Integrated Interpretation of XRD and SEM Results 

The integrated interpretation of XRD and SEM results provides a comprehensive understanding of the 

relationship between carbon phase stability and microstructural evolution in water hyacinth-derived 

carbon. XRD analysis consistently reveals a broad diffraction peak centered around 2𝜃 =  30°, 

indicating that all samples retain a predominantly amorphous carbon structure regardless of particle size 

variation. The absence of sharp crystalline peaks confirms that particle size does not induce phase 

transformation during the carbonization process, suggesting that the fundamental carbonization pathway 

remains unchanged across all samples. 

In contrast, SEM observations demonstrate a pronounced influence of particle size on the 

microstructural characteristics of the resulting carbon materials. Coarser particles exhibit relatively 

compact and irregular morphologies, while finer particles show progressive fragmentation, the formation 

of thinner carbon sheets, and increased pore development. This morphological evolution can be 

attributed to more uniform heat distribution and enhanced devolatilization in smaller particles during 

thermal decomposition, which promotes physical restructuring without altering the underlying carbon 

phase. 

By correlating these findings, it becomes evident that particle size functions as a microstructural 

control parameter rather than a determinant of carbon phase formation. The stable amorphous phase 

identified by XRD reflects the thermochemical limitations inherent to lignocellulosic biomass precursors, 

while SEM reveals that physical morphology can be effectively tuned through particle size optimization. 

Similar integrated behaviors have been reported in previous studies, where biomass-derived carbon 

exhibited invariant amorphous phases alongside particle-size-dependent morphological refinement 

(Nurhilal et al., 2023; Zhou et al., 2020). 

Overall, the combined XRD and SEM analyses indicate that phase stability and microstructural 

evolution operate through distinct but complementary mechanisms. While the carbon phase remains 

thermodynamically stable and insensitive to particle size variation, the microstructural features such as 

porosity, sheet formation, and surface roughness, are highly responsive to particle size. This integrated 

interpretation establishes a clear link between structural stability and morphological tunability, providing 

a solid experimental basis for the subsequent discussion on structure–property relationships. 

5. Discussion 

5.1 Effect of Particle Size on the Carbon Phase (XRD Perspective) 

The XRD results indicate that carbon derived from water hyacinth exhibits a predominantly amorphous 

structure regardless of particle size variation. This finding suggests that the carbonization conditions 

applied in this study favour the formation of disordered carbon phases typical of lignocellulosic biomass, 

where complete graphitic ordering is limited. Similar amorphous characteristics have been widely 

reported in biomass-derived carbon systems subjected to high-temperature pyrolysis, where structural 

rearrangement remains incomplete due to the inherent complexity of the precursor material (Murugesh, 

2021).  

The absence of phase transformation across different particle sizes implies that particle size does 

not act as a determining factor for crystallographic phase evolution. Instead, the consistency of the 
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amorphous carbon phase reflects a stable thermochemical pathway during carbonization. This 

observation supports previous studies reporting that particle-size variation mainly affects physical and 

thermal processes rather than inducing fundamental changes in carbon bonding or lattice ordering 

(Gaurav et al., 2020). From a structural perspective, the XRD analysis confirms that the role of particle 

size is secondary to the carbonization temperature in determining the carbon phase. Consequently, the 

influence of particle size is more appropriately interpreted through its effect on microstructural 

development rather than crystallographic transformation, as further discussed in the integrated analysis 

section. 

5.2 Effect of Particle Size on Carbon Morphology (SEM Perspective) 

SEM observations reveal that particle size plays a critical role in shaping the morphological features of 

water hyacinth–derived carbon. While all samples share the same amorphous carbon phase, clear 

differences in surface texture, fragmentation behavior, and pore development are evident across particle-

size variations. These morphological differences reflect how initial particle size governs the physical 

restructuring of biomass during carbonization (Jadhav & Dey, 2025). Coarser particles tend to preserve 

denser carbon frameworks with limited fragmentation, which can be attributed to less uniform heat 

penetration during pyrolysis. In contrast, finer particles promote more homogeneous thermal exposure, 

leading to enhanced fragmentation and the formation of thinner carbon sheets accompanied by more 

evenly distributed pores. This behavior is consistent with previous reports indicating that smaller biomass 

particles facilitate more efficient devolatilization and structural reorganization during carbonization 

(Villardon et al., 2024). 

These morphological trends suggest that particle size primarily influences the efficiency of 

microstructural refinement rather than altering the intrinsic carbon phase. The enhanced fragmentation 

and pore development observed in finer particles provide a microstructural basis for improved surface-

related properties, reinforcing the interpretation that particle size functions as a morphological control 

parameter within a stable amorphous carbon framework (Yuan et al., 2023). 

5.3 Relationship Between Microstructure and Carbon Phase on Material Properties 

From a materials perspective, the relationship between carbon phase and microstructural evolution in 

biomass-derived carbon is primarily governed by thermochemical stability rather than precursor particle 

size variation. The integrated interpretation of XRD and SEM results in this study indicates that all water 

hyacinth–derived carbon samples share a stable amorphous carbon framework, while particle size 

variation primarily governs microstructural evolution rather than phase transformation. This observation 

supports previous studies reporting that biomass-derived carbon generally remains amorphous after 

carbonization, with structural ordering being limited by the intrinsic nature of lignocellulosic precursors 

and carbonization conditions rather than precursor size alone. 

The consistency of the carbon phase identified by XRD across all samples indicates that particle 

size does not significantly influence the fundamental carbonization pathway. Instead, SEM observations 

reveal that particle size affects the physical restructuring of carbon during thermal decomposition, 

including fragmentation behavior, sheet formation, and pore development. Similar trends have been 

reported in earlier works, where finer biomass particles facilitated more homogeneous heat distribution 

and enhanced devolatilization, resulting in more porous and uniformly structured carbon materials 

(Nurhilal et al., 2023). This integrated behavior suggests that particle size functions as a microstructural 
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control parameter rather than a phase-determining factor. Such a relationship has also been highlighted 

by Zhou et al. and Nurhilal et al., who emphasized that porous morphology and thin carbon sheet 

formation play a critical role in enhancing surface-related properties of biomass-derived carbon without 

altering its amorphous nature (Zhou et al., 2020). Therefore, the integration of XRD and SEM analyses 

confirms that the carbon system remains within a stable amorphous regime, while particle size variation 

provides an effective strategy for tailoring microstructural characteristics. This finding aligns with 

previous literature and reinforces the role of particle size optimization in improving the functional 

potential of biomass-derived carbon materials. 

5.4 Limitations of the Study 

This study provides a fundamental insight into the relationship between biomass particle size and the 

resulting carbon phase and microstructural characteristics of water hyacinth–derived carbon. 

Nevertheless, several limitations should be acknowledged to ensure a balanced interpretation of the 

findings and to define the scope of the conclusions drawn. 

First, the characterization approach adopted in this work is predominantly qualitative, focusing on 

phase identification and morphological comparison. Quantitative measurements of specific surface area 

and pore characteristics, such as Brunauer Emmett Teller (BET) analysis, were not conducted. 

Consequently, the influence of particle size on porosity-related parameters could not be quantitatively 

correlated with the observed microstructural features. Second, Raman spectroscopy was not employed, 

which limits a more detailed evaluation of structural disorder through parameters such as the ID/IG 

ratio and constrains direct comparison with graphitic or graphene-like carbon references. 

Furthermore, SEM observations were limited to qualitative morphological interpretation without 

image-based statistical analysis, such as pore-size distribution or quantitative evaluation of carbon sheet 

thickness. Despite these limitations, the primary objective of this study to elucidate the role of particle 

size in governing carbon phase stability and microstructural evolution remains valid. Rather than 

diminishing the significance of the results, these limitations highlight opportunities for future work aimed 

at establishing stronger structure–property relationships in biomass-derived carbon materials. 

5.5 Research Implications and Development Suggestions 

This study emphasizes the strength of a simple, systematic, and reproducible approach for evaluating 

biomass-derived carbon through clearly defined variables and accessible characterization techniques. By 

establishing particle size as the primary independent variable and correlating it with carbon phase stability 

and microstructural evolution using combined XRD and SEM analyses, this work provides a robust 

framework for assessing carbon quality without relying on complex or highly specialized instrumentation. 

From a materials physics perspective, the integration of XRD and SEM allows the separation 

between crystallographic stability and microstructural development to be clearly identified. While the 

amorphous carbon phase remains stable under identical carbonization conditions, particle size acts as an 

effective microstructural control parameter that governs fragmentation behavior, sheet formation, and 

pore development. This distinction is important for interpreting structure–property relationships in 

biomass-derived carbon systems and can serve as a reference model for similar thermochemical studies. 

Beyond water hyacinth, the methodological framework presented in this study can be readily 

extended to other non-edible or underutilized biomass sources, including invasive plants and agricultural 

residues. Such an approach supports broader applications in sustainable materials research by enabling 
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preliminary screening of carbon phase stability and microstructural quality using widely available 

laboratory facilities. In the context of Indonesia and other biomass-rich regions, this strategy offers a 

pathway to utilize abundant non-food biomass resources for functional carbon materials without 

competing with food security needs. 

Future studies may build upon this framework by incorporating quantitative surface area analysis, 

spectroscopic evaluation of structural disorder, and functional performance testing to further refine the 

relationship between microstructure and material properties. Nevertheless, the present study establishes 

a solid methodological foundation for reproducible and scalable biomass carbon characterization. 

6. Conclusion 

This study demonstrates that variations in the particle size of water hyacinth leaves do not alter the 

fundamental carbon phase produced through carbonization, which consistently remains amorphous 

under identical processing conditions. This conclusion is supported by the absence of sharp diffraction 

peaks at approximately 26° (002) and 43° (100) in the XRD patterns, which are characteristic of crystalline 

or graphene-like carbon, as well as the lack of layered stacking or ordered sheet features in the SEM 

images. Instead, particle size plays a decisive role in governing microstructural evolution, influencing 

fragmentation behavior, sheet formation, and pore development as revealed through integrated SEM and 

XRD analyses. 

The combined interpretation of structural and morphological characterization confirms that 

particle size functions as a microstructural control parameter rather than a phase-determining factor. 

Finer particle sizes promote more homogeneous thermal decomposition and more refined porous 

structures, while coarser particles tend to retain denser and less fragmented morphologies. This 

distinction is critical for understanding structure–property relationships in biomass-derived carbon 

materials. 

Beyond the specific case of water hyacinth, this work highlights the strength of a reproducible and 

accessible characterization framework for evaluating carbon materials derived from non-edible biomass. 

The approach presented in this study can be readily applied to other biomass sources, supporting 

sustainable material development without competing with food resources. Overall, the findings 

contribute to the broader field of materials physics by providing a clear methodological basis for 

correlating particle size, microstructure, and carbon phase stability in biomass-derived carbon systems. 
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