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 Abstract 

Biomass-derived carbon is commonly produced at high temperatures 
to promote graphitization; however, understanding carbon formation 

at lower temperatures remains critical for applications that rely on 

surface reactivity rather than crystallinity. In this work, carbon 

obtained from oil palm empty fruit bunch (EFB) through pyrolysis 
at 500 °C was systematically investigated using coupled Fourier 

transform infrared (FTIR) and Raman spectroscopy, supported by 

density functional theory (DFT)-based structural interpretation. 
FTIR analysis reveals extensive dehydration, cleavage of aliphatic 

C–H bonds, and progressive loss of oxygenated functional groups, 

accompanied by the emergence of aromatic C=C and C–O–C 

linkages. Raman spectra, resolved through pseudo-Voigt 
deconvolution, are dominated by defect-related bands (D, D2, D3, 

and D4) with a broadened G band, indicating the formation of small, 

disordered sp2 carbon domains rather than extended graphitic 
lattices. DFT-assisted analysis suggests that the carbon framework is 

composed of interconnected polyaromatic hydrocarbon clusters 

incorporating residual heteroatoms and mixed sp2–sp3 bonding. 
These results demonstrate that low-temperature pyrolysis of EFB 

produces a defect-rich aromatic carbon structure strongly governed 

by precursor chemistry, offering a viable route for tailoring 

functional carbon materials with abundant active sites, making it 
highly suitable for applications in adsorption, catalysis, and 

environmental remediation technologies. 
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Introduction  

The increasing demand for sustainable and high-performance carbon materials has driven 

significant interest in biomass-derived carbons as renewable alternatives to diverse applications in 

many industries (Ansari et al., 2025). Biomass offers a unique advantage as a carbon source due to its 
abundance, low cost, and intrinsic chemical diversity, which enables the tailoring of carbon structures 

through controlled thermochemical conversion processes (Zhou & Wang, 2020). The physicochemical 

properties of the resulting carbon, such as hybridization state, defect density, and surface functionality, 
are strongly influenced by both the nature of the biomass precursor and the conditions employed during 

carbonization (Li et al., 2021). The pyrolysis method has emerged as an effective route for producing 

biochar with tunable physicochemical properties, ranging from amorphous carbon to partially ordered 
aromatic and graphitic domains (Nugroho et al., 2024; M. Zhang et al., 2022). High-temperature 

carbonization is often employed to promote graphitization and long-range ordering, while low-

temperature pyrolysis is commonly employed as a controlled thermochemical route to convert 

lignocellulosic biomass into carbon-rich solids while preserving a significant portion of the original 
chemical functionality (Putri et al., 2026). This process limits extensive graphitization and instead 

promotes partial carbonization. The presence of the remaining functional groups on the carbon surface 

is advantageous for applications that rely on surface reactivity rather than high crystallinity, including 
adsorption, catalysis, and interfacial reaction (Ahmed et al., 2022). However, the structural evolution 

of biomass-derived carbon at early stages of carbonization remains insufficiently understood, 

especially at temperatures around 500 °C, where amorphization and char formation are initially 

observed, and structural ordering coexists with chemical transformation (Janu et al., 2021; Lu & Gu, 
2022). 

Understanding carbon formation at low temperatures requires analytical techniques capable of 

probing both chemical bonding and carbon lattice structure. Fourier transform infrared (FTIR) 
spectroscopy is highly sensitive to functional groups and provides direct evidence of bond cleavage, 

dehydration, and deoxygenation during biomass decomposition (Munajad et al., 2018; Yang et al., 

2019). In contrast, Raman spectroscopy provides insight into carbon hybridization, defect density, and 
aromatic ordering (Puech et al., 2019). When used in a complementary manner, these analytical 

techniques offer a comprehensive understanding of how chemical reactions and structural 

rearrangements proceed during low-temperature pyrolysis (Brubaker et al., 2021). (EFB) represents an 

abundant lignocellulosic waste generated by the palm oil industry, with annual production reaching 
~28.65 million tons globally (Yulistiani et al., 2025). Despite its abundance, EFB is underutilized and 

can cause environmental issues; its conversion into functional carbon materials offers both 

environmental and technological benefits. Rich in cellulose (~37%), hemicellulose (~31.5%), and 
lignin (~31.5%), EFB provides a chemically complex precursor that is well-suited for investigating 

biomass-to-carbon transformation pathways (Kostryukov et al., 2023). These three components play a 

critical role in influencing the graphitic structure of biochar (Chiang et al., 2023). It is observed that 
the trace of hemicellulose affects the physical structure of biochar, while higher lignin content may 

disrupt the degree of carbonization. Therefore, extracting cellulose-rich fractions has been pursued to 

achieve higher yields of graphene oxide. Further, some studies used them to achieve the expected 

functionalization of the biochar in specific applications (Hoang et al., 2020; Khanna et al., 2017; Reza 
Arrafi et al., 2019).  

In this study, we investigate the formation of biomass-derived carbon from EFB through controlled 

pyrolysis at 500 °C. In biomass carbonization processes, 500 °C is generally considered low because 
it is lower than the temperature required to achieve substantial graphitization and long-range structural 

ordering, which typically develops at or above 700 °C. By employing coupled FTIR and Raman 

spectroscopy, we elucidate the relationship between functional group evolution, defect formation, and 

aromatic domain development. This work provides mechanistic insight into low-temperature 
carbonization of lignocellulosic biomass and highlights the critical role of precursor chemistry in 

governing the structure of defect-rich carbon materials.  
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Method 

Oil palm EFB in fibrous form was bought from a local supplier in the Banten region, Indonesia. 

The EFB fibers were first thoroughly rinsed with deionized water to remove dirt, dust, and 

contaminants. The cleaned fibers were then dried in an oven at 100°C for 12 h to remove moisture and 
volatiles that could disrupt the pyrolysis process. After drying, the fibers were crushed into powder 

through disc milling for 2 minutes to obtain a homogeneous and fine powder. Then, the powder was 

sieved through a 325 mesh. Pyrolysis of EFB powder was performed in a furnace at 500 °C for 1 h 
under an inert atmosphere with a heating rate of 3 °C/min, consistent with our previous research study 

(Nugroho et al., 2024).  Briefly, powder was kept in an alumina crucible, thereafter a slight flame was 

introduced to remove oxygen, followed by immediate closing of the crucible and heating in a furnace. 
After natural cooling to room temperature (RT), the resulting solid residues were collected and 

designated as biomass-derived carbon (biochar). 

FTIR spectra were recorded using a Thermo Scientific Nicolet iS10 equipped with a diamond 

attenuated total reflectance (ATR) accessory. All spectra were taken over the spectral range of 400 – 
4000 cm-1 with a spectral resolution of 4 cm-1. Raman spectroscopy analysis was taken with Thermo 

Scientific DXR2xi Raman Microscope Spectroscopy equipped with a 532 nm laser and 50× objective 

lens. The laser power was set to 5 mW to avoid local heating effects. Each spectrum was acquired using 
an exposure time of 250 ms and accumulated over 200 scans to improve the signal-to-noise ratio. The 

possible structures present after pyrolysis are built using Avagadro software. 

 

Results and Discussion 

The effect of pyrolysis temperature on biochar. 
Figure 1 shows the FTIR spectra of EFB and the carbonized sample obtained at 500 °C, providing 

direct insight into the chemical evolution of the biomass during low-temperature pyrolysis. The FTIR 

profile of untreated EFB is consistent with those commonly reported for lignocellulosic biomass, 
confirming that EFB is mainly composed of cellulose, hemicellulose, and lignin (Kostryukov et al., 

2023).  

 

 
Figure 1. Fourier transform infrared spectroscopy (FTIR) spectra of empty fruit bunch and its 

pyrolyzed state  
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In the EFB spectrum, the broad absorption centered around 3300–3400 cm-1 corresponds to O–H 

stretching vibrations arising from hydroxyl groups in cellulose and hemicellulose, as well as phenolic 

moieties in lignin (Kacuráková, 2000). The band in the 2850–2950 cm-1 region is attributed to C–H 

stretching of methyl and methylene groups associated with carbohydrate chains (Lani et al., 2014). The 

hemicellulose presence is evidenced by carbonyl-related absorptions near 1728 cm-1 and 1652 cm-1, 

originating from acetyl and uronic ester groups that are absent in pure cellulose (Apaydın Varol & 

Mutlu, 2023). In the fingerprint region 800–1400 cm-1, multiple bands associated with C–O, C–C, and 

C–H vibrations depict the glycosidic linkages and ring structures of polysaccharides (Kostryukov et 

al., 2023). Lignin exhibits a more complex spectrum due to its aromatic nature, consisting of guaiacyl 

and syringyl units with strong C=C, C–C,  and C–O–C stretching vibrations (M. Zhang et al., 2022). 

The detailed band assignments are summarized in Table 1. 

Table 1. FTIR Spectra and Band Assignment of Empty Fruit Bunch 

EFB 

(cm
-1

) 

500 °C 

(cm
-1

) 
Vibrational Modes References 

3342 - O–H stretching vibrations (Kostryukov et al., 2023) 

2882 - Symmetric and asymmetric C–H vibrations in CH, 
CH2, and CH3 

(Kostryukov et al., 2023) 

1728 - C=O stretching vibrations carbonyl and carboxyl 

(hemicellulose) 

(Kostryukov et al., 2023; 

Lani et al., 2014; Zakaria 
& Liew, 2013) 

- 1694 C=O stretching vibrations in phenolic ester (Kostryukov et al., 2023; 

Lani et al., 2014; Zakaria 

& Liew, 2013) 
1652 - C=O stretching vibrations in p-ketones 

(hemicellulose) 

(Kostryukov et al., 2023; 

Lani et al., 2014; Zakaria 

& Liew, 2013) 
1597 1574 C=C asymmetric stretching of alkene in aromatic 

rings, condensed (lignin) 

(Kostryukov et al., 2023) 

1505 1574 C–C skeletal vibrations in aromatic rings (lignin) (Kostryukov et al., 2023) 

1455 1455 Asymmetric bending vibrations of CH, CH2, and 
CH3 

(Kostryukov et al., 2023) 

1418 1418 Symmetric bending vibration of CH2 groups (Kostryukov et al., 2023) 

1372 1371 O–H in plane bending vibrations of phenol 
(lignin); O–H in plane bending vibrations 

(cellulose and hemicellulose) 

(Kostryukov et al., 2023) 

1318 1318 Skeletal vibrations of the syringyl and condensed 
guaiacyl ring (lignin); C–H bending vibrations 

(hemicellulose and cellulose) 

(Kostryukov et al., 2023) 

1238 1238 Stretching asymmetric vibrations CAr–O–C 

(lignin) C–O stretching vibrations in phenols 
(lignin); 

(Kostryukov et al., 2023) 

1160 1160 C–O stretching vibrations (lignin); C–O–C 

glycosidic linkage stretching vibrations 
(hemicellulose and cellulose) 

(Kacuráková, 2000; 

Kostryukov et al., 2023) 

1031 1098 C–O stretching of alcohol groups; symmetric and 

asymmetric C–O–C bending vibrations 

(Kostryukov et al., 2023) 

898 872 β anomer of a typical glycosidic linkage (Kacuráková, 2000; 
Kostryukov et al., 2023) 

- 796 Out of plane C–H bending vibrations of the 

aromatic rings 

(Kostryukov et al., 2023) 

- 744 Out of plane C–H bending vibrations of the 

aromatic rings 

(Kostryukov et al., 2023) 
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After pyrolysis, the FTIR bands associated with the original biomass functional groups decrease in 

intensity or disappear entirely, reflecting significant chemical restructuring. The O–H and C–H single-
bond vibrations vanish completely, demonstrating effective dehydration and cleavage of alkyl side 

chains, while other oxygen-containing bands are substantially reduced. This spectral evolution 

indicates the onset of bond cleavage and condensation reactions, which promote the formation of larger 

and more stable aromatic domains (Apaydın Varol & Mutlu, 2023). During this process, cellulose 
decomposes through the breakdown of its glucopyranose backbone, whereas hemicellulose undergoes 

partial degradation, retaining carbonyl (C=O) functionalities at acetyl sites, as evidenced by the band 

at 1696 cm-1 (Barszcz et al., 2024). This transformation is further supported by the shift and reduction 
of the C–O–C stretching band from 1031 cm-1 to a new peak at 1098 cm-1, signifying glucose 

depolymerization. Additionally, alkyl-related vibrations in the 1300–1400 cm-1 region undergo bond 

scission, resulting in the emergence of new peaks at 796 cm-1 and 744 cm-1, which are characteristic of 

out-of-plane C–H bending modes in aromatic rings. Lignin, as the most thermally stable constituent, 
persists throughout pyrolysis and becomes the dominant structural component of the resulting biochar, 

as indicated by strong aromatic C=C stretching at 1574 cm-1 and aryl–ether (CAr–O–C) vibrations at 

1238 cm-1 (Lu & Gu, 2022). 
 

Defect-Dominated sp2 Carbon Formation. 

Raman spectroscopy was employed to elucidate the structural ordering, hybridization state, and 
defect characteristics of the carbon produced from EFB at a carbonization temperature of 500 °C. The 

Raman spectrum exhibits broad and overlapping features, which were deconvoluted using a pseudo-

Voigt function, a widely adopted approach for resolving overlapping bands commonly observed in 

disordered carbonaceous materials (Tagliaferro et al., 2020). Figure 2 depicts the deconvoluted Raman 
spectrum of EFB-derived carbon obtained at 500 °C. Two dominant peaks are observed centered near 

1350 cm-1 and 1580 cm-1, commonly referred to as the D (“disorder”) and G (“graphitic”) bands, 

respectively, accompanied by minor shoulder bands. The G band originates from the in-plane E2g 
vibrational mode of sp2-bonded carbon atoms, and is indicative of aromatic ring stretching within 

graphitic or graphitic-like domains (Puech et al., 2019), while the D band arises from structural defects 

associated with disrupted C–C bonding and condensed aromatic ring imperfections (P. Zhang et al., 
2024).  

As evident from the spectrum, the D-band intensity is higher than that of the G band, and both bands 

appear relatively broad. This spectral signature reflects a carbon framework dominated by defects, edge 

sites, and small aromatic clusters rather than extended graphitic crystallites. Such behavior is 
characteristic of the early stages of pyrolysis, during which reactions such as depolymerization, 

dehydration, side-chain scission, demethoxylation, and carbohydrate fragmentation generate a high 

density of structural defects, including vacancies, edge sites, grain boundaries, and heteroatom 
incorporation within the carbon lattice (Lu & Gu, 2022). Beyond the primary D and G bands, several 

defect-related sub-bands are observed. The D3 band, located at approximately 1492 cm-1, is associated 

with amorphous carbon contributions and is commonly attributed to vibrational modes of disordered 

polyaromatic structures and non-hexagonal ring systems (C. C. Zhang et al., 2022), caused by the 
restructuring of C–H bonds within aromatic systems, particularly the stretching and bending of methyl 

and methylene groups, which disrupts ring symmetry.  The presence of a pronounced D3 band suggests 

incomplete carbonization and the coexistence of amorphous carbon regions alongside emerging 
aromatic domains, consistent with the partial retention of oxygenated functionalities observed in the 

FTIR analysis. The D4 band, appearing near 1200 cm-1, corresponds to mixed sp2–sp3 carbon 

configurations within aromatic structures and is particularly associated with aryl–alkyl linkages (para-
substituted aromatics) and aromatic–aliphatic ether bonds (Xu et al., 2018). This band reflects the 

structural inheritance from the lignocellulosic precursor, where aromatic units are interconnected by 

residual aliphatic bridges. The persistence of such bonding motifs indicates that carbonization at 500 

°C likely retains some sp3 carbon while producing a heterogeneous carbon network. The D2 band, 
which tends to be overlapped by the G band, is attributed to surface-related defects and graphitic lattice 

distortions analogous to the E2g symmetry of the G band, which is currently negligible in the fabricated 

biochar (P. Zhang et al., 2024). This extension feature is linked to the carbonyl (C=O) group that 
perturbs the symmetry of sp2 domains, a phenomenon frequently observed in graphite oxide and 
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partially reduced carbon materials (Gao et al., 2009). The presence of the D2 feature supports the 

argument that the carbon structure retains chemically active defect sites at this stage of thermal 
treatment. 

The peak area band ratios were used to approximate the oxygen/carbon ratio in the structure (inset 

Figure 2). This ratio governs the structural order, amorphicity, and reactive sites of the biochar. The 

higher ID/IG ratio of 1.14 indicates structural disorder in graphitic carbon. Such a high value represents 
the elevated defect density, including complex graphitic stacking, low aromatic cluster, and abundant 

functional groups arising from incomplete thermal decomposition of precursor (Li et al., 2023). 

Meanwhile, this ratio contributes to the graphitic stability of biochar, as evidenced by Sheng et al. 
(Sheng, 2007), where demineralized coal is less reactive than its previous mineral-rich counterpart. 

Recent work further supports this, where oxygen content alters the graphitic structure of coal, probing 

the functionalization on the way during graphitization described by the IG/ID3+D4 ratio. (S. Zhang et al., 

2024). The additional D3 and D4 related to the specialization of functional groups derived from the 
With IG/ID3+D4 = 0.7 (less than 1), along with IG/Iall of 0.35, the biochar possesses a high reactivity due 

to high functionalization groups, and less stable graphitic order. The FWHMG also plays a crucial role 

in assessing the structural evolution of biochar, as a complement to ID/IG analysis  (Cancado et al., 
2011). The G band FWHM of the fabricated biochar is 115 cm-1, indicating complex heterogeneity in 

defect types, i.e., edges, holes, substitutional atoms, grain boundaries, and cracks.  

 

 
Figure 2. Pyrolytic Raman Spectra of Empty Fruit Bunch at 500°C Fitted Into 4 Bands with Inset 

Figure of Area Band Ratio 

 

Overall, the Raman spectral features indicate that carbonization of EFB at 500 °C yields a defect-
rich, aromatic carbon framework composed of small polyaromatic units interconnected through 

disordered bonding motifs. The dominance of defect-related bands over the graphitic G band confirms 

that the carbon structure is governed by the chemical nature of the biomass precursor rather than by 
thermally driven graphitization. These findings align with previous studies on biomass-derived 

carbons, which emphasize that low-temperature pyrolysis favors the formation of structurally 

heterogeneous carbon with high defect density and limited crystallinity (Smith et al., 2016). 

To rationalize the spectroscopic features observed in the FTIR and Raman analyses, a molecular-
level structural model is proposed for the carbon produced from EFB at 500 °C, as seen in Figure 3. 

At this relatively low carbonization temperature, the carbon framework cannot be described as 
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graphitic; instead, it consists of a heterogeneous assembly of small polyaromatic hydrocarbon (PAH) 

units interconnected through defective and oxygen-containing linkages. Such structural complexity is 
a characteristic feature of biomass-derived carbon formed during early-stage pyrolysis, where chemical 

inheritance from the precursor plays a dominant role (Smith et al., 2016). Density functional theory 

(DFT) calculations reported in the literature provide valuable insight into how specific molecular 

motifs contribute to Raman-active vibrational modes in disordered carbon systems. It demonstrated 
that the D band originates from breathing modes of small aromatic clusters, including naphthalene-, 

pyrene-, and perylene-like structures, which are activated by structural disorder and finite crystallite 

size (Smith et al., 2016). The D3 band observed near 1490 cm-1 is attributed to amorphous vibrational 
modes associated with irregular PAH arrangements and non-ideal ring configurations. DFT-based 

analyses have shown that vibrations from distorted aromatic systems, including fused rings with 

heteroatom substitution or edge hydrogenation, contribute strongly to this spectral region (Smith et al., 

2016). The shoulder observed in the 1150–1200 cm-1 region, associated with the D4 band, corresponds 
to vibrational modes of cycloheptane and larger ring structures. Meanwhile, the spectral features of the 

G band are related to the coupling of breathing modes and asymmetric stretching, arising from strain-

induced deformation within PAH systems and constriction motions caused by oxygen incorporation in 
coronene-based structures. The low-temperature carbonization of EFB produces a chemically complex 

carbon framework similar to a benzo(a)pyrene structure with oxygenated defects inside the aromatics, 

according to the peak ratio as discussed earlier.  Such defect-rich carbon architectures are particularly 
relevant for applications requiring high surface reactivity, active sites, and functional group 

accessibility. It should be noted that this interpretation is based on a single carbonization temperature 

(500 °C), and a temperature-dependent study would be necessary to fully distinguish the roles of 

precursor chemistry and thermal effects. 
 

 

Figure 3. Representative polyaromatic hydrocarbon structures associated with the D4, D, D3, and G 

Raman bands of biomass-derived carbon carbonized at 500 °C. Yellow, grey, and red spheres 
represent H, C, and O atoms, respectively. 

 

Conclusion 

This study demonstrates that meaningful carbon formation from oil palm empty fruit bunch (EFB) 

can be achieved at a relatively low carbonization temperature. The coupled use of FTIR and Raman 
spectroscopy provides a powerful and complementary approach for elucidating the hybridization state 
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and structural evolution of EFB-derived carbon during pyrolysis. Pyrolysis at 500 °C initiates multiple 

thermochemical reactions, including depolymerization, dehydration, side-chain scission, 
demethoxylation, and carbohydrate fragmentation, which collectively drive the transformation of the 

native lignocellulosic structure into an aromatic carbon framework. FTIR analysis reveals the effective 

elimination of O–H and C–H single bonds, accompanied by progressive aromatization and the 

formation of stronger C=C, C–C, and C–O–C linkages. Raman spectroscopy further clarifies this 
transformation by resolving defect-related features (D, D2, D3, and D4 bands) associated with aromatic 

side-chain substitutions, ether linkages, and mixed sp2–sp3 hybridization. These defect structures 

induce lattice deformation, amorphization, and surface vacancies, reflecting the incomplete ordering 
characteristic of early-stage carbonization. Collectively, the results indicate that the carbon structure 

formed at this stage is highly defect-rich and strongly influenced by the chemical nature of the biomass 

precursor, highlighting the critical role of controlled pyrolysis in tailoring biomass-derived carbon 

allotropes. 
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