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ARTICLE INFORMATION ABSTRACT
Biochar is attractive mainly due to its diverse surface functionality bringing the
possibility of multipurpose utilization. The purpose of this study was to evaluate
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Revised: |1t April 2025 the effect of biomass cellulosic content on evolution of molecular structures of

Accepted: 12t April 2025 biochar. Commercial cellulose, oil palm front, and palm kernel shell were pyrolyzed
at 630 °C, and their biochar structures were analyzed using ultimate and
proximate compositions, pH point of zero charge, FTIR and XRD. Evaluation of

Keywords: biochar nanotexture based on cellulosic content (100% for commercial cellulose,
Cellulosic content 39.5% for oil palm front and 20.5% for palm kernel shell revedled that
Biochar commercial cellulose decomposed rapidly into non-graphitizing large size
Surface functionality crystallites (65 nm) with substantial defects within their graphene sheets. The
Thermal stability thermal decomposition mechanism for cellulose and lignin differs: cellulose

decomposed rapidly to form O heterocyclic rings before final phase transition to
graphene sheets at a much lower temperature, whereas lignin decomposed slowly
and begins forming graphene sheets dfter series of condensation reactions at
higher temperatures. Amorphous chars derived from lignin were thermally stable,
slowing down the rapid formation of crystallites in biochar from palm kernel shell.
Conclusively, highly cellulosic biomass is highly thermally unstable and tends to
decomposed into biochar with lower surface functionality compared to biochar
derived from highly lignified biomass.

© 2025 Faculty of Engineering, University of Maiduguri, Nigeria. All rights reserved.

1.0 Introduction

Recently, the global oil palm industry has growing interest on converting the huge amounts of oil palm biomass
residues it generated into value-added products aiming at achieving zero-waste emission in the mills, and a
more sustainable and profitable palm oil industry (Ali et al., 2015). Accordingly, there is increasing interest and
attention on producing biochar from the residues for a number of applications. A variety of oil palm biomass
residues have been considered for biochar production: palm kernel shell, mesocarp fibre, empty fruit bunch,
palm kernel cake, palm oil mill sludge, frond and trunk (Kong et al., 2014). However, despite the abundance of
the residues, selecting biomass precursor capable of producing a biochar with specific functionality using simple
environmentally friendly production method such as pyrolysis has always been challenging.

The nature of feedstock used for producing biochar is an influential factor that contributes to nature of char
formed during pyrolysis. In order words, the proportion of feedstock components (i.e., biopolymers) and their
conformation could have a considerable effect on the extent of the evolved biochar structure and functionality.
During thermal decomposition of biomass, it is expected that restructuring and re-organization processes of
the decomposing biopolymers would lead to the evolution of carbon rich materials, identified as pyrogenic
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chars known as the biochar nanotexture. Keiluweit et al. (2010) conducted a molecular-level assessment study
of the physical organization of biomass-derived biochar and observed a transition of the biomass, as it thermally
decomposed, from transition chars to turbostratic char and also noticed a gradual increase in surface area
with increasing proportions of turbostratic crystallites embedded in amorphous char. Consequently,
knowledge of the proportion of feedstock components and their conformation, along with their thermal
decomposition behaviour, will assist in the selection of feedstock that can produce high porosity and unique
functionality. Although a lot of research have been conducted on converting oil palm biomass into biochar
(Abd Waft et al,, 2017; Jia and Lua, 2008; Zainal et al., 2018, Amosa et al., 2014; Parthasarathy et al., 2016;
Rugayah et al., 2014), little is known about the contribution of lignocellulosic components on the functionality
of biochar. Correlation between the components of feedstock and biochar functionality will guide in the
production of engineered biochar suitable for specific applications. Therefore, the objective of this study was
to assess the effect of cellulosic content on the evolution of pyrogenic molecular structure of oil palm biomass
derived-biochar.

2. Materials and Method
2.1 Pretreatment of Feedstocks

The oil palm frond, palm kernel shell, and commercial cellulose used in this study were collected from different
sources. About | kg of fresh oil palm fronds were collected from Universiti Putra Malaysia oil palm plantation
and transported to the Biomass and Biorefinery Center of the university. The fresh fronds were sliced into
rectangular pieces approximately 5 cm long, 3 cm width, and 2 cm thick and dried in an electric drying oven
(Mmmert, Germany) at 105 °C for 72 h to remove moisture and avoid the decay of the fresh fibre.
Approximately 500 g of dried palm kernel shell was collected from FELDA Palm Oil Mill, Pasoh, Negeri
Sembilan, and transported to the Biomass and Biorefinery Center. The shells collected were soaked in distilled
water for 10 h before squeezing and washing with distilled water to remove impurities. The clean shells were
dried in an electric drying oven (Memmert, Germany) at 105 °C for 72 h. About 500 g of commercial cellulose
was purchased from R&M chemicals. The dried samples were stored in designated airtight plastic bags (Figure
1). Powdery samples used for feedstock characterization were prepared by chopping about 50 g into pieces
and ground in a wood grinder to pass through a 425 pum sieve (40 US mesh screen). The following chemicals
purchased from Merck were used to determine cellulose, hemicellulose and lignin, and pHpzc of the biomass
materials: NaClO,, H,SO4, NaNO3;, HNO3 and NaOH.

Figure |: Feedstocks: (a) oil palm frond, (b) oil palm kernel shell, (c) commercial cellulose
2.2 Biochar Production

Nitrogen pyrolysis was conducted to produce biochar from oil palm frond, palm kernel shell, and commercial
cellulose. The nitrogen pyrolysis test is frequently used as a means for studying the structure of biochar formed
during carbonization. The basic principle of the test is to heat biomass at a high temperature in the presence
of flowing nitrogen and measure the relevant physicochemical properties of the biochar produced. Therefore,
the nitrogen pyrolysis test used in this research followed the procedure reported by Keiluweit et al. (2010)
and Cao et al. (2012). In this study, about 30 g each of the oil palm frond, oil palm kernel shell, and commercial
cellulose were carbonized separately using the dual-mode pyrolysis system. In a nitrogen gas flow rate of 100
cm3/min, the feedstocks were heat-treated at a heating rate of 40 °C/min to 630 °C for an hour before cooling
down to room temperature. The biochars produced were gently pulverized using pestle and mortar made
from stainless steel to pass through a 250 pum sieve (60 US mesh screen). The powdered biochars produced
from commercial cellulose, oil palm frond, and palm kernel shell were placed and sealed in designated vessels
CC-BC, OPF-BC, and PKS-BC, respectively.
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2.3 Biopolymer, Proximate, and Ultimate Compositions

The fraction of the biopolymers in each fibre was determined based on the method developed by Norrrahim
et al. (2018). Lignin was first removed by soaking a fibre in 5 wt. % NaClO; solution adjusted with H,SO4 to a
pH between 4 and 5. After an hour of soaking at 70 °C, the fibre was washed with deionized water until
neutral pH. Hemicellulose was removed from the by soaking the lignin-free fibre in 6 wt. % KOH solution at
25 °C for 24 h. The fractions (dry basis) of cellulose, hemicellulose, and lignin in the fibre were calculated from
their respective weights. The weight-loss behaviour was analyzed in a TGA-4000 thermogravimetric analyzer
(PerkinElmer Instruments, USA). In each test, |5 mg of a sample was heated at 10 °C/min to 950 °C. Both the
weight-loss curve and the derivative thermogravimetric curve were analyzed for the thermal characteristics
of the feedstocks.

The proximate analysis was performed following the modified standard method for proximate analysis D3175-
07 and D3174-04 (Cantrell et al., 2010). The test was carried out in a TGA-4000 thermogravimetric analyzer
(PerkinElmer Instruments, USA). Dry samples with particle size < 0.425 mm were used for the analysis. The
sequential determination of moisture and volatile matter involved loading about |5 to 20 mg of sample into a
ceramic crucible and heating tol 10 °C for |5 min in the presence of nitrogen gas flowing at 80 mL/min to
liberate moisture. Removal of the volatile matter was carried out in an inert environment, and it involved
heating the dry sample from 110 °C to 950 °C and isothermal hold for 7 min before rapid cool down to 110
°C. The heat treatment for ash content analysis was performed in the presence of zero-grade air flowing at
80 mL/min. The heat treatment involved heating the moisture free sample (15 to 20 mg) from 110 °C to 950
°C at | | °C/min, followed by an isothermal hold for 10 min and rapid cooling to |10 °C. The percentage of
moisture, volatile matter, and ash were calculated based on Equation I, 2, and 3, respectively, while the
percentage fixed carbon was calculated by difference using equation 4:

MC % = (mass loss at | 10 °C/mass of sample) x 100 I

VM % = (mass loss at 950 °C/mass of dry sample) x 100 2
A % = (mass loss during air combustion/mass of dry sample) x 100 3
FC % =100—- (MC %+ VM % + A %) 4

where MC % is percentage moisture, VM % percentage volatile, and A % percentage ash. The percentage
composition of carbon, hydrogen, and nitrogen in biomass feedstocks and biochars was obtained from CHN
analysis in the CHN®628 analyzer (LECO, UK). The percentage composition of oxygen was calculated by
difference.

2.4 Surface Functionality

Fourier-Transformed Infrared (FTIR) spectroscopy was performed in a Perkin-Elmer Spectrum GX FT-IR
System instrument (Perkin-Elmer) to identify surface functional groups qualitatively. The principle of
measurement involved mixing and pressing dry sample with potassium bromide at 1:100 to form a transparent
compact disc and exposing it to infrared radiation within the wavelength range between 4000 to 400 cm-! with
each sample scanned 16 times. To understand the molecular structure of a biochar, the FTIR spectrum was
analyzed at regions corresponding to OH, CH, C=C, and C=0O groups and the fingerprint.

The procedure for determining the surface pH of the biochars produced in this study involved mixing 0.2 g of
dry biochar with 10 mL of distilled water followed by agitation for 24 h to reach equilibrium before measuring
the pH of the suspension using pH meter LAQUAtwin S010 (HORIBA, Japan) (Nowicki et al., 2015).

The pH point of zero charge (pHrzc) was determined following the modified pH drift method by Mahmood et
al. (2011). The pHpzc determines the pH at which the surface of biochar is zero, where an increase in pH leads
to a negatively charged surface. The pH drift method was carried out by mixing 0.1 g biochar with 20 mL of
0. M NaNOs solution in a vessel, and the pH of the suspensions was adjusted to 3, 4, 5, 6, 7, 8, 9, and 10
with either HNO3 or NaOH. The pH of the suspension after 72 h of agitation was measured, and the difference
between the final and initial pH (ApH) was plotted against the initial pH. The pHpzc was determined to be the
initial pH at which ApH was zero.
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2.5 Morphology and Structure

Electron micrographs scanned at different magnifications were obtained using a scanning electron microscopy
Hitachi S-3400 (Hitachi, Japan) for image analyses of particle sizes and surface morphology, respectively. Dry
samples were coated with gold and scanned in the microscopy at 5 kV for image acquisition. The scanned
images at low magnifications were subjected to qualitative particle size analysis, while the high magnification
images were used for the analysis of surface morphology.

The crystalline structure of the biochars was analyzed using X-ray diffractometry. The powdered X-ray
diffraction (XRD) method detects the presence of carbon crystallites in biochar microtexture based on their
diffraction pattern in response to incident X-rays. XRD diffraction patterns for the biochars were recorded
using a Shimadzu Diffractometer (XRD 6000, Japan) with a Cu Ka radiation at a wavelength, A of 0.1541838
generated at 30 kV and 30 mA. The XRD diffraction was measured over the range 5° < 2 theta < 70° using
the step-scanning method at 2 degrees/min step and sampling pitch of 0.02 degree. The 2 theta angle range
was chosen to capture the reflection of the crystallographic basal plane (i.e., 002 indices) and the
crystallographic reflection planes perpendicular to the basal planes (i.e., 10 indices).

The Origin 2018 Pro software was applied to the XRD patterns to extract constants relevant in calculating
structural properties. The crystallites' structural parameters were calculated using known established
expressions. The interlayer spacing between the graphene sheets, doo and carbon crystallite thickness, L. and
diameter, L, the average number of graphene sheets per carbon crystallites, n; and the average number of
carbon atoms per graphene sheet were calculate using Bragg’s equation, Sherrer’s emperical equations and
Diamond’s equation (Equations 5 to 9).

A

dogy = ——— 5
002 2*Sin6002
koA
Lo=——"—— 6
FWHMooz*Coseooz
L, = *ql 7
@ ™ FWHM,¢*cos61,
L¢
ne = 8
S dooz
2
L )
ng = 9
d (0.25

where 6002 and 80 are the 2 theta angles corresponding to the peak intensities of the 002 and 10 bands
respectively, k. and k, are Sherrer constants corresponding to 0.91 and 1.84 (Sharma et al. 2000) for 002 and
10 reflection planes respectively, and FWHMoo, and FWHM, are the full width at half maximum of 002 and
10 reflection planes respectively.

3. Results and Discussion
3.1 Physicochemical Properties and Thermal Stability

Table | presents the biopolymer, proximate and ultimate compositions of the commercial cellulose, oil palm
frond, oil palm kernel shell and their respective biochars produced at 630 °C in a nitrogen environment. The
biopolymer composition for commerecial cellulose had no traces of lignin and hemicellulose, whereas oil palm
frond and oil palm kernel shell contained mainly of cellulose, hemicellulose and lignin at different proportions
respectively. Oil palm frond was highly cellulosic and less lignified compared to oil palm kernel shell. In addition,
oil palm frond contained a small amount of extractives, mainly due to the presence of stored simple sugars in
its parenchyma tissue (Roslan et al., 2014; Zahari et al., 2012). As biopolymer thermally decomposed after
pyrolysis at 630 °C, the biochars derived from the feedstocks were carbonized with no trace of the
biopolymers. The fixed carbon content appeared to correlate with lignin content and increased significantly
after carbonization in the increasing order of biochars from commercial cellulose < oil palm frond < oil palm
kernel shell. The yield of biochars from commercial cellulose, oil palm frond and oil palm kernel shell was
14.50 %, 32.13 % and 29.70 % respectively. Little variation pertaining to ultimate composition existed among
the feedstocks and derived biochars respectively. The carbon content increased significantly from < 47 % in
all feedstocks to > 75% after pyrolysis, yielding a highly carbonaceous material. Base on the residual
concentration of hydrogen and oxygen and atomic ratio, it was evidence that biochar from commercial

Corresponding author’s email address: abubakar.lawal@unimaid.edu.ng 649



http://www.azojete.com.ng/
mailto:abubakar.lawal@unimaid.edu.ng

Arid Zone Journal of Engineering, Technology and Environment, June 2025; Vol. 21(2): 646-655. ISSN 1596-2490; e-ISSN2545-5818; www.azojete.com.ng

cellulose was highly carbonized and contained the lowest concentration of polar groups compared to biochars
from oil palm frond and oil palm kernel.

Table I: Physicochemical properties of CC, OPF, PKS and their biochars

CC OPF PKS CC-BC OPF-BC PKS-BC
Biochemical composition (%)
Cellulose 100.00 39.51 20.53 - - -
Hemicellulose 0.00 23.56 22.33 - - -
Lignin 0.00 23.32 51.54 - - -
Extractives 0.00 6.321 0.00 - - -
Ultimate composition (%)
C 39.85 38.58 46.52 78.84 75.57 77.07
H 6.70 6.29 6.07 2.83 2.54 2.66
N 0.02 0.10 0.20 0.19 0.37 0.65
o 52.59 52.35 45.65 8.14 14.38 14.50
H/C 2.00 1.94 1.55 0.43 0.40 041
o/C 0.99 1.02 0.74 0.08 0.14 0.14
(O+N)/C 0.99 1.02 0.74 0.08 0.15 0.15
Proximate composition (%)
FC 6.23 17.86 24.25 77.47 80.89 85.29
VM 92.94 79.47 74.19 12.53 11.96 9.59
Ash 0.84 2.68 1.56 10.00 7.14 5.13

The curves of the thermogravimetric analysis presented in Figure 2 reveal information on the thermal stability
of commercial cellulose, oil palm frond and oil palm kernel shell. The mass loss during the main devolatilization
stage from 200 to 400 °C (i.e., initial stage) was rapid and followed the order commercial cellulose > oil palm
frond > oil palm kernel shell indicating the complete thermal decomposition of polysaccharides. Upon further
heating from 400 to 950 °C mass loss continued but at a significantly lower rate. At the temperature range
500 to 950 °C, mass loss of commercial cellulose (3.2 %) was remarkably lowest compared to oil palm frond
(6.1 %) and oil palm kernel shell (7.7 %) mainly due to lack of lignin, which would otherwise continue to
decompose and release carbon, hydrogen and oxygen in the form of Hy, CO, CO,, CH4, CoH; and CyHg at
higher temperatures (Yang et al. 2006). Thus, analysis of the initial and final pyrolysis stages showed that the
thermal stability of the biomass materials followed different order. It is, therefore, reasonable to assume that
initial and final mass losses were positively correlated with the content of polysaccharides and lignin
respectively. However, the mass losses for their respective biochar were in the opposite order as illustrated
in Figure 2 b. This change could be mainly attributed to the catalytic effect of metal oxides formed after
production via chemisorption of oxygen (Xu et al., 2019).

100 = 105 gg'_:Bgc
80 1 —PKS 100 A PKS-BC
S ——OFF S
= S 95 4
2 40 @
> > 90 -
20 ~
0 (a) 85 4-b‘ Y Y Y T
100 300 500 700 900 100 300 500 700 900
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Figure 2: Thermal degradation profile of CC, OPF, PKS and their biochars

The FTIR spectra of the biomass materials and their biochars produced at 630 °C are presented in Figure 3.
The wavenumbers of the spectroscopic bands for each spectrum are tabulated in Table 2. The bands
corresponding to hydroxyl (O-H), aliphatic (C-Hy), carboxyl (C=0O), aromatic skeletal (C=C), carboxylate (C-
0O-C), phenolic (O-H) and C-O and C-H vibrations and bending of lignocellulosic components were detected
with different intensities in commercial cellulose, oil palm frond and oil palm kernel shell. Comparatively, the
band attributable to O-H stretch was more intense on the spectrum of commercial cellulose and oil palm
frond, which can be related to the higher concentrations of the H-bonded primary alcohols and non H-bonded
hydroxyl groups compared to the highly lignified oil palm kernel shell. These functional groups are drastically
reduced on the biochars or completely eliminated given ways for new functional groups. New bands at around
3020 I/cm and 888 I/cm attributable to aromatic C-H stretch and out-of-plane deformation (Harvey et al.,
2012) were detected due to the presence of aromatic carbon structures in the biochars, and the relative
intensities followed the order commercial cellulose > oil palm kernel shell > oil palm frond. Similarly, the
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relative intensity of bands at 1636 attributable to aromatic C=0O and C=C ring (Abdulrazzaq et al., 2014) show

that aromaticity in biochar from commercial cellulose was highest while oil palm frond had the least aromatic
carbon structure.
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Figure 3: Fourier transform infrared spectra of (a) CC, OPF and PKS and (b) their respective biochars

Table 2: Spectroscopic assighments for raw CC, OPF, PKS and their respective biochar

Cellulose  Cellulose char  OPF OPF char PKS PKS char
Hydroxyl (-OH) stretch 3353 3466 3363 3456 3370 3463
Aromatic C-H stretch - 3028 - 3024 3020 3023
Symmetric stretch of aliphatic CH; - 2950 - 2950 2973 2950
Asymmetric stretch of aliphatic CH; - - -
Symmetric stretch of aliphatic CH,
Asymmetric stretch of aliphatic CH, 2885 2891 - 2883 - 2884
Ester, carboxyl C=O stretching 1731 1740 1724 1739 1740 1738
Aromatic -C=C-, -C=0- stretching 1642 1634 1628 1636 1642 1635
CH, CH, and CH; deformation 1428 1430 1418 1431 1425 1429
-C-H or O-H bending vibration 1369 1369 1358 1370 1369 1370
C-O-C stretching 1057 1061 1043 1058 1051 1064
Aromatic C-H out-of plane - 888 - 888 - 895
deformation
Aromatic C-H out-of plane 757 760 754 771 776 768

deformation

Since part of the formation of aromatic structure in biochar proceeds through the thermal conversion of
aliphatic C-H fragments of thermally decomposed lignocellulosic components (Xu et al., 2019), further analysis
was carried out in the C-H stretch regions to determine the aromaticity calculated from the ratio of aromatic
C-H groups to aliphatic C-H groups. The aromaticities of biochar derived from commercial cellulose, oil palm
frond and palm kernel shell are presented in Figure 4. The biochar from commercial cellulose had the highest
aromaticity reflecting the ease (compared to the other biochars) of converting thermally decomposed aliphatic
C-H of cellulosic origin to condensed aromatic structure mainly through dehydration, decarboxylation,
dehydrogenation and aromatization processes (Xu et al., 2019). Despite the presence of aromatic compounds
attributed to lignin in the oil palm kernel shell (Figure 3), the biomass exhibited the lowest aromaticity, possibly
due to the high thermal stability of lignin and its decomposed aliphatic C-H components which has to undergo
additional demethylation before dehydrogenation and aromatization. In addition, the presence of lignin
suppresses the tendency of intramolecular condensation of amorphous char derived from cellulose (Hosoya
et al, 2007). The inconsistency of the aromaticity with H/C ratio (i.e., degree of carbonization) have been

suggested to be due to different arrangement of the elements in the structure of the biochars (Xu et al.,
2019).
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Figure 4: The ratio of the stretch area of aromatic C-H groups to the stretch area of aliphatic C-H groups

The presence of O functional groups give rise to different magnitudes of surface charge on the biochars. Figure
5 presents the PHpzc curves for the biochars obtained from the modified pH drift method. As can be seen,
the pHpzc of the biochars were above neutral pH point. The pHpzc of biochar from commercial cellulose was
8.9 while those from oil palm frond and oil palm kernel shell were 9.62 and 9.63 respectively. This was
consistent with biochars produced at high temperature having basic surface functional groups (Lopez-Ramon
et al., 1999; Xu et al,, 2019). In practice, this means that the biochars would have positive charges at pH lower
than pHpzc and negative charge at higher values.

4
—e—CC-BC
—=— OPF-BC
31 ——PKS-BC
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2 3 4 5 6 7 8 9 10 11 12
Initial pH

Figure 5: The pH of point of zero charge of biochars from CC, OPF and PKS
3.2 X-ray Diffraction Pattern and Evaluation of Crystallite Parameters

Figure 6 presents the normalized XRD patterns of biochars derived from commercial cellulose, oil palm frond
and oil palm kernel shell. The diffraction patterns of the biochars were characterized by a broad diffraction
band centred around 26 = 25°, which correspond to the (002) diffuse graphite band (Wu et al,, 2012). The
(10) diffraction corresponding to atomic ordering within the graphene sheet (Guerrero et al. 2008; Keiluweit
et al. 2010) was weak and broad for biochars derived from oil palm frond and oil palm kernel shell, while a
strong (10) diffraction peak appeared on cellulose. The proportion of disorganized carbons comprises of the
aliphatic chains and amorphous carbon. The concentration of the amorphous carbons gave rise to the
background intensity of the diffraction profile, while the asymmetry of the (002) band to the left was due to
the presence of saturated functional groups attached to the edge of the graphene sheets. The visual assessment
of the diffraction profiles in Figure 6 showed that concentration of amorphous carbon in biochar from oil palm
kernel shell was the highest, while oil palm frond-derived biochar had the least proportion of amorphous
carbon. It is difficult to discern the y band corresponding to the aliphatic carbon on the (002) band.
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Figure 6: X-ray intensity curves of biochars from CC, OPF and PKS

The diffraction band corresponding to (002) was separately fitted with Pearson IV distribution and the
parameters obtained were used to calculate the interlayer spacing, doo2, the thickness of the crystallite formed,
L. and the average number of hexagonal layers per stack, ns, while the average diameter of the crystallites was
obtained from (10) diffraction band. Table 3 presents the statistical parameters obtained from curve fitting
and the crystallite parameters calculated. The different values of the crystallite structural parameters were an
indication of the influence of the nature of the feedstock material and characteristics of the crystallites
structure. For instance, the magnitude of doo reveals the degree of crystallites graphitization and as such, the
biochars had crystallites with a lower order of graphitization compared to graphite (0.336 nm). The crystallites
in biochar from oil palm kernel shell had the highest tendency of graphitizing, whereas crystallites in oil palm
frond-derived biochar revealed highly turbostratic characteristics. Presence of low fraction of lignin content
in oil palm frond has a deterring effect on graphitization process of crystallites formed, however for high
content lignin biomass such as palm kernel shell, lignin encourages graphitization process of the crystallites
formed due to the compact conformation of lignin. The diameter of graphene sheets formed in biochar from
commercial cellulose was at least 22 times larger than the two biochars from oil palm frond and oil palm
kernel shell.

Table 3: Curve fitting and structural crystallite parameters along (002) and (10) X-ray diffraction bands

Crystallite parameters CC-BC OPF-BC PKS-BC
Pearson IV quality of fit R? 0.9684 0.9643 0.9742
26002 (°) 25.44 24.93 25.82
Booz (°) 5.16 7.15 541
doo2 (nm) 0.3501 0.3572 0.3451
L. (nm) 1.60 I.15 1.53

ns 4.56 3.22 442
Gauss quality of fit, R 0.9788 0.9548 0.9742
2010 (°) 43.97 43.47 43.39
Bio(°) 0.27 5.94 6.40

L, (nm) 64.99 2.95 273

ng 135152 278 239
LJL. 40.62 2.57 1.78

4. Conclusion

The molecular structure of the biochars as suggested by FTIR spectra, atomic ratios and XRD spectra
comprised of both amorphous carbons and turbostratic crystallites at different proportion. Generally, the
thermal decomposition mechanism for cellulose and lignin differs: cellulose decomposed rapidly to form O
heterocyclic rings before final phase transition to graphene sheets at a much lower temperature, whereas
lignin decomposed slowly and begins forming graphene sheets after series of condensation reactions at higher
temperatures. Cellulose decomposed via dehydration and condensation and forms a low-density relatively
volatile chars comprised mainly of levoglucosenone and hydroxymethylfurfural. These oxygenated heterocyclic
rings would experience further dehydration, decarboxylation, aromatization and intermolecular condensation
to form graphene sheets. On the other hand, lignin decomposed to relatively thermally stable phenolic and
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oxygenated aromatic rings and with further dehydration, dehydrogenation and intermolecular condensation,
graphene sheets are formed. In practice, biochar derived from highly cellulosic biomass could suitable for
adsorption, while lignified derived-biochar could be a suitable catalyst due to it diverse surface functionality.
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