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Abstract 
 
Production of biochar for nano-adsorbents requires advanced technology and 
substantial energy input for large-scale production. This study evaluated the impact 
of surface modification using methanol on the properties of coconut shell biochar 
after low energy self-sustained carbonization. Methanol serves as a mild modifier that 
may alter surface polarity, improve pore accessibility, and enhance the availability of 
active sites for adsorption without complex processing. Self-sustained carbonization 
was carried at 300–500 °C for less than 300 minutes at low retention times. 
Subsequently, the produced biochar was modified by mixing it with methanol at 130 
rpm for 24 hours. The modified biochar showed significant improvements, where BET 
surface area increased from 1.54 ± 0.02 to 158.18 ± 0.67 m²/g and total pore volume 
from 0.0005 ± 0.004 to 0.09 ± 0.06 cm³/g. This was supported by SEM images which 
indicate pore network development with increased porosity and surface roughness, 
suggesting the modified biochar’s potential as an adsorbent. These results underscore 
the feasibility of developing effective adsorbents through appropriate technology for 
the coconut industry and environmental protection.  
 
Keywords: coconut shell biomass, biochar, self-sustained carbonization, methanol 
modification, BET surface area 
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1.0 INTRODUCTION 
 
The coconut industry generates shell, husk, coir, frond, 
and leaves biomass, with coconut shell and husk being 
the primary coconut waste [1], [2]. In Malaysia, the 
coconut industry generates approximately 730 million 
kg of coconut shell biomass in 2022 [3]. A significant 
portion of the amount of coconut shell biomass is 
frequently mishandled either by open burning or direct 
disposal, thereby posing detrimental effects on the 
environment and the economy [4]. Open burning of 
coconut shell contributes to air pollution, which causes 
human respiratory health problems [5], whereas direct 
dumping of coconut shell waste in landfills results in 
inefficient land use and potential soil and water 
contamination due to leachate. In terms of economy, 
mismanagement of coconut shell biomass has resulted 
in missed opportunities to produce value-added 
products that could have boosted the local economy 
and generated employment. Concisely, direct disposal 
and open burning of coconut shell biomass can cause 
environmental hazards and economic losses due to the 
failure to capitalize on its potential. Hence, a 
sustainable waste management through the 
transformation of waste into value-added products is 
required. 

One of the sustainable waste management 
methods is to have biomass undergo thermal 
decomposition to produce biochar. Biochar, a carbon-
rich adsorption material with strong decomposition 
resistance and high-aromatization degree, is widely 
applied in a variety of environmental purposes, such as 
soil amendment, wastewater treatment, and carbon 
capture [6]. Despite its ability to yield a large amount of 

biochar with desirable surface characteristics, i.e, a 
relatively large surface area, pyrolysis is a high-cost 
biochar production technology due to its higher energy 
requirement [7]. Therefore, a low-cost biochar 
production technology is desired. Self-sustained 
carbonization, a low-cost biochar production method 
[8], has been proven to convert various biomass wastes 
– including coconut shell – into biochar [9]. Self-
sustained carbonization, characterized by its simple 
usage, ease of operation, and low energy requirements 
[9]–[12], employs a self-sustaining carbonization 
temperature to produce biochar with desirable surface 
characteristics. However, due to the absence of 
temperature-control process system [11], biochar 
generated under short retention times may have 
undesirable surface characteristics, which includes 
relatively small surface area, hence necessitating 
surface treatment to improve its properties. 

Surface modification can increase adsorption 
capacity and surface area of biochar [13], [14]. 
Methanol, a simple alcohol, can interact with oxygen-
containing surface groups on biochar, such as 
carboxyl, hydroxyl, or carbonyl groups, through 
reactions such as esterification, hydrogen bonding, or 
mild oxidation, which may alter surface polarity, 
improve pore accessibility, and enhance the 
availability of active sites for adsorption [15], [16]. 
However, effective standardized procedures or 
extensive evaluations of surface modifications to 
improve biochar physicochemical characteristics are 
underdeveloped and require  further exploration. 
Moreover, studies which includes methanol 
modification of biochar produced through self-

Abstrak 
 
Penghasilan biochar untuk nano-adsorben memerlukan teknologi canggih dan 
penggunaan tenaga yang tinggi bagi pengeluaran berskala besar. Kajian ini menilai 
kesan pengubahsuaian permukaan menggunakan metanol terhadap sifat biochar 
tempurung kelapa selepas pengkarbonan kendiri yang menggunakan tenaga 
rendah. Metanol berfungsi sebagai pengubah suai ringan yang boleh mengubah 
keterpolaran permukaan, meningkatkan kebolehcapaian liang, dan menambah 
ketersediaan tapak aktif untuk penjerapan tanpa pemprosesan yang kompleks. 
Pengkarbonan kendiri dijalankan pada masa penahanan yang rendah dan 
dikarbonkan pada suhu 300–500 °C selama kurang daripada 300 min. Seterusnya, 
biochar yang dihasilkan diubah suai dengan mencampurkan biochar tersebut 
dengan metanol pada 130 rpm selama 24 jam. Biochar yang diubah suai 
menunjukkan peningkatan yang ketara, di mana keluasan permukaan BET 
meningkat daripada 1.54 ± 0.02 kepada 158.18 ± 0.67 m²/g dan jumlah isipadu liang 
daripada 0.0005 ± 0.004 kepada 0.09 ± 0.06 cm³/g. Hal ini disokong oleh imej SEM 
yang menunjukkan perkembangan rangkaian liang dengan peningkatan keliangan 
dan kekasaran permukaan, menunjukkan potensinya sebagai bahan penjerap. 
Keputusan ini menegaskan kebolehlaksanaan membangunkan bahan penjerap 
yang berkesan melalui teknologi yang sesuai untuk industri kelapa dan perlindungan 
alam sekitar. 
 
Kata kunci: sisa kelapa, pengkarbonan mampan sendiri, pengubahsuaian 
permukaan, pengeluaran penjerap kos rendah, pemulihan alam sekitar 
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sustained carbonization remains limited, as are studies 
on its adsorption application. 

In this study, coconut shell biochar was 
produced through self-sustained carbonization at low 
retention time and subsequently underwent   surface 
modification using a novel method. The low-cost 

biochar production method and novel modification 
method can result in value-added products which 
indicate a feasible and sustainable waste 
management strategy   for the coconut industry, while 
contributing to the bio-circular economy. 

 
 
2.0  METHODOLOGY 
 
2.1  Sample Preparation 
 
The coconut shell was obtained from Sungei Marong 
Agri-Farm Company, Asajaya, Sarawak, Malaysia. The 
samples with a diameter range of 130 – 150 mm were 
sun-dried under a transparent roof to achieve a 
moisture content of less than 5 wt.% [9]. 

2.2 Pilot-scale brick reactor and 
carbonization process 
 
The biochar was produced using self-sustained 
carbonization in a pilot-scale brick reactor, as 
depicted in Figure 1. A similar process was employed 
by Idris et al. [8]. 

 

 
 

Figure 1 Pilot-scale brick reactor for coconut shell biochar production 
 
 

 
 

Figure 2 Self-sustained carbonization process for coconut shell biochar production
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The self-sustained carbonization as shown in Figure 2 
[9] was conducted at temperatures ranging from 300 
to 500°C. The reactor was built with double-clay brick 
walls (1200 mm length × 1200 mm breadth × 1500 mm 
height external dimensions), functioned  as a natural 
heat insulator [9], [10], [12]. The biochar yield was 
calculated as the proportion of the mass of biochar 
(mbiochar) to the mass of biomass (mbiomass) as Eq. 1 [11]: 
 

 

(1) 

 
2.3 Biochar samples modification 
 
The coconut shell biochar was modified using 
methanol (99.99% purity, HmbG Chemicals, Malaysia). 
Methanol was selected as the modifying agent due to 
its ability to interact with oxygen-containing surface 
functional groups such as carboxyl, hydroxyl, carbonyl 
through esterification, hydrogen bonding, or mild 
oxidation, which can improve surface polarity, 
enhance pore accessibility, and increase available 
adsorption sites [16]. Methanol is used for biochar 
modification due to its small size, high polarity, ability 
to alter surface chemistry, and ease of removal by 
washing and drying [17]. Approximately 20 g of 
powdered biochar was mixed with 100 mL of 
methanol in a conical flask. The mixture underwent 
agitation using an orbital shaker at 130 rpm for 24 h to 
enhance cleaning [13], [14]. After agitation, the 
mixture was allowed to settle for 12 h to ensure the 

biochar settled at the conical flask bottom. The solid 
biochar was then filtered using a vacuum filtration 
system and dried in an oven (Memmert UNE 600, 
Schwabach, Germany) at 110°C for over 3 h before 
transferring to a beaker. Subsequently, the solid 
residue was washed with hot distilled water, filtered, 
and dried. This process was repeated twice to ensure 
thorough removal of foreign debris prior to analysis. 
 
2.4 Analytical methods 
 
The moisture, ash, volatile matter, and fixed carbon 
contents of the coconut shell biomass and biochar 
were analysed using the ASTM-D5142 standard [18]. 
Elemental analysis for carbon (C), hydrogen (H), 
nitrogen (N), oxygen (O), and sulphur (S) was 
performed using a CHNS-O Analyzer (FlashSmart, 
Thermofisher Scientific, Italy) [11]. The Brunauer–
Emmett–Teller (BET) surface area analysis was 
conducted using a surface area analyser (3flex, 
Micromeritics, USA) and calculated using the BET 
isotherms equation [19]. Surface functional groups of 
coconut shell biomass and biochar were determined 
using Attenuated Total Reflectance-Fourier-Transform 
Infrared (ATR-FTIR) spectroscopy (Spectrum One, 
Perkin-Elmer, USA) [20], [21]. The surface morphology 
of coconut shell biomass and biochar samples was 
observed using a scanning electron microscope (SEM) 
(HITACHI SU3500, Tokyo, Japan) at 1000× and 2500× 
magnification. Samples were sputtered on a magnet 
and coated with platinum prior to imaging [9].  

 
 
3.0 RESULTS AND DISCUSSION 
 
3.1 Self-sustained carbonization biochar 
yield 
 
Table 1 shows that the self-sustained carbonization of 
coconut shell biomass in this study yielded 20.00 – 
26.00% of coconut shell biochar, which is comparable 
to that obtained from oil palm empty fruit bunch 
biochar [10], [12]. However, compared to a study 
conducted by Samsudin et al. [9],  this study reported 
a lower biochar yield, possibly due to differences in 
retention time and reactor design [22]. Lower 
retention times (60 – 300 min) can result in incomplete 
carbonization which reduces biochar output [23]. 
Nevertheless, lower retention time in self-sustained 
carbonization also enabled more cost-effective 
biochar production compared to previous studies.  
 
3.2 Characterization 
 
3.2.1 Proximate and ultimate analysis 
 

Based on Table 2, the proximate analysis of coconut 
shell biomass revealed that it contained 8.58 ± 0.83 
wt.% moisture, 1.79 ± 0.97 wt.% ash, 76.83 ± 0.39 wt.% 
volatile matter, and 12.79 ± 1.41 wt.% fixed carbon, 
while ultimate analysis showed 49.91 ± 0.61 wt.% 
carbon, 5.52 ± 0.01 wt.% hydrogen, 44.26 ± 0.63 wt.% 
oxygen, and 0.31 ± 0.01 wt.% nitrogen. Moisture can 
use up a certain amount of heat energy to evaporate, 
hence affecting the biomass thermochemical 
conversion process and the resulting biochar 
properties [24]. Low ash content helps prevent 
complications in the reactor [25] and reduces 
particulate matter emission during biochar production 
[12]. Low fixed carbon may indicate low energy 
storage, but combined with high volatile matter can 
indicate a significantly higher energy store, indicating 
advantages for biomass devolatilization during 
biochar production [26]. A considerably substantial 
amount of carbon, hydrogen, and oxygen possibly 
indicates a large amount of cellulose, hemicellulose, 
and lignin content in a biomass feedstock, which also 
exhibits biomass ability to undergo aromatization, 
polymerization, and intramolecular condensation 
reactions to form a biochar matrix [27]. Low nitrogen 
and the absence of sulphur in biomass indicate low 

%100(%) ×=
biomass

biochar

m
myieldBiochar
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nitrogen oxides (NOx) and sulphur oxides (SOx) 
emission during biochar production [28].  

Table 3 shows the proximate and ultimate 
analysis for coconut shell biochar produced by self-
sustained carbonization at low retention time and 
methanol modification, which were comparable with 
previous studies. The lower moisture content in the 
coconut shell biochar and modified biochar was due 
to moisture loss during the self-sustained carbonization 
[29] and oven-drying during methanol modification 
[13]. Coconut shell biomass, as a feedstock containing 
high cellulose content, tends to produce biochar with 
higher ash content [30], but methanol modification 
lowered ash content in the coconut shell biochar due 
to pore swelling and surface wetting mechanisms [31]. 
Self-sustained carbonization promotes intense 
biomass devolatilization which lowers volatile matter 
[32], while methanol modification further lowered 
volatile matter content, possibly due to volatile matter 
dissolution on the biochar surface [33].  During self-
sustained carbonization, hydrogen and oxygen 

decreased due to devolatilization [34], while carbon 
content increased as carbonization due to 
aromatization, polymerization, and condensation 
reactions to form a denser carbon structure [27], [35]. 
Methanol modification might further lower hydrogen 
and oxygen levels by dissolving a portion of these 
elements [36], [37],  while increasing carbon levels by 
promoting additional carbon atoms in the biochar 
matrix. Meanwhile, biomass combustion decreases 
nitrogen levels via ammonia gases escape [38], while 
methanol modification promotes nitrogen dissolution 
in coconut shell biochar [39]. While comparable, the 
proximate properties and elemental compositions of 
the coconut shell biochar could be influenced by 
reactor type, modification process, carbonization 
temperatures, heating rate, retention time, and 
particle size  [40]. However, the proximate and 
ultimate analysis results for coconut shell biochar 
showed self-sustained carbonization could become 
another effective biochar production method 
alongside pyrolysis and gasification process.  

 
 

 

Table 1 Yield comparison of biochar from various biomass feedstock produced by self-sustained carbonization 

Biomass 
type Reactor Particle size 

(mm) 
Temperature 

(°C) 
Retention time 

(min) Yield (%) Reference 

Coconut 
shell 

 

Modified 
pilot-scale 

brick reactor 

130 – 150 300 – 500 60 – 300 20.00 – 26.00 Present study 

Pilot-scale 
brick reactor 

130 – 150 300 – 500 1440 30.00 – 32.00 [9] 

Oil palm 
empty fruit 

bunch 

Pilot-scale 
brick reactor 

100 – 150 300 – 500 310 – 462 26.00 [10] 

< 150 300 – 500 900 – 1800 10.00 – 16.30 [12] 

 
 

Table 2 Characteristics of coconut shell biomass 
Analysis  Present study References 

Proximate (wt.%) a Moisture 8.58 (± 0.83) 5.70 – 10.10 [9], [41]–[44] 
 Ash 1.79 (± 0.97) 0.38 – 3.20 [9], [41]–[44] 
 VMb 76.83 (± 0.39) 71.50 – 77.20 [9], [41]–[44] 
 FCb,c 12.79 (± 1.41) 11.10 – 22.80 [9], [41]–[44] 
Ultimate (wt.%) Cb 49.91 (± 0.61) 45.20 – 64.23 [9], [41]–[44] 

 Hb 5.52 (± 0.01) 4.89 – 6.89 [9], [41]–[45] 
 Ob,c 44.26 (± 0.63) 27.73 – 53.10 [9], [41]–[44] 
 Nb 0.31 (± 0.01) 0.30 – 2.00 [9], [41]–[44] 
 Sb 0.00 (± 0.00) 0.00 – 0.10 [45] 
a Wet basis; b VM: volatile matter; FC: fixed carbon; C: carbon; H: hydrogen, O: oxygen; N: nitrogen; S: sulphur 
c Calculated by difference 
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Table 3 Comparison of the proximate and ultimate characteristics of porous coconut shell biochar at different carbonization methods 

Technology Reactor Modification 
Process 

Operating Conditions 

 

Proximate Analysis (wt.%)a 

 

Ultimate Analysis (wt.%) References 
Temperature 

(°C) 
Heating rate  

(°C min-1) 
Retention 
time (min) 

Particle size 
(mm) Moisture Ash VMb FCb,c Cb Hb Ob,c Nb Sb  

Self-sustained 
carbonization 

Modified pilot-
scale brick 

reactor 

- 300 – 500 - 60 – 300 130 – 150 0.25 
(± 0.02) 

11.45 
(± 5.87) 

0.64 
(± 0.08) 

87.66 
(± 6.77) 

70.34 
(± 7.45) 

2.45 
(± 0.10) 

27.09 
(± 7.19) 

0.12 
(± 0.17) 

- Present study 

Methanol 300 – 500 - 60 – 300 130 – 150 0 .18 
(± 0.01) 

1.50 
(± 0.71) 

0.50 
(± 0.50) 

97.82 
(± 0.64) 

75.76 
(± 2.16) 

1.96 
(± 0.32) 

22.17 
(± 1.83) 

0.11 
(± 0.01) 

- Present study 

Pyrolysis Tube furnace - 550 5.0 120 0.074  - - - -  - - - - - [46] 

Muffle 
furnace 

- 700 7.0 120 < 1.00  - - - -  - - - - - [47] 

- 300 – 600 10.0 30 – 60 < 1.00  2.60 – 3.80 2.69 – 5.63 35.76 – 60.46 33.05 – 56.01  - - - - - [48] 

Ablative 
system 

- 500  7.0 8.00 - 10.00  6.86 1.66 27.19 69.47  77.19 3.40 18.06 0.10 - [42] 

Fixed bed 
reactor 

- 600 5.0 60 3.35 – 10.00  7.10 4.10 8.10 91.90  93.90 3.00 2.60 0.40 - [41] 

Muffle 
furnace 

- 300 – 500 10.0 60 – 180 -  - - - -  31.84 – 65.48 2.70 – 3.93 31.35 – 64.87 0.01 – 0.10 - [49] 

Pyrolysis 
reactor with 
tar scrubber 

- - - - -  0.26 1.36 - -  - - - - - [50] 

Gasification 
 

Top-lit updraft 
gasifier 

- - - - -  10.05 3.21 9.41 77.33  - - - - - [51] 

Fluidized bed 
gasifier 

- 850 20.0 60 1.00 - 3.00  - 8.20 16.20 -  79.20 1.30 11.30 0.10 - [43] 

a the biochar sample was pre-dried in a drying oven for more than 24h as the moisture content of carbonized biomass should be negligible, i.e. < 1.00% [24] 
b Calculated by difference 
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Table 4 Surface area characteristics of coconut shell biomass, coconut shell biochar, and modified coconut shell biochar 
Sample Technology Reactor Temperature (°C) Retention time 

(min) 
Modifying Agent SBETa (m2 g-1) Vp, totala (cm3 g-1) Vp, mesoa (cm3 g-1) Vp, microa (cm3 g-1) dp a (nm) References 

Coconut shell 
biomass 

- - - - - 0.30 
(± 0.12) 

0.0021  
(± 0.001) 

0.00  
(± 0.00) 

0.0021  
(± 0.001) 

29.56  
(± 3.70) 

Present study 

Coconut shell biochar Self-sustained 
carbonization 

Modified pilot-scale 
brick reactor 

300 - 500 60 – 300 - 1.54  
(± 0.02) 

0.0005  
(± 0.004) 

0.0002  
(± 0.003) 

0.0003  
(± 0.0004) 

1.33  
(± 0.02) 

Present study 

Modified pilot-scale 
brick reactor 

300 - 500 60 – 300 Methanol 158.18  
(± 0.67) 

0.09  
(± 0.06) 

0.06  
(± 0.03) 

0.03  
(± 0.02) 

2.28  
(± 0.06) 

Present study 

Pilot-scale brick 
reactor 

300 - 500 1440 - 308.00 0.150 - - 2.00 [9] 

Pyrolysis Tube furnace 550 120 - 97.40 0.115 - - - [46] 

Muffle furnace 700 120 - 434.83 0.174 - - 2.23 – 2.44 mm [47] 

Ablative system 500 7 - 55.69 0.25 - - 9.13 [42] 

Fixed bed reactor 600 60 - 222.50 0.150 - - - [41] 

Muffle furnace 300 – 500 60 – 180 - 1.03 – 351.95 - - - 22.06 – 95.26 [49] 

Microwave reactor 126 - 205.40 15 - 0.199 0.0018 - - 36.30 [44] 

20 - 0.456 0.0014 - - 12.39 [44] 

Gasification 
 

Fluidized bed 
gasifier 

850 60 - 1041.8 > 0.34 - - - [43] 

aSBET: BET surface area, Vp, total: total pore volume; Vp, meso: mesopore volume; Vp, micro: micropore volume; dp: average pore diameter 
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3.2.2 Surface area analysis 
 
Different production technologies and reactor types 
significantly influence the surface area characteristics 
of coconut shell biochar. This study provides an 
overview of various production methods and their 
effects on parameters such as BET surface area (SBET), 
total pore volume (Vp, total), mesopore volume (Vp, 

meso), and micropore volume (Vp, micro). Table 4 
provides a detailed comparison of the surface area 
characteristics of coconut shell biomass, coconut shell 
biochar, and modified coconut shell biochar. 
Coconut shell biomass exhibited an SBET of 0.30 ± 0.12 
m2 g-1, with a total pore volume (Vp, total) and micro-
pore volume (Vp, micro) both measured at 0.0021 ± 
0.001 cm3 g-1. At temperatures ranging from 300 to 
500°C and durations from 60 to 300 minutes, self-
sustained carbonization produced coconut shell 
biochar with an SBET of 1.54 ± 0.02 m2/g, Vp, total of 0.0005 
± 0.004 cm3/g, Vp, meso of 0.0002 ± 0.003 cm3/g, Vp, micro 

of 0.0003 ± 0.0004 cm3/g, and pore diameter of 1.33 ± 
0.02 nm. Such undesirable biochar surface 
characteristics might be due to low retention time [9] 
or ash formation on the biochar surface due to lack of 
temperature-control features [11]. Coconut shell 
biochar with methanol modification achieved an SBET 
of 158.18 ± 0.67 m2/g, with Vp, total of 0.09 ± 0.06 
cm3/g, Vp, meso of 0.06 ± 0.03 cm3 g-1, and Vp, micro of 0.03 
± 0.02 cm3 g-1. The diverse production methods, 
including pilot-scale brick reactors, tube furnaces, 
muffle furnaces, ablative systems, fixed bed reactors, 
microwave reactors, and fluidized bed gasifiers, 
demonstrate considerable variability in surface area 
and pore volume characteristics of coconut shell 
biochar, reflecting the influence of temperature, 
duration, and reactor type on the final product 
properties. In biochar surface modification, methanol 
opens inaccessible pores, creates new pores, and 
widens existing pores,  leading to higher surface area 
and pore volumes[52], [53]. 

Factors such as production technology 
(including ablative systems, fixed bed reactors, muffle 
furnaces, microwave reactors, and fluidized bed 
gasifiers) [41]–[44], [46], [47], [49], carbonization 
temperature (e.g., temperatures exceeding 700°C in 
muffle furnaces) [47], retention time (including longer 
durations observed in pilot-scale brick reactors up to 
1440 minutes) [9], and the use of modifying agents 
such as methanol, significantly impact biochar 
surface area properties. These variables affect pore 
structure development with methanol-modified 
biochar showing notably higher SBET values compared 
to unmodified biochar. Specific carbonization 
methods, such as self-sustained carbonization in 
modified pilot-scale brick reactors, as well as 
controlled pyrolysis and gasification processes, also 
yield biochars with enhanced surface areas and pore 
volumes, crucial for applications requiring superior 
adsorption and catalytic capabilities. However, this 
study did not address the optimization of the self-

sustained carbonization conditions for biochar 
production, indicating a need for further research in 
this area. Understanding these relationships is vital for 
optimizing biochar production tailored to specific 
application. 
 
3.2.3 Surface functional group 
 
In Figure 3, the FTIR spectra of coconut shell biomass, 
biochar, and methanol-modified biochar showed 
progressive chemical transformations during self-
sustained carbonization and subsequent 
modification. In the raw biomass, O–H stretching 
(~3400 cm⁻¹) indicates hydroxyl groups, C–H stretching 
(~2900 cm⁻¹) corresponds to aliphatic hydrocarbons, 
C=O stretching (~1700 cm⁻¹) reflects carbonyl groups, 
C=C stretching (~1600 cm⁻¹) suggests aromatic 
structures, and C–O stretching (1300–1000 cm⁻¹) 
relates to alcohols, ethers, carboxylic acids, and 
esters. After carbonization, diminished O–H, C–H, and 
C=O bands indicate dehydration and volatile loss, 
while more pronounced C=C signals confirm the 
formation of stable aromatic structures with partial 
retention of oxygenated groups. The methanol 
modification further reduced O–H and C–H intensities, 
altered C–O stretching, and preserved aromatic C=C 
structures, reflecting increased carbonization and 
surface functional rearrangement. These observations 
agree with previous reports, where Sari et al. (2020) 
detects hydroxyl and aromatic bonds in coconut shell 
biochar from pyrolysis [50], and Nuryana et al. (2020) 
shows that carbonization time introduces ketone, 
carboxylic acid, and ester groups [44]. Similarly, 
Samsudin et al. (2019) reports on the retention of –OH, 
aromatic, and C–H groups in biochar produced by 
self-sustained carbonization [9]. Collectively, the 
results demonstrate that carbonization stabilizes 
aromatic structures and further modification tailors the 
surface chemistry of biochar surface. 
 

 
Figure 3 FTIR spectra of coconut shell biomass, biochar, and 
modified biochar 
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3.2.4 Scanning electron microscopy (SEM) 
 
As depicted in Figure 4, at magnifications of 2000× 
and 5000×, SEM images illustrate the morphological 
changes as coconut shell biomass underwent self-
sustained carbonization to produce coconut shell 
biochar, which later underwent methanol surface 
modification to produce modified coconut shell 
biochar. The SEM images of raw coconut shell biomass 
(Figure 2a,d) appeared smooth and compact with 
visible fibrous structures, while the SEM images of 

coconut shell biochar (Figure 2b,e) showed a rougher 
texture and increased porosity due to the self-
sustained carbonization process, which removed 
volatile components and enhanced the surface area 
[54]. The SEM images of modified coconut shell 
biochar (Figure 2c,f) displayed more changes in 
porosity and surface roughness, indicating developed 
pore network creation of more micro- and mesopores 
[55], hence making it suitable for applications 
requiring high adsorption capacity in environmental 
and industrial applications [56]. 

 

 
Figure 4  SEM images of coconut shell biomass, biochar, and modified biochar at 2000× and 5000× magnifications. Arrows indicates 
the morphological transformation from smooth surface (a, d), to initial pore development (b, e), and finally changes in porosity and 
roughness (c, f) after methanol modification. Scale bars represent 20 µm (top row) and 10 µm (bottom row). 
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4.0 CONCLUSION 
 
This study evaluated the properties of coconut shell 
biochar produced via low-cost self-sustained 
carbonization at low retention times and introduced a 
methanol modification method to enhance its surface 
characteristics. After methanol modification, the BET 
surface area of the biochar improved significantly 
from 1.54 ± 0.02 to 158.18 ± 0.67 m²/g, while the total 
pore volume increased from 0.0005 ± 0.004 to 
0.09 ± 0.06 cm³/g, at carbonization temperatures of 
300–500 °C and retention times of 60–300 min. This 
enhancement was supported by SEM images, 
showing the development of pore networks with 
increased surface roughness and porosity, indicating 
the potential of coconut shell biochar as an 
adsorption material. The utilization of coconut shell 
biomass for biochar production via self-sustained 
carbonization at low retention times, followed by a 
methanol surface modification, successfully yielded a 
promising adsorbent for cleaner production, offering 
a feasible and sustainable coconut waste 
management strategy contributing to the bio-circular 
economy. However, this study was limited to self-
sustained carbonization followed by methanol 
modification method. Future work should assess large-
scale production feasibility, explore alternative 
modifications strategies, evaluate adsorption 
performance in real applications, and conduct both 
economic and environmental impact assessments.   
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