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ABSTRACT
Background and Objective: Coconut shell biochar (CSB) is a promising soil amendment and carbon
sequestration  material,  yet its  physicochemical  and  textural  properties,  stability,  and carbon
sequestration  potential  under  different  pyrolysis  temperatures  remain  underexplored.  This study
aimed to investigate the effects of slow pyrolysis temperature on the physicochemical, textural, and
morphological characteristics of  coconut  shell  biochars,  and  to  assess  their  carbon  sequestration 
potential. Materials and Methods: Coconut shells were pyrolyzed at 350, 450, and 700°C to produce
biochars, which were characterized for yield (%), pH, bulk density, cation exchange capacity, electrical
conductivity, surface functional groups, and BET textural properties (specific surface area, pore volume,
and pore size). Surface morphology and elemental composition were analyzed using SEM/EDX. Carbon
sequestration potential was estimated from ultimate analysis and validated via accelerated chemical
oxidation using KMnO4. Results: Biochar properties were strongly temperature-dependent. Increasing
pyrolysis temperature enhanced pH, electrical conductivity, and cation exchange capacity, while
decreasing yield and bulk density. Total surface functional groups declined from 4.04 mmol/g (CSB350)
to 2.17 mmol/g (CSB700). Specific surface area increased from 282.0 m2/g (CSB350) to 712.0 m2/g
(CSB450) before decreasing to 320.7 m/g (CSB700). Pore diameter increased from 2.80 nm to 4.85 nm,
and pore volume peaked at 0.36 cm3/g for CSB450. H:C and O:C ratios decreased with pyrolysis, from 0.71
and 0.58 in raw shell to 0.40 and 0.30 in CSB700, indicating high long-term stability (>100 years) on the
IBI  scale.  Accelerated  chemical  oxidation  results  corroborated  these  findings,   confirming  the
relationship between pyrolysis temperature and biochar stability. Conclusion: Coconut shell biochar
exhibits temperature-dependent physicochemical and textural properties, with higher pyrolysis
temperatures favoring stability and carbon sequestration. These findings support the use of CSB as a long-
lasting soil amendment and highlight its potential to mitigate atmospheric carbon. Future studies should
explore field-scale impacts on soil properties and crop productivity.
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INTRODUCTION
There is widespread and growing interest in biomass as an alternative resource for energy, chemicals and
materials to substitute and/or supplement the current finite, high-cost, eco-intrusive and eco-damaging
petroleum based resources. Biomass, in addition to being environmentally benign, is available at low-cost
in all regions of the world; making it supply free of local or regional social-political perturbations. Pyrolysis,
as an aspect of thermochemical technology is a proven, simple and flexible procedure that has been used
to convert biomass into chemicals and fuels1. Pyrolysis can, on the basis of heat treatment temperature,
duration of heat treatment and heating rate, be considered as slow, fast as flash pyrolysis. While slow
pyrolysis  yields  mainly  solid  biochar  product  (up  to  60  wt%),  the  products  from  fast  and  flash
pyrolysis are mainly bio-oil (60-70%) and biogas (25-30%)2. Pyrolysis temperature (highest heat treatment
temperature) is widely considered the most important process variable affecting the properties and
applications of biochar3-5. During pyrolysis of biomass a series of reactions (changes) occur as pyrolysis
temperature increases: Degradation,  decarboxylation  and  decarbonylation,  leading  to  distinct char
phases and physical states, including changes in the structure of biochar6. These changes are inherently
linked with changes in the physicochemical and textural properties of the biochar as well as its
morphology and chemical composition7. On account of the potential multifunctional application of
biochar8,9, several biomass materials, including crop residues, wood etc. have been utilized in biochar
production9,10,11. Previous works on the pyrolysis of coconut shell biomass were summarized in a recent
report12. It is estimated that about 124 million tons of coconut husk are generated by the coconut industry
annually13. These waste materials are often disposed indiscriminately into the environment or/and burnt
in-open-air, both with considerable environmental and public health concerns14.  Although coconut shell-
derived activated carbon has found use in adsorptive application for the removal of organic an inorganic
contaminant  from  wastewater3,  the  change  in  properties  associated  with  pyrolysis  temperature have
made biochar a material of interest in diverse applications. However, the effect of pyrolysis temperature
on  the  properties  of  coconut  shell  biochar  relevant  to  its  multifunctional  applications has not been
widely reported.

Pyrolytic  conversion  of  coconut  shell  biomass  to  biochar  will  in  addition  to providing a more
environmentally  friendly  treatment  method  for  this  waste  stream,  it  would  lead  to  the production
of  higher  value  end-product.  Hence,  this  study  aims  to  investigate  coconut  shell  biochar with
emphasis  on  its  physicochemical  and  textural  properties,  morphology,  and  carbon  sequestration
potential,  in  order  to  evaluate  its  suitability  for  environmental  applications  and  long-term  carbon
storage. 

MATERIALS AND METHODS
Study area: The coconut shells were collected between December 2022 and February 2023 from the local
market in Benin City. The market is in Uselu area of Egor Local Government Area, Edo State, Nigeria
(approximately 6.34°N, 5.63°E) and is located in the South Region of Nigeria.

Materials: The coconut shells were washed repeatedly with tap water and rinsed with distilled water to
remove physical impurities, then air-dried at room temperature for seven days. The dried coconut shells
were crushed to a particle size of 2 mm and thereafter pyrolysed at heat treatment temperatures of 350,
400, 450, 500, 600, and 700°C, at heating rate of 10°C/min and held for 30 min at the highest heating
treatment temperature. The resulting biochars were crushed and sieved through a 250 µm mesh and
transferred into airtight containers. They were labeled as CSB (coconut shell biochar), BC350, BC400,
BC450, BC500, BC600, and BC700, respectively. Figure 1 illustrates the preparation process of the coconut
shell biochar. The chemicals used were of analytical grade.
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Fig. 1: Preparation process of coconut shell biochar

Physicochemical characterization
Determination of yield (wt%): The biochar yield was determined using the formula as described by
Naeem et al.15:

(1)Weight of biocharBiochar yield (w%) = ×100Weight of feedstock used

Determination of pH and electrical conductivity: The pH was measured in deionized water using 1:5
ratio. Samples were thoroughly mixed and allowed to stand for 1hr. The pH was measured with a
precalibrated digital pH meter (Jenway 3020, DUNMOW ESSEX, JENWAY LTD., England).

The electrical conductivity (EC) of the biochar slurry was determined. A mixture of biochar and deionized
water in a 1:10 ratio was agitated for 1 hr; allowed to stand for 30 minutes, and the EC of the suspension
was measured using a precalibrated conductivity meter (DDS-307, Search Tech. Instrument, No.
X619070942).

Bulk density: Bulk density was determined using the tapping method as described by Ahmedna et al.17

in duplicates and the average value was used to calculate bulk density (Eq. 2):

(2))-3
3

Weight of dry sampleBulk density (g.cm = Volume of packed dry material (cm )

Cation exchange capacity (CEC): The CEC was determined using the modified ammonium acetate
displacement method as described by Othugile et al.18. Samples (0.2 g each) were leached five times with
20 mL deionized water to reduce interference from soluble salts. The samples were then leached five times
with 20 mL of 1M sodium acetate (pH 7), to remove or extract exchangeable cations. The samples were
later washed with 20 mL of ethanol five times to remove the excess sodium ion. The Na+ on the
exchangeable sites of the material was then displaced five times using 100 mL of 1M Ammonium acetate
(pH 7). The CEC was calculated from the Na+ displaced by NH4

+, measured using a flame photometer.

Surface morphology and elemental composition: The Scanning Electron Microscope (SEM, Hitachi SU
3500 scanning microscope, Tokyo) and an Energy Dispersive X-ray Spectrometer (EDX) were used in
combination to analyze the surface morphology of the produced samples and determine their elemental
composition, and performed in 2023-2024. 

Determination of surface area: The surface area of the samples was determined using the nitrogen
adsorption-desorption method based on the Brunauer–Emmett–Teller (BET) theory. 0.3 g of each of the
samples was placed in a BET glass tube and weighed before and after loading. The samples were degassed
at 473 K for 3 hrs using a Micromeritics FlowPrep 060 system under a flow of nitrogen gas to remove
physically adsorbed moisture and gases. After degassing, the samples were reweighed and the analysis
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was carried out in micromeritics Tristar 3000 V4.02 under liquid nitrogen temperature where BET surface
area and pore volume/size of the samples were automatically calculated by the instrument using Nitrogen
adsorption-desorption isotherms and the results were recorded on the computer attached to the
instrument19,20.

Ultimate analysis: The percentages of C, H, S, and N in biochars were determined with an elemental
analyzer (Elemental Vario EL III, Germany), and the O content was calculated by subtracting C, H, N, S, and
ash contents from the total21.

Chemical oxidation stability: The KMnO4 method described by Tirol-Padre and Ladha22, was used to
assess the easily oxidizable fraction of the studied biochars. Biochar samples were acid pretreated to
remove inorganic carbonates following the method described by Fidel et al.23. Typically, the biochar was
added  to  a  solution  of  KMnO4  (33mM,  pH  7.2)  in  a  1:50  w/v   biochar:  KMnO4  ratio.  It  was 
agitated for 60 min, heated at about 60°C for 60 min and thereafter left overnight at 25oC. The solid
residue was separated, rinsed with distilled water, and dried at 80°C for 4 days. The mass loss from the
oxidation treatment was measured gravimetrically, and the dried sample was subsequently analyzed for
its elemental composition (C, H, N, O, and S).

An indication of the stability of biochar to oxidative degradation AE may be obtained from Eq. 3:

(3)Br×BrcAE = ×100Bt×Btc

where, BrC and BtC represent the carbon content in the residual and total biochar, respectively, and Br and
Bt are the mass after and before treatment24.

RESULTS AND DISCUSSION
Biochar physicochemical properties: Figure 2 shows the dependence of biochar yield and the measured
physicochemical properties on heat treatment temperatures (HTT). 

Figure 2a show that the yield of biochar decreased markedly from 67.70±0.50% at heat treatment
temperature of 350°C to 35.76 ± 0.42% at 700°C. This decrease in biochar yield agrees with results of
previous workers and has been attributed to decomposition of biomass and secondary decomposition
of biochar residue; charring and devolatilization reaction that occur at heat treatment temperature25. It
can seen from Fig. 2a that cation exchange capacity (CEC) (cmol/kg) showed an initial increase with
increase in heat treatment temperature from 11.49±2.43 at 350°C to 28.03±2.00 at 450°C; a more than
two-fold increase, and then decreased at higher heat treatment temperature to 14.11±2.50 at 700°C an
overall increase in CEC value of about 23% within the range of heat treatment temperature. The higher
values of CEC of biochar obtained at moderate temperatures (>350°C<500°C) suggest that coconut shell
biochars obtained within this range of temperature may be more suited for soil application for agronomic
benefits. Figure 2a also showed that electrical conductivity (ms./cm) of the biochar samples increased with
increasing heat treatment temperature from 5.12 at 350°C to 25.60 at 700°C; i.e for the two-fold increase
in heat treatment temperature, the electrical conductivity value of the biochar increased 5-fold. This
increase in EC with increasing heat treatment temperature may be due to loss of volatiles and the
concentration of elements in the biochar residue26. Figure 2b shows that increase in heat treatment
temperature was associated with increase in pH and a decrease in bulk density of biochar samples. The
increase of pH with heat treatment temperature has been explained in terms of the decrease in organic
functional groups e.g. -OH and -COOH, which influence the pH of biochar accumulation of inorganic salts
of sodium, potassium, magnesium and calcium as carbonates generated at higher heat treatment
temperature27. It has been reported that application of biochar with  high  pH  in  acidic  soil  can  improve
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Fig. 2: Effect of heat treatment temperature (HTT) on a) yield, electrical conductivity (EC) and cation
exchange capacity (CEC); b) bulk density and pH

cation exchange capacity, attain greater neutralization and reduce green house gas emissions28. Therefore
coconut shell biochar prepared at high temperature range maybe suitable for amendments of acidic soil
with agronomic benefits; reduce soil nutrient leaching, and improve soil nutrient availability. The bulk
density (g.cm-3) of biochar samples was low and decreased from 1.12±0.22 for 350°C to 0.59±0.15 at
700°C. Similar decrease in bulk density of biochar with increase in heat treatment temperature was
reported by Weber and Quicker29, and explanations in terms of changes in the structure biochar with
increase in heat treatment temperatures were proffered.

Surface acid functional groups: Total surface oxygen functional groups (mmol/g): Carboxylic, lactonic
and phenolic groups of biochar samples is shown in Fig. 3 as a function of heat treatment temperature
(HTT).

The result in Fig. 3 show that the total surface oxygen functional groups decrease from 4.94 for biochar
prepared  at  350°C  to  2.17  for  biochar  prepared  at  700°C.  This  trend  is  similar  to  that  reported 
by Ogede et al.30, and explanations in terms of increased volatilization of surface groups at higher
temperatures. Surface acid functional groups are also implicated in retention capacity of nutrient elements.
These results indicate a negative correlation between surface oxygen functional groups and heat
treatment temperature and the capacity of biochars to retain mineral nutrients.
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Fig. 3: Effect of heat treatment temperature (HTT) on the total surface oxygen functional groups on
coconut shell biochar

Fig. 4: Textural   Properties   of   coconut   shell   biochar   obtained   at   different   heat   treatment
temperature (HTT)

Textural properties: The textural properties, specific surface area (m2/g), pore diameter (nm), and pore
volume (cm3/g) of coconut shell biochar obtained at different heat treatment temperatures are shown in
Fig. 4. 

Specific surface area, porosity and pore volume are important parameters for characterizing materials. It
can be seen that the specific surface area increased from 282.00 at heat treatment temperature 350°C to
712.00 at 450°C a two-fold increase, followed a gradual decrease in specific surface area at higher
temperatures and then to 320.70 at 700°C. The range of values obtained for the pore diameter of the
biochars; 2.80 nm for 350°C and 4.50 nm for 700°C indicate the samples are mesoporous. The pore
volume of the biochar samples varied from 0.17 cm3/g for 350°C to 0.10 cm3/g for 700°C. Heat treatment
temperature of coconut shell at 500°C gave biochar with highest specific surface area 712.00 m2/g and
pore volume 0.29 cm3/g, while pore size was highest for the biochar sample obtained at the heat
treatment temperature of 700°C. Textural properties are interconnected and they have significant impact
on the performance of porous materials such as biochars in various applications. 

https://doi.org/10.3923/tasr.2025.01.13  |               Page 6

6

5

4

3

2

1

0

To
ta

l s
u

rf
. o

xy
g

en
 f

u
n

c.
 g

ro
u

p
s 

(m
m

o
l/

g
)

BC350 BC400 BC450 BC500 BC600 BC700

HTT (°C)

800

700

600

500

400

300

200

100

0

Sp
ec

ifi
c

su
rf

ac
e 

ar
ea

 (
m

/g
)

²

5

4.5

4

3.5

3

2.5

2

1.5

1

0.5

0
Po

ro
si

ty
: V

o
lu

m
e 

(c
m

/g
)

³

d
ia

m
et

er
 (

n
m

)

Surface area

Pora vloume

300 400 500 600 700 800

HTT(°C)



Trends Appl. Sci. Res., 21 (1): 01-13, 2026

Fig 5(a-f): Continue
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Fig 5(a-f): SEM/EDX of coconut  shell  biochar  samples  prepared  at  different  heat  treatment 
temperatures (a) BC350 (b) BC400 (c) BC450 (d) BC500 (e) BC600 and (f) BC700
The surface morphology reveals a porous, cellular structure (scale bar = 500 nm). Imaging was performed at an
accelerating voltage of 30.00 kV and a magnification of 500,000x
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Fig. 6: Effect of heat treatment temperature (HTT) on C and O contents (wt %) of coconut shell biochar
Elemental composition 

Table 1: Ultimate elemental composition of coconut shell biochar produced at different heat treatment temperatures
Ultimate Composition (wt%)

--------------------------------------------------------------------------------------------------------------------------
Samples C H O N S
CSB350 60.18±0.02 3.03±0.02 36.14±0.03 0.41±0.02 0.22±0.02
CSB400 61.39±0.02 2.99±0.02 33.85±0.06 0.48±0.00 0.24±0.01
CSB450 62.92±0.02 2.61±0.02 33.76±0.00 0.57±0.02 0.14±0.02
CSB500 63.95±0.03 2.53±0.03 33.75±1.78 0.59±0.00 0.40±0.00
CSB600 65.01±0.00 2.43±0.02 33.37±0.00 0.93±0.01 0.083±0.01
CSB700 68.63±0.01 2.30±0.02 27.36±0.04 0.98±0.03 0.037±0.01
CSB: Coconut shell biochar, Ultimate composition expressed in weight percentage (wt%) with Mean±Standard Deviation (n  =  3),
C: Carbon, H: Hydrogen, O: Oxygen, N: Nitrogen and S: Sulfur

Surface morphology: Scanning electron, and electron dispersive X-ray micrographs of the biochar
samples are shown in Fig. 5a-f. The scanning electron microscope (SEM) images show that the coconut
biochar samples have random shape structures with a range of particle size distribution with deep pores
that became more prominent with increase in pyrolysis temperature31. The pore structure can be seen to
have collapsed at higher pyrolysis temperature (700°C) due to volatilization of organic material and
increase carbonization. These porous structures and the change in the shape and size are associated with
the improvement in the properties of biochar are useful in multifunctional application.

It can be seen that carbon and oxygen are the major elemental components of the biochar samples. The
variation of the surface C and O contents of the biochar samples are shown in Fig. 6. The increase in C
content of biochar with increase in heat treatment temperature is in contrast with the observed decrease
in biochar yield with increase in heat treatment temperature Fig 2a. Therefore, pyrolysis of biomass at
higher temperature range ($600°C) may be required for biochar with high C content that may be required
for carbon sequestration applications. Fig. 5 showed that the O content of the biochars decreased with
increase in volatilization and loss of surface oxygen functional groups with increase in heat treatment
temperature as observed in Fig. 3. The levels of other elements, particularly the mineral nutrient elements
(Ca, Na, K, Mg and P) in the biochar samples are relatively low, and the total levels (sum of the mineral
nutrient elements) increased with increase in heat treatment temperature from 8.52% at 350°C to  8.15% 
at 700°C due to the release of the mineral nutrients at higher heat treatment temperature to the biochar.

Elemental composition: The Carbon, Hydrogen, Nitrogen, Oxygen and Sulphur (CHNSO) contents of the
biochar samples obtained at different heat treatment temperatures of coconut shell is given in Table 1.
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Fig. 7: van Krevelen plots of coconut shell biochar prepare at different heat treatment temperatures

Fig 8: Chemical oxidation stability of coconut shell biochar produced at different heat treatment
temperatures (HTT)

Table  1  shows  that  the  C  and  N  contents  of  biochar  samples  increased  with increase in  heat 
treatment  temperature,  while  the  H,  S,  and  O  contents  decrease  with  increase  in  temperature. This
trend is similar to trend in previous reports where explanations were offered in terms of increased
dehydration and deoxygenation reactions culminating in the loss of H and O, and accumulation of C in
the residual biochar associated with increase in heat treatment temperature32. The N and S contents of
the  biochar  samples  also  decreased  with  increase  in  heat  treatment temperature. The H:C and O:C
molar   ratios   follow   similar   trend:  Decreased   with   increase   in   heat   treatment   temperature. The
(Table 1) and are shown in as van Krevelen plot (Fig. 7) which indicates clearly that the values of H:C and
O:C  are  highest  for  the  unpyrolysed  coconut  shell  and  lowest  for  the  biochar  samples  obtained
at 700°C.

The H:C ratio is often considered a good indicator of the average H-C bonds and size of polyaromatic
graphene clusters. The values of H:C ratio for the biochar samples are within the range that designates
stable structure with carbon sequestration potential33. The values of O:C decrease with an increase in heat
treatment temperature with values for biochar at 600 and 700°C as low as 0.38 and 0.30, suggesting that
the half-life of the samples are in the range of 100-1000 years34, and with considerable carbon
sequestration potential.
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Fig. 9: Correlation of indicators of biochar stability
O:C: Atomic oxygen-to-carbon ratio and H:C: Atomic hydrogen-to-carbon ratio

Chemical oxidation stability: The carbons in pyrolytic biochars can either be unstable/labile or
stable/recalcitrant depending on the biomass source and heat treatment temperature. The stable forms
of carbon in biochar are responsible for its inherent value in carbon sequestration application. Chemical
oxidation (accelerated aging) provides a direct method for the determination of the stability of biochar.

Figure 8 shows the effect of heat treatment temperature on chemical oxidative stability of coconut shell
biochars. It can be seen that higher heat treatment temperatures produced biochars with greater stability,
corroborating the results from the H:C and O:C ratios presented in Fig. 9. These results suggest that heat
treatment temperatures ($600°C) may be required to prepare biochars of requisite chemical oxidation
stability for carbon sequestration applications.

CONCLUSION
This study revealed that slow pyrolysis of coconut shell was associated with evolution of physicochemical
and textural properties, surface morphology, elemental composition, and chemical oxidative stability of
coconut shell was reported in this study. It can be concluded that pyrolysis at mid-range temperatures
(400-500°C) at which important physicochemical properties: Cation exchange capacity, electrical
conductivity, total surface oxygen functional groups, and textural properties: Specific surface area and
pore volume were accentuated, may be used to prepare coconut shell biochar, requisite agronomic
benefits. On the other hand, higher heat treatment temperatures ($600°C) allowed for the evolution of
biochar structures that are stable, recalcitrant and suitable for carbon sequestration applications.

SIGNIFICANCE STATEMENT
This study demonstrates that optimizing pyrolysis temperature significantly enhances the stability and
carbon sequestration potential of coconut shell biochar, making it an effective long-term soil amendment.
The findings provide valuable insights for sustainable waste management and climate change mitigation
by converting agricultural residues into stable carbon-rich materials. Additionally, the identified
relationships between temperature, surface properties, and carbon stability offer practical guidance for
large-scale biochar production and its application in improving soil health and reducing atmospheric
carbon levels.
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