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Exploring coconut shell-derived activated carbon
black as a green alternative for toner colourants
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€and W. S. S. Gunathilake®

Coconut shells (CS) are a promising renewable precursor for carbon black synthesis. By optimising
carbonisation parameters for CB synthesis and introducing a low-temperature alkali treatment method
using KOH, this study investigates the potential of utilising CS-derived activated carbon black (ACB) as

a sustainable black colourant in electrically conductive toner powders. The most efficient synthesis

parameters were determined by analysing 36 CB samples that were produced by combining three

variables: carbonisation temperature, carbonisation duration, and particle size. The best CB sample was
treated using different weight ratios of KOH at 120 °C. The results obtained from FT-IR, XRD, and SEM
coupled with EDS, EIS, and TGA revealed that optimised carbonisation and low-temperature KOH

treatment caused well-defined porous structures with an amorphous nature.

Increasing KOH

concentrations result in the formation of large spherical micropores (0.656 pm), however, excessive

concentrations lead to smaller or closed pores. The ACB sample synthesised with lower KOH

concentration showed the lowest resistance, thermal stability up to 400 °C, and low moisture and ash
content. The reduced resistance indicates enhanced electrical conductivity, suggesting the potential of
synthesised ACB as a conducting agent, while its high thermal stability indicates suitability for high-
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temperature printing applications. Moreover, high carbon content (69.2 wt%) and fine particle size (10—

15 um) may ensure good dispersion in polymer matrices while facilitating uniform colour and print

DOI: 10.1039/d5ra08767h
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1 Introduction

Carbon black (CB) is the most common pigment used in black
colour printing toner powders because of its higher tinting
strength compared to iron black or organic pigments."*
However, commercially available CB is still considered an
expensive material, due to the use of nonrenewable and rela-
tively expensive starting materials such as coal and lignite.’”
Therefore, in recent years, growing research interest in the
production of CB from renewable and cheaper precursors,
which are mainly from agricultural byproducts such as coconut
shells (CSs), bamboo, wood, rice husk, wheat straw, and coffee
bean skin has been encouraged.® Among these natural
resources, CSs are the best material for the synthesis of CB
because of their excellent natural structure with a hard and
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quality. Hence the synthesised ACB samples with the lowest KOH concentrations could be used as
a black colourant and a conducting agent in the synthesis of toner powders.

strong texture, which is due to high lignin and carbon
content.®™* Similarly, higher water solubility, higher reactivity,
and low ash content contribute to their hardness and strength
properties.>**

Coconut (Cocos nucifera) is an abundantly grown plant in
most regions of Sri Lanka and the local coconut industry
generates a relatively large amount of CS and husk biomass
which is thrown away as waste or burned away causing various
environmental problems.**** Conversion of CS waste into CB
adds economic value to the agro waste, reduces the cost of waste
disposal, and provides a potentially inexpensive alternative to
the commercially available CB.'>'® Moreover, the low cost,
higher availability, and renewability of CSs make them an ideal
source of raw material for the production of CB for various
industrial applications.”™ To date, different methodologies
have been proposed to synthesise CB from CSs such as pyrol-
ysis, gasification, and self-sustained carbonisation.?*?* Addi-
tionally, various properties inherent to the CBs are a result of
their carbonisation process.*® Physical activation, chemical
activation, and metal impregnation can further enhance the
surface characteristics of CS-derived CB by creating porosity,
thereby leading to the formation of activated carbon black

(ACB).>***  Furthermore, ACBs with diverse pore size
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distributions and structures can be produced by varying the
activation method, activating agent, and activation
conditions.'****

Despite the numerous attempts to synthesise ACB from CSs
for various applications such as water purification, adsorption
processes, and energy storage, there has been less emphasis on
its application specifically in electrophotographic toners.'®**
Currently, toner powders are synthesised using synthetic
magnetite and CB.* Hence, the utilisation of ACB derived from
CS waste as the black colourant in toner powders will increase
the demand for CS thereby reducing unwanted, low-value
agricultural byproducts and underutilised crops into useful
high-value materials.® Additionally, higher stability, mechanical
strength, higher electrical and thermal conductivity, and low
ash content of CS-based ACB will facilitate the best quality
printing.*®

Although CS-derived ACB has found utility across various
chemical and industrial sectors, its application in electrically
conductive toner formulations has not yet been documented.
Existing studies on CS-derived carbons predominantly target
enhancements in porosity and specific surface area to optimise
performance in adsorption and energy-storage systems. Such
characteristics, however, are inherently unsuitable for electro-
photographic toner technologies, which demand controlled
electrical conductivity, appropriate bulk density, and favourable
particle-particle interactions to ensure efficient charge trans-
port and homogeneous incorporation with auxiliary toner
components. Addressing this critical gap, the present work
establishes a novel route for producing a fully bio-derived,
sustainable, and economically advantageous black colourant,
thereby transforming abundantly available Sri Lankan CS waste
into a high-value functional material. In this context, this study
aimed to explore the feasibility of utilising CS-derived ACB as
a sustainable black colourant for the formulation of electrically
conductive toner powders. Moreover, optimised carbonisation
parameters and a low-temperature alkali treatment using KOH
were introduced to synthesise ACB from CS waste. The effects of
carbonisation parameters and activation conditions on the
characteristics of CS-derived ACBs were evaluated.

2 Experimental
2.1 Raw materials

The CSs were collected from a local seller in Kandy district, Sri
Lanka. Analytical grade potassium hydroxide (KOH) with
a purity of 90.6% was used as the activating agent. Deionised
water (DIW) was used throughout the experiments to minimise
the contaminations.

2.2 Synthesis of CB utilising CS waste

The CSs were initially cleaned to remove husk and soil particles.
They were then soaked in a water bath for 24 hours to facilitate
the further removal of impurities attached to the surface of the
shells. After soaking, CSs were thoroughly washed with distilled
water and dried at 105 °C for 24 h in an oven.***? Once dried, the
CSs were crushed with a cleaned hammer, then ground using
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the disc mill, and sieved to obtain the desired particle sizes.
Each crucible was loaded with 10 g of ground CSs, which were
then carbonised in the muffle furnace (HOBE.HD-230 PAD;
maximum temperature 1200 °C) available at the Department of
Geology, University of Peradeniya, Peradeniya, Sri Lanka. A
series of experiments were conducted to study the effects of
different carbonisation parameters such as particle size of CSs
(0.1 mm, 1.0 mm, 2.0 mm, and 5.0 mm), carbonisation
temperature (450 °C, 500 °C and 550 °C), and duration of car-
bonisation (2 h, 3 h, and 4 h) on the characteristics of the CS-
based CB. The preparation conditions and sample identifica-
tion codes of the CBs are listed in Table 1. Following the car-
bonisation process, each CB sample was allowed to cool to room
temperature, washed with distilled water to remove the ash
content from the surface, and dried at 105 °C for 24 h in an
oven. Then these CB samples were crushed using mortar and
pestle and sieved using a mechanical shaker to obtain pre-
determined size fractions.

2.3 Activation of CB using KOH

The best CB sample, C4a, which was made from 0.1 mm CS
particles carbonised at 550 °C for 4 hours, was chosen for
activation out of the 36 CB samples made using different
combinations of carbonisation parameters based on the results
of the FT-IR and SEM. The selected CB sample was crushed and
sieved under 43 pm mesh size and 2 g of powdered CB was
subjected to an alkali treatment using KOH. Here to identify the
effect of weight ratio, 2 g of CB was treated with4 g, 8 g,and 12 g
of KOH (the CB to KOH ratio 1:2, 1:4, 1:6 [w/w]) separately
and the samples were labelled as C4a-1, C4a-2, and C4a-3
respectively. 40 ml of DI was used to disperse the mixture,
and the samples were stirred continuously at 120 °C using
a magnetic stirrer with a hot plate until complete evaporation of
all liquid quantity. Next, the ACB samples were washed with 1 M
HCI solution, followed by deionised water to remove any KOH
residue from the material until the samples achieved pH 7-8. At
last, neutralised samples were dried under 105 °C for 24 hours.

2.4 Characterisation of CS, carbonised products and ACBs

The raw CS particles, carbonised samples, and optimally
prepared ACB products were characterised by using different
analytical techniques. The surface functional groups of samples
were analysed using the Fourier-transformed infrared (FT-IR)
spectrometer (PerkinElmer FT-IR C95033) equipped with
MIRacle ATR (Attenuated Total Reflectance) and a ZnSe crystal
available at Science Research Center, Faculty of Applied Science,
South Eastern University of Sri Lanka, Sammanthurai, Sri
Lanka. The surface morphology was observed using a Scanning
Electron Microscope (SEM) analyser (ZEISS EVO LS15) available
at the Department of Geology, University of Peradeniya, Per-
adeniya, Sri Lanka. The samples were studied under magnifi-
cation from 5.00kx to 10.00kx. The crystalline structure of the
samples was analysed using an X-ray powder diffractometer
(PANanalytical Emperian) available at Surface and Material
Science core labs, KUAST, Abu Dhabi, UAE for the range 5-90°

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Experimental design matrix for the synthesis of CB from CS waste

Sample nos Sample codes Calcination temperature/°C Duration of calcination/h Particle size/mm
1-4 A2a-A2d 450 2 0.1, 1.0, 2.0, 5.0
5-8 A3a-A3d 450 3 0.1, 1.0, 2.0, 5.0
9-12 Ada-Aad 450 4 0.1, 1.0, 2.0, 5.0
13-16 B2a-B2d 500 2 0.1, 1.0, 2.0, 5.0
17-20 B3a-B3d 500 3 0.1, 1.0, 2.0, 5.0
21-24 B4a-Bad 500 4 0.1, 1.0, 2.0, 5.0
25-28 C2a-C2d 550 2 0.1, 1.0, 2.0, 5.0
29-32 C3a-C3d 550 3 0.1, 1.0, 2.0, 5.0
33-36 C4a-Cad 550 4 0.1, 1.0, 2.0, 5.0

(26) operated at 45 kv, 40 mA with a scan speed of 0.21° s, step
size of 0.026°, and time per step 30 s.

The electrochemical behaviour of the carbonised CB and
ACBs was studied by Electrochemical Impedance Spectroscopic
(EIS) analysis using a Metrohm PGSTAT204 electrochemical
workstation (Serial No: AUT50184) available at the Department
of Chemistry, University of Peradeniya, Peradeniya, Sri Lanka,
following the methodology reported in a previous study.*
Electrochemical measurements achieved at room
temperature in an aqueous potassium hydroxide (1 M) electro-
lyte with a three-electrode cell, consisting of a glassy carbon
(GC) working electrode, an Ag/AgCl reference electrode (RE),
and a Pt-wire counter electrode (CE). Working electrodes were
prepared by drop casting the carbon slurry onto the GC elec-
trode. The slurry was prepared by mixing the active material (CB
and ACBs) with poly(vinylidene difluoride) (PVDF: average
molecular weight 534 000 g mol ) as the binding agent (5 wt%)
in N-methyl-2-pyrrolidone (NMP) with a ratio of 95:5 (wt; wt)
and by ultrasonication until a homogeneous carbon paste was
obtained. The carbon paste was spreaded to obtain a thin film
which was dried using a vacuum oven for one hour. The
conductivity of the electrodes was determined by performing
impedance spectroscopy in a frequency range of 10 MHz to
0.1 Hz using a 10 mV excitation signal. Thermogravimetric
analysis (TGA) and differential thermogravimetric (DTG) anal-
yses of the ACBs were obtained from a thermogravimetric ana-
lyser (PerkinElmer, TGA 4000) available at the Department of
Chemical and Process Engineering, University of Peradeniya,
Peradeniya, Sri Lanka. The sample was heated from 25 to 1000 ©
C at the heating rate of 10 °C min~' in the presence of

a nitrogen flow rate of 20 ml min~".

were

3 Results and discussion

3.1 Functional groups, surface chemistry and yield of CS-
based carbon products

3.1.1 Raw CSs and carbonised CBs. FT-IR analyses were
performed to determine the structural changes that occurred
during the carbonisation and activation process of CB. The
resulting spectra for raw CSs exhibit a broad intense peak at
3202 cm™ ' indicating the O-H stretching vibrations from
cellulose, hemicellulose and lignin*-** (Fig. 1). The peak at
2928 cm ™' corresponds to the C-H stretching vibrations of
polysaccharide chain units.*>*® The C=O stretching from

© 2026 The Author(s). Published by the Royal Society of Chemistry

hemicellulose and lignin is indicated by the characteristic peak
at 1731 cm™'.**¥” The asymmetric vibrations of aromatic C=C
are indicated by the peaks at 1604 cm™*, and 1510 cm™ ', which
are obtained for lignin and the characteristic peak obtained for
the symmetric C-O-C stretching of cellulose is indicated at
1167 cm™ 1313 Therefore, it is confirmed that the raw CSs are
composed of cellulose, hemicellulose and lignin. The CS waste
biomass usually comprises cellulose, hemicellulose, and
lignin‘l4,38,39

As illustrated in Fig. 2 and 3, the FT-IR spectra of all
carbonised CB samples indicate the existence of certain
common bands corresponding to the functional groups: O-H
groups around 3000 cm ™" to 3300 cm !, aliphatic C-H groups
around 2800 cm ™" to 3000 cm ™', aromatic C=C groups around
1400 cm ™ to 1600 cm ', and C-O-C groups around 1100 cm™*
to 1250 cm ™ '3 However, compared to the FT-IR spectrum
of raw CSs, these peaks show weak transmittance, indicating
that the carbonised CB samples contain very low concentrations
of functional groups.*** Additionally, all carbonised CB samples
exhibit similar spectra, suggesting similar structures and
functional groups, though the intensity varies depending on the
carbonisation conditions applied.

The carbonisation of CSs could be attributed to the break-
down of polymers of cellulose, hemicellulose, and lignin.***%%°
Enriching the carbon content and creating the initial porosity in
the CS-derived CB are the main purposes of the carbonisation
process.?>* During the carbonisation, cellulose, hemicellulose,
and lignin undergo dehydration, linkage breaking, structural
ordering reactions, and finally the polymerisation reactions,
which result in a significant amount of volatiles being released

Raw coconut shells

Transmittance (%)

T T T T T
3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. 1 FT-IR spectrum of raw CSs indicating the presence of func-
tional groups of cellulose, hemicellulose, and lignin.
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Fig. 2 FT-IR spectra of yielded product at different carbonisation
durations. (a) CB carbonised at 450 °C for 2 h, (b) CB carbonised at
450 °C for 3 h, (c) CB carbonised at 450 °C for 4 h, and (d) CB
carbonised at 500 °C for 2 h.

from the raw materials and eventually cause pore develop-
ment.***** However, carbonised carbon lacks a well-developed
porous structure, making an activation process necessary.

3.1.2 Effect of temperature, time duration, and particle
size on the carbonisation process. With increasing temperature,
a decrease in the intensities of the FT-IR bands was observed
due to the loss of unstable volatiles from the samples. The shift
of the O-H band towards a lower wave number and the reduc-
tion in its intensity indicate the loss of hydroxyl groups, sug-
gesting enhanced carbonisation and reduced oxygen content.**
A decrease in the peak intensity of C-H stretching points to the
breakdown of aliphatic hydrocarbons. Additionally, the disap-
pearance of the FT-IR band corresponding to the carbonyl
stretching indicates alterations in carbonyl-containing func-
tional groups, possibly due to reduction reactions during
carbonisation.*

As shown in Fig. 2 and 3, all the FT-IR spectra contain a band
corresponding to aromatic C=C stretching, indicating the
formation of more aromatic structures, signifying higher car-
bonisation and a more graphitic structure with the increase in
temperature.’** Increasing the duration of carbonisation
results in a reduction of peak intensities as the longer carbon-
isation time ensures more conversion of biomass to CB. Addi-
tionally, a greater presence of aromatic structures is observed,
suggesting increased carbonisation and the development of
more graphitic structures.'>*

Decreasing particle size in CS samples results in FT-IR
spectra showing more intense peaks for O-H groups, likely
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Fig. 3 FT-IR spectra of yielded product at different carbonisation
durations. (a) CB carbonised at 500 °C for 3 h, (b) CB carbonised at
500 °C for 4 h, (c) CB carbonised at 550 °C for 2 h, (d) CB carbonised at
550 °C for 3 h, and (e) CB carbonised at 550 °C for 4 h.

due to the exposure of more surface hydroxyl groups because of
the increased surface area. However, a reduction in the inten-
sities and peak shifts of other bands is observed, which may be
attributed to the higher surface area enhancing the reactivity
and efficiency of carbonisation, allowing for more uniform
heating.*>**

Most of the lignocellulose biomass components present in
the coconut shells decompose around 550 °C within 2-4 hours,
leaving a carbon-rich framework.®*>*¢ Using a higher tempera-
ture and extending time duration beyond this may not signifi-
cantly improve the yield, but could lead to loss of carbon
material through volatilisation.*” Higher temperatures and
prolonged heating could degrade the carbon framework
causing structural collapse and reducing overall surface area
and pore volume.*”” Furthermore, this could promote interac-
tion between inorganic ash components and carbon reducing
the quality of the final product.

3.1.3 Yield of CB after the carbonisation process. After the
carbonisation process of CS (10 g) samples, as illustrated in
Fig. 4, the maximum yield of 3.801 g was obtained for the CB
sample A2c. The minimum yields of 0.846 g and 0.872 g were
obtained for the CB samples A3b and C3c respectively. The

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 CB yields after the carbonisation process showing the effect of
different carbonisation parameters on CB yield.

carbonisation experiments were performed in multiple trials
and the average value was used for each sample. It was given in
a previous study that the maximum yield of 9.04 g for the CS-
based CB was obtained for the carbonisation temperature of
280 °C and the minimum yield of 6.78 g was attained for the
carbonisation temperature of 420 °C.*® Furthermore, there is
a reduction in the yields of CB samples when increasing car-
bonisation temperature and duration of carbonisation, con-
firming that higher temperatures and higher carbonisation
durations enhance the carbonisation process by removing more
volatiles from the CB samples.

3.1.4 CS-based ACBs. A systematic evaluation of all 36 CB
samples was carried out to identify the most appropriate sample
for alkali treatment. The selection was based on a balance
between the structural quality (carbonisation) and process
efficiency (material yield). FTIR spectroscopy was first employed
to evaluate structural quality, whereby the sample exhibiting the
most substantial suppression of oxygen-containing functional
groups and the highest degree of graphitic ordering was iden-
tified. In addition, carbonisation yield was measured for all 36
CB samples, as illustrated in Fig. 4. The yields ranged from
3.801 g to 0.846 g, showing the variations in carbon retention.
Generally, higher yields indicate incomplete carbonisation,
while the lowest yields correspond to low carbon recovery, with
higher ash and structural degradation. Sample C4a exhibited
a yield of 1.450 g, which falls within the optimal mid-range,
indicating adequate carbonisation while maintaining practical
material recovery for subsequent activation. Based on its
favourable FTIR features and acceptable yield, C4a was selected
for KOH treatment. After selecting this sample, SEM-EDS, XRD,
and EIS analyses were performed and compared with the other
ACB samples to further validate its structural integrity and
elemental composition.

Fig. 5 shows the FT-IR spectrums of ACBs prepared with
different weight ratios of KOH. The presence of a sharp peak in
the FT-IR spectrum for the C=C aromatic ring stretching at

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 FT-IR spectrum of ACB indicating the presence of aromatic
structures and other functional groups in ACB.

1567 cm™ ' for all the ACB samples indicates the presence of
a graphitic crystalline nature after the treatment with different
weight ratios of KOH."***° Specifically, the FT-IR spectra of ACB
formed with a CB: KOH ratio 1: 2 show a small intense peak at
2930 cm ™', corresponding to the C-H stretching and the pres-
ence of C-H stretching bands at 1365 cm™' and C-O-C
stretching bonds denote at 1210 cm ™' in the FT-IR pattern
suggests the presence of alkane, alkene, and ketone/aldehyde
groups in the structure.’*** Moreover, the spectra for ACB
formed with CB:KOH ratios of 1:2 and 1:4 display the
formation of characteristic peaks for ether and ester groups
after the treatment with KOH.**' As illustrated in Fig. 5 the
purity of the ACB increases with the increase of KOH concen-
tration as the intensity of the peaks reduces when increasing
KOH.** However, it reduces the graphitic crystalline nature
when the excess of KOH is used for the activation. During
activation, impregnating CB with a strong base like KOH facil-
itates the removal of hydroxyl groups from the carbon structure
and promotes the formation of oxygen-containing functional
groups on the surface of the activated carbon. Moreover, KOH
reacts with the carbon material to form various potassium
compounds (K,COj3, K,0) and gases (H,, CO), which etch the
carbon matrix and create a porous structure.'*** However,
higher temperatures cause KOH to become excessively reactive,
which might harm the carbon structure by causing excessive gas
Higher temperatures
might sometimes cause pores to overdevelop, resulting in overly
large or collapsed structures.**®” At 120 °C KOH does not
strongly activate the carbon, instead, it chemically modifies the
surface, adding functional groups including OH and COOH that
enhance the dispersibility in toner formulation. Excessive

evolution and possibly over-etching.*

porosity and pore collapse are unnecessary for toner application
that requires dense particulates.

The effectiveness of activated carbon derived from various
high-carbon content sources largely depends on this activation
process.' The primary goal of activation is to transform CB into
ACB with enhanced porosity by removing ash and uncarbonated

RSC Adv, 2026, 16, 6507-6520 | 6511
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biomass. This process also aims to introduce some structural
ordering, resulting in a highly porous solid with a large surface
area as the final product.®® This enhancement of porosity and
surface area is achieved by three steps. First, opening previously
inaccessible pores; second, creating new pores by deep pene-
tration of the activating agent; and lastly widening the existing

pores.*>

3.2 Surface morphologies and elemental composition of CS-
based CBs and ACBs

The SEM results revealed the successful completion of the
activation process of CB using the KOH activator (Fig. 6).
However, significant differences between the surface
morphology of carbonised CB and activated CB samples with
different KOH ratios were observed. The impregnation of CB
with KOH produced a smooth surface of ACB with numerous
micropores opening and well-developed porosity compared to
the carbonised CB sample.* As shown in Fig. 6(a), the surface of
the carbonised CS sample at 550 °C was rough and with no
pores available on the surface. Chemical treatment with KOH
caused the existence of perfect pores which are distributed
randomly on the ACB surface.***® As shown in Fig. 6(b) and (c),
pores are quite spherical and well-structured with clear open-
ings producing a large surface area.

Moreover, the SEM image analyses clearly show that
increasing KOH concentration causes an increase in the pore
number and pore size of ACB.*>** The pores in the ACB exhibit
a wider opening, which could be attributed to an excessive
chemical attack, causing the reduction of more carbon content
as CO, from the surface of CS-based CB. This will cause the loss
of high-strength carbon from CB which causes the reduction of
the final yield of ACB and the reduction of quality of the ACB as
a black colourant in toner powder production. However, pores
tend to be much smaller as further increases in KOH concen-
tration due to the carbon collapsing.*>** As illustrated in
Fig. 6(b)—(d), activation with KOH not only induces a micro-
porous structure in ACB but also weakens and gradually dete-
riorates the internal carbon structure when applied excessively.

Fig. 6 SEM images of (a) carbonised CS sample at 550 °C (b) ACB
produced with CB:KOH ratio 1:2 (c) ACB produced with CB: KOH
ratio 1: 4 (d) ACB produced with CB: KOH ratio 1: 6.
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As illustrated in Fig. 6(b) and (c), the ACB produced by CB to
KOH weight ratios 1:2 and 1: 4 (C4a-1 and C4a-2) exhibits well-
spherical micropores with an average pore size of 0.343 um and
0.656 pm respectively, resulting in a high surface area providing
more surface to attach properly with the binder polymers and
other additives in the synthesis process of electromagnetic
toner powders. The microporous structure increases the surface
area available for interactions with the additives of the toner,
provides more sites for the attachment, and ensures the
uniform distribution of the components in the toner powders.
However, ACB produced with a 1 : 4 weight ratio (C4a-2) exhibits
larger micropores compared to the ACB produced by a 1:2
weight ratio (C4a-1), possibly due to the high amount of KOH
leading to more aggressive etching and removal of more carbon
from the CB surface.*®** This aggressive etching increases the
pore size but reduces the quality of the ACB as a black colourant
due to the reduced density of carbon and larger pores may lead
to a less intense black colour. Also, ACBs produced by a 1:6
weight ratio (C4a-3), exhibit very small micropores with an
average pore size of 0.236 pm and show the potential carbon
collapse, due to the excessive etching by KOH, suggesting that
lower KOH concentrations (such as CB to KOH weight ratio 1 : 2)
enhance the surface area while maintaining the overall perfor-
mance of ACB.

In order to determine the suitability of ACB samples for
toner powder formulations, particle size analysis was carried
out by using SEM to obtain high-resolution images followed by
the quantitative measurement using Image] software. Fig. 7
shows the histogram and the corresponding fitted distribution
curve for the particle size distribution of the ACB samples. The
majority of the ACB particles were concentrated in the range of
10-20 um with a mean size of 21.39 um, indicating a skewed
particle size distribution. Generally, toner powders with narrow
size distribution and small particle sizes are necessary to ach-
ieve high-resolution images.®* For high-resolution printing
applications, toner powders should typically have an average
particle size of 10-15 pm.**"** As shown in the figure most of the

50

I AcB

40

10 20 30 40 50 60 70 80

Particle size (um)

Fig. 7 Histogram and the fitted distribution curve for the particle size
distribution of ACB samples.

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra08767h

Open Access Article. Published on 02 February 2026. Downloaded on 6/16/2026 5:13:09 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

synthesised ACB particles lie within the acceptable size range
for toner powders, however, the broad size distribution
observed in the sample with few large particles of 80 pm may
lead to challenges in achieving uniform charge distribution and
print quality.®® Further milling and sieving to remove oversized
particles could enhance the uniformity of the samples.

To determine the changes in the elemental components
before and after carbonisation and CB activation, the Energy
Dispersive X-ray Spectroscopic (EDS) analysis was performed.
The results illustrated in Fig. 8 and 9 revealed that raw CSs,
carbonised CB, and ACBs contain different contents of carbon
and oxygen elements. As presented in Table 2 raw CSs contain
only about 50 wt% of carbon which is consistent with the values
reported in the literature.*” The carbonised CSs exhibited the
highest carbon weight concentration of 72.8 wt% and the lowest
oxygen concentration of 12.3 wt%, making them the most
suitable material for the synthesis of toner powders. After the
treatment with KOH, the amount of carbon reduced due to the
release of volatiles while the amount of oxygen increased due to
the introduction of oxygen-containing functional groups.
Comparatively, C4a-1 showed a relatively high carbon content of
69.2 wt% and 22.5 wt% of oxygen making it the best among the
ACB samples for the synthesis of toner powders. The higher
carbon content ensures excellent black pigmentation and elec-
trical conductivity of the toner powders while higher oxygen
content will reduce the thermal stability and electrical
conductivity of the conductive toner powders. Additionally, the
presence of Au and Pd peaks in the EDS spectra indicated the
external contamination resulting from the coating techniques,
which was a sample preparation artefact. The presence of K and
Cl peaks in the spectrum was likely due to the chemical treat-
ment of KOH during the activation and HCI during the subse-
quent cleaning steps. However, K and Cl are also inherent
elements naturally present in raw CSs.**%

3.3 Crystallographic structure of raw CSs, CBs, and ACBs

The XRD analysis of raw CSs revealed that they are primarily
composed of cellulose and inorganic minerals such as CaCOj;
and Si0,.*** As illustrated in Fig. 10 the XRD pattern of raw CSs

Fig. 8 SEM and EDS images of (a and b) raw CSs and (c and d)
carbonised CB samples indicating the changes in elemental compo-
sition before and after carbonisation.
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Fig. 9 SEM and EDS images indicating the difference in composition
of elements including carbon and oxygen of the synthesised ACB
samples (a and b) C4a-1, (c and d) C4a-2, (e and f) C4a-3.

exhibits an intense peak at around 26 = 22.70° bearing hkl value
(002) and less intense peaks located at 26 = 16.42°, and 34.64°
bearing &kl values (101), and (222) respectively, confirming the
presence of high content of carbon. Also, few intense peaks were
observed for the CaCOj; and SiO, which are naturally contained
in the CSs.%®

The XRD pattern depicted in Fig. 11 for the CS-derived CB
(C4a) shows two broad peaks located at 26 = 23.18°, and 47.09°
indicating the formation of carbon-like structures in the Akl
plane of (002), and (101) confirming the formation of amor-
phous phase.”®”* The alkali treatment using KOH caused the
formation of both amorphous and crystalline phases within CB
samples. As shown in Fig. 12 increase in KOH concentration
resulted in an increase in the microcrystalline nature of CB
causing sharp peaks in the XRD pattern. The amorphous form
of CB consists of carbon atoms arranged randomly, lacking
awell-defined crystalline structure.*>”> Additionally, amorphous
carbon contains heteroatoms and various impurities, contrib-
uting to its disordered structure. As the KOH concentration
increases, the structure does not fully transform into a graphitic
form. However, there is a noticeable presence of

Table 2 Elemental composition of raw CSs, CB and ACB samples
analysed by EDS

Atomic
concentration (%)

Weight
concentration (%)

Sample type Carbon Oxygen Carbon Oxygen
Raw CSs 67.489 30.091 50.000 29.700
Carbonised CSs 87.774 11.132 72.800 12.300
C4a-1 79.913 19.504 69.200 22.500
C4a-2 68.276 25.992 55.800 28.300
C4a-3 77.453 19.179 67.600 22.300
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Fig. 10 XRD pattern for raw CSs indicating the presence of cellulose,

CaCOs3, and SiO, as major constituents in raw CS.
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Fig. 11 XRD pattern for CB sample carbonised at 550 °C for 4 h
showing corresponding peaks for amorphous carbon, CaCOs, and
SiO,.

microcrystallinity in sample C4a-2, which the incorporated
impurities could induce during the activation process.”” The
sharp peaks in the diffraction pattern reflect the observed
microcrystallinity. These impurities may act as nucleation sites
and promote the formation of tiny crystallites without appre-
ciably enhancing the overall structural ordering towards a fully
graphitic state. Although this microcrystallinity indicates
a certain level of short-range order, it does not enhance the
electrical conductivity or thermal stability of ACBs. Rather, the
impurities and the associated microcrystallites add to structural
heterogeneity, which may affect the overall properties of the
ACBs but does not always make them better for practical
applications like conductive materials or toner powders.
However, there is a notable similarity between the XRD patterns
of the samples C4a-1 and C4a-3 having the amorphous carbon
structure. Additionally, the XRD patterns of these ACBs
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Fig. 12 XRD pattern for CS-based ACB samples showing both
amorphous and crystalline structure.

prepared in this study show some similarity to those reported in
a previous investigation.*

3.4 Electrochemical behaviour of CBs and ACBs

The Electrochemical Impedance Spectroscopy (EIS) data of CB
(C4a) and ACB (C4a-1, C4a-2, and C4a-3) samples offer vital
information about their electrical characteristics which are
essential for evaluating their suitability for conductive toner
powder applications. Fig. 13 shows the Nyquist plot for CB
samples, the real part of the impedance (Z') is plotted against
the imaginary part (Z”) and the equivalent circuit which was
constructed based on the circuit used in a previous study.” In
general, Nyquist plots consisted of one or two high-frequency
semicircular region(s) corresponding to charge transfer
processes and a low-frequency linear region related to diffusion
limitations and porosity/roughness in the carbon materials.**
For the investigated samples Nyquist presents a semicircle in
the high-frequency region and a linear relationship in the mid-
frequency and low-frequency range, with the diameter of the

—Cda

C4da-1
—— C4a-2
= C4a-3

50 4

40 +

-Z2"(Q)

20
e 1 CPE1

10
R2

-0 0 10 20 30 40 50
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CPEZﬂ-
R3—C1

Fig. 13 Nyquist diagram of CB and ACB samples synthesised with
different KOH concentrations. The inset picture shows the electrical
circuit analogue of the EIS curve.
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semicircle related to the charge transfer resistance (R.), the
intersection of the semicircle to the Z-axis representing the bulk
resistance (R;), and the straight line related to the capacitive
behaviour.”*7°

As shown in Fig. 13 the curves for C4a-1 and C4a-3 exhibit
smaller semicircles in the high-frequency region, correspond-
ing to lower charge transfer resistance. In contrast, the curve for
C4a-2 shows a larger semicircle, reflecting its poor electrical
conductivity. Additionally, the steeper incline in the low-
frequency region for C4a-1 suggests enhanced capacitive
behaviour and efficient charge storage. This trend was sup-
ported by the resistance and capacitance values obtained from
the fitted equivalent circuit given in Fig. 13, which includes bulk
resistance (R;), charge transfer resistance (R.), double layer
capacitance (C) and constant phase elements (CPE).”” The
circuit element values are summarized in Table 3. As indicated
in Table 3, C4a-1 shows the lowest R (4.7805 Q) and R (6.4769
Q) compared to the carbonised CB sample (7.1209 Q and 9.7435
Q, respectively) and the other ACB samples. This suggests that
C4a-1 has the lowest overall resistance and improved charge
conduction pathways, both of which are essential for enhancing
toner powder conductivity. Furthermore, C4a demonstrate the
highest capacitance (54.136 10 ° F) but it has a much higher R,
compared to C4a-1. The highest R, of 10.443 Q was shown by
C4a-2 indicating the lowest conductivity while the sample C4a-3
showed a moderate R, of 6.9694 Q.

In two-component magnetic toner systems, the higher
conductivity of the CB enables more effective charge exchange
between the toner particles and the carrier, resulting in faster
and more stable triboelectric charging.”” Such stability during
printing supports a consistent charge-to-mass ratio (Q/M),
which affects image density, edge sharpness, and background
cleanliness. The C4a-1, having the lowest R, and R, with
improved electrical characteristics, has practical implications
for toner performance. Conversely, samples with higher resis-
tance (C4a-2) are likely to exhibit slower charge relaxation and
reduced charge mobility, which can cause insufficient charging,
toner over-development, or fogging. Therefore, the superior
conductivity and capacitive behaviour of C4a-1 suggest that it
would provide more reliable charge control and potentially
enhance print quality in real toner formulations. Although full
printer-level evaluation is beyond the scope of this study, the
EIS results strongly indicate that C4a-1 possesses the most
favourable electrochemical characteristics for  high-
performance toner applications.

Table 3 Resistance and capacitance values obtained from the fitted
equivalent circuit analogue of EIS curves

Charge transfer Capacitance/10™°®

Sample Bulk resistance/2 resistance/Q F

C4a 07.121 09.743 54.14
C4a-1 04.781 06.477 52.55
C4a-2 10.443 12.627 39.80
C4a-3 06.969 09.992 47.20
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Although the EIS measurements were conducted in an
aqueous 1 M KOH electrolyte using a three-electrode configu-
ration, and therefore do not represent the dry-state behaviour of
the toner powders, EIS still provides a comparative indication of
the intrinsic electron-transfer capability of each ACB sample.
The absolute values of R; and R, obtained in the liquid phase
cannot be directly translated to toner performance parameters
such as charge acceptance, triboelectric charging, or powder
conductivity. However, the EIS results provide a clear compar-
ison of the ACB samples concerning their intrinsic electron-
transfer capability, allowing differentiation of their relative
conductivity trends. These trends are consistent with the
structural variations revealed by FTIR, XRD and SEM analyses.
The structural differences, such as graphitisation degree, defect
reduction, and porosity, are known to influence dry-state charge
transport in toner additives. Furthermore, the charge transfer
resistance R.. is a measure of the kinetic barrier to charge
exchange at the material interface. The C4a-1, having the lowest
Rs and R, values, indicates a superior intrinsic electronic
network and interface accessibility.”®”® This superior intrinsic
efficiency is the core parameter ruling the effectiveness of the
ACB in forming a highly conductive percolation pathway within
the dry polymer matrix, essential for uniform charge acceptance
and control in the toner system.*® Thus, despite the environ-
mental differences, the EIS analysis offers supportive evidence
that C4a-1 has inherently superior charge-transport character-
istics compared to the other samples, making it the most
promising candidate for conductive toner formulations.

3.5 Thermal stability of ACBs

TGA and DTG analyses were performed aiming to evaluate the
thermal stability of ACB samples. Fig. 14 and 15 show the TGA
and DTG curves for the ACB samples C4a-1 and C4a-2 respec-
tively. As shown in the figures the initial weight loss for both
samples around 90-100 °C corresponds to the evaporation of
adsorbed moisture or removal of loosely bound volatile
substances, which is typical for materials with porous struc-
tures.*”®" Furthermore, C4a-2 exhibits a noticeable weight loss

C4a-1
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=
80 -2.5 E
g
g g0 2.0 f\f
8 =)
< (]
§ 70 -1.5 E
2
60 1.0 g
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Fig. 14 TGA and DTG curves of C4a-1 produced by CB to KOH weight

ratios 1:2 showing different decomposition stages at different
temperatures.
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at 178 °C indicating the removal of volatile organic components
and a larger weight loss than the sample C4a-1. The flowability,
storage stability, and printing effectiveness of the toner powders
could be impacted by moisture and volatiles. Consequently, pre-
drying ACBs at this temperature might ensure a reliable starting
material.

Both ACB samples were thermally stable up to 400 °C, which
is well within the range of toner processing and printing, and
the stable region of both samples from 100 to 400 °C indicates
that no significant decomposition occurs within this range. A
noticeable drop in weight was observed from 400-900 °C for
both samples indicating the decomposition of organic
compounds or carbon oxidation.’””*® The DTG curves
demonstrated that the secondary decomposition peak for C4a-1
was detected at approximately 512 °C, while the peak corre-
sponding to the combustion of the residual carbon was detected
at around 810 °C. Around 780 °C, a secondary decomposition
peak was observed for sample C4a-2, suggesting carbon
combustion or structural degradation. Additionally, the
residual mass for C4a-1 and C4a-2 at 900 °C was approximately
55% and 60%, respectively, suggesting that the latter sample
had higher ash content or inorganic contaminants. For toner
applications, a low impurity level is preferred since a higher ash
or impurity content could interfere with charge control or result
in printing defects.

3.6 Potential as a black colourant in printing applications

Based on the above results, ACB is primarily composed of
carbon with minor amounts of oxygen and hydrogen with
a highly porous structure due to the activation of KOH. The
synthesised ACB was typically a deep black colour, which was
due to the high carbon content and fine particulate nature of
the material which makes it an excellent black colourant
providing dark and rich prints in various printing applica-
tions.** Carbonisation of 0.1 mm CS particles at 550 °C for 4 h
ensured complete carbonisation, resulting the formation of fine
carbon particles with deep black colouration while lower
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carbonisation temperatures and durations caused less intense
black colouration. Carbonisation at 550 °C caused less graphitic
but conductive amorphous carbon structure whereas prolonged
carbonisation may overly oxidise or degrade carbon affecting its
colour intensity and uniformity. Furthermore, low-temperature
KOH treatment at 120 °C caused ACB with a smooth surface and
moderate functionalisation which may result in better disper-
sion in polymer matrices during toner preparation.

Generally, good colour tinting needs CB with low structure
and high surface area or smaller particle size.**** The ACB
synthesised with CB : KOH weight ratio 1:2 and 1: 4 (C4a-1 and
C4a-2 respectively) contains a high surface area with a highly
porous structure with an average pore size of 0.343 pm and
0.656 pm. Furthermore, most of the synthesised ACB particles
lie within the acceptable size range (10-15 pm) for toner
powders. The fine particle size and the large surface area
provide more surface to attach properly with the binder poly-
mers and other additives allowing good dispersion in various
printing formulations, ensuring uniform colour and print
quality. However, C4a-1 showed a relatively high carbon content
of 69.2 wt% making it the best among the ACB samples for the
synthesis of toner powders. The higher carbon content ensures
excellent black pigmentation and electrical conductivity of the
toner powders while the higher oxygen content of C4a-2 could
potentially reduce the thermal stability and electrical conduc-
tivity of the conductive toner powders.

Moreover, EIS data reveals that sample C4a-1 has the lowest
overall resistance hence the highest charge conduction
pathway, both of which are essential for its utility as a conduc-
tive material in the synthesis of toner powders. Based on the
TGA results, both ACB samples (C4a-1 and C4a-2) were ther-
mally stable up to 400 °C, which is well within the range of toner
processing and printing. However, sample C4a-1 shows low
moisture, low volatile content, and simpler decomposition
behaviour with fewer distinct peaks in the DTG curve suggesting
fewer surface functional groups. Furthermore, TGA curves
showed that the residual mass of C4a-2 was higher than C4a-1 at
900 °C, indicating that C4a-2 contains more ash or inorganic
impurities that might interfere with charge control or result in
printing flaws. Consequently, C4a-1 is the most promising
option for toner powder production since it can serve as both
a black colourant and an electrically conductive material in
toner powders.

Although full toner-level performance evaluations such as
optical density, colourimetric response, polymer dispersibility,
triboelectric charging behaviour, and print quality analysis,
were beyond the scope of this work, the extensive material-level
characterisation conducted through FTIR, SEM, EDS, XRD,
TGA, and EIS has provided critical insight into key properties
governing toner functionality. These analyses elucidated the
influence of surface chemistry, particle morphology, porosity,
thermal stability, and intrinsic electrical conductivity on the
suitability of CS-derived ACB for electrically conductive toner
applications. Collectively, the results enabled the identification
of the most promising ACB candidate for future toner formu-
lation studies. This work therefore establishes a robust foun-
dational framework for subsequent investigations into toner

© 2026 The Author(s). Published by the Royal Society of Chemistry
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processing, formulation optimisation, and full-scale electro-
photographic printing performance.

4 Conclusions

Synthesis of ACBs from CS waste using KOH treatment and
optimised carbonisation conditions was successfully attained,
highlighting their potential as a black colourant in the electri-
cally conductive toner powder industry. This process could offer
significant enhancements in developing toner powders,
improving their conductivity and print quality. The optimised
sample, C4a-1 (CB to KOH ratio 1:2), exhibited ideal charac-
teristics for conductive toner applications, including a high
carbon content (69.2 wt%), excellent black pigmentation, and
low resistance. Moreover, fine particle size (10-15 pm) and
porous structure with higher surface area may ensure good
dispersion in polymer matrices and proper binding with addi-
tives, facilitating uniform colour and print quality. Also,
thermal stability up to 400 °C, low moisture and ash content,
and simpler decomposition behaviour of C4a-1 make it an ideal
material for a black colourant in toner powders. In contrast, the
printing performance of the toners may be affected by the
increased oxygen and ash content, larger pores, and decreased
electrical conductivity of C4a-2, whereas C4a-3 exhibited mild
resistance and smaller pores associated with carbon collapse. In
conclusion, C4a-1 was the best option for being used as a black
colourant and conductive agent in toner powders, providing
insights into the synthesis of CS-based ACBs as a potential black
colourant in electrically conductive toner powder production.
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