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Abstract
Biomass briquettes are still important to communities in developing nations because they are cheap, sustainable, and gen-
erated from solid waste that can be utilized to produce energy. However, the low quality of the briquettes when compared 
to traditional cooking fuels hampers their widespread adoption; yet, there is an opportunity for expanding the briquette 
market due to the rise in charcoal prices, increasing scarcity of forest resources, and more environmental awareness among 
consumers. The main objective of this study was to develop a bio-based briquette with improved combustion character-
istics through the use of an innovative binder. A novel nanocomposite briquette (biochar/cellulose nanocrystals (CNC)/
polyvinyl alcohol (PVA) was produced using the solution casting method, with CNC/PVA nanocomposite as a binder. A 
total of five (5) nanocomposite briquettes having biochar-to-binder ratios of; 90:10, 80:20, 70:30, 60:40, and 50:50 and 
designated as BCP (9/1), BCP (8/2), BCP (7/3), BCP (6/4) and BCP (5/5), respectively were developed. The nanocom-
posite briquette samples were characterized for thermal stability, mechanical properties, elemental composition, surface 
morphology, proximate composition, and combustion characteristics using established methods. The produced briquettes 
had a very low ash content of less than 2% and a low average moisture content of 8%. The surface morphology of the 
briquettes revealed a rough and porous structure that can enhance combustion. The BCP (9/1) briquette had the highest 
calorific value of 27 MJ/kg, followed by BCP (8/2) and BCP (7/3) which had a calorific value of 26 MJ/kg. The BCP 
(7/3) nanocomposite briquette was the most thermally stable, with the lowest onset degradation temperature (220  °C), 
highest peak temperature (514 °C), least char residue, and the most compressive strength of 11 MPa. The BCP (9/1), BCP 
(8/2), and BCP (7/3) nanocomposite briquettes also satisfied the combustion indices criteria, demonstrating their poten-
tial to replace coal in industrial applications. The thermal degradation and kinetics of the nanocomposites were studied 
using TGA-DTG techniques at three different heating rates; 5 °C/min, 10 °C/min, 20 °C/min in an oxygen environment. 
The kinetic parameters, that is, the activation energy and pre-exponential factor were calculated using the Coats-Redfern 
method. The combustion of the briquettes happened in three distinct phases with a higher activation energy required at 
higher heating rates to initiate the first stage of combustion. Also, up to 40% of the binder can be added without affecting 
the ignition, combustion, and burn-out properties of the briquette. This study, therefore, demonstrates that Biochar-PVA-
CNC nanocomposite briquettes are a potential biofuel for industrial and household applications.
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Introduction

One-third of the world’s population, or nearly 3  billion 
people, still lack access to clean cooking solutions such as 
electricity, liquified petroleum gas (LPG), and biomass pel-
lets among others [1]. The use of inefficient, polluting fuels 
and technologies is a health risk and a major contributor 
to diseases and deaths, particularly for women and children 
in low- and middle-income countries [1, 2]. The inefficient 
combustion of solid fuels (wood, coal, charcoal, dung, and 
crop waste) and kerosene in simple stoves and devices pro-
duces high levels of household air pollution (HAP) [1, 3]. 
Household air pollution was responsible for an estimated 
3.2 million deaths per year in 2020, including over 237,000 
deaths of children under the age of five [4]. Households 
relying on polluting energy systems face burdens like time-
consuming fuel collection trips, which pose health risks and 
perpetuate gender and socioeconomic inequities, particu-
larly for women and children [1]. Furthermore, polluting 
cooking practices are an important cause of environmen-
tal degradation and climate change: the black carbon from 
cooking, heating, and lighting is responsible for 25% of 
anthropogenic global black carbon emissions, and around 
30% of wood fuels harvested globally are unsustainable [1, 
5, 6].

The transition to clean cooking fuels in middle- and low-
income countries requires intermediate solutions that are 
sustainable, affordable, and meet the sociocultural cooking 
needs of people. In the medium term, sustainable cooking 
solutions compatible with these communities’ cooking prac-
tices must be developed. Briquettes from carbonized or den-
sified biomass are promoted widely in low-income countries 
as an alternative to fuel wood and charcoal for cooking fuels 
[7]. Utilization of agricultural residues as a primary source 
of raw material in the development of briquettes as alter-
native cooking fuels presents a significant opportunity to 
develop sustainable cooking fuels, while at the same time 
handling the waste management and environmental chal-
lenges that arise when these agricultural residues are left to 
rot or burned in open fields [7, 8].

Briquettes from different agricultural residues have been 
widely researched and developed [7–20]. In this study, 
waste branches from Senna spectabilis (commonly known 

as cassia) and Hyparrhenia filipendula (commonly known 
as yellow thatching grass) were used. Cassia is widely cul-
tivated as a boundary marker and has also colonized natu-
ral forests and forest reserves in Uganda [21]. The timber 
from cassia is not valuable but it has potential to produce 
good quality charcoal [22]. Additionally, Hyparrhenia 
filipendula is a grass that is commonly found in the cattle 
corridor of Uganda. The grass is mainly used for roofing 
houses, and grazing cattle in its early stages of growth [23]. 
It is common practice to burn mature plants, posing fire and 
health- related hazards. This study therefore investigated the 
potential of utilizing these two biomass sources for produc-
tion of a biomass-based briquette.

Carbonized briquettes, primarily composed of biochar, 
are reported to have a higher calorific value than uncarbon-
ized briquettes [15]. However, biochar requires a binder, 
especially when compacted at low pressure, or manually, 
to improve the mechanical and thermal properties of the 
briquettes. Briquette binders are generally classified into 
inorganic, organic, and composite binders [24]. The poor 
thermal stability of organic binders (such as biomass, tar 
pitch, petroleum bitumen, lignosulphonate, and polymers) 
limits their commercial application in biomass briquetting 
[24]. Inorganic binders (such as clay, bentonite, ammonium 
nitrate, etc.) have lower combustion efficiency and high ash 
content [24]. Composite binders often yield briquettes with 
high mechanical strength and thermal stability [9, 24–27]. 
However, the composite binders are still characterized by 
high ash content, low thermal stability, and high cost [9].

Nanocomposites present a promising avenue for the 
development of innovative and sustainable binder materials 
for biomass briquettes. Specifically, polymer nanocompos-
ites incorporating renewable fillers like nanocellulose offer 
the potential to create cost-effective and environmentally-
friendly binder solutions. Polyvinyl alcohol (PVA), a long-
chain structural polymer, has been previously utilized both 
as a binder and in composite binders due to its good viscos-
ity, compatibility, and biodegradability [28–33]. Nanocel-
lulose, derived from biomass and biomass waste, is equally 
attractive due to its abundance, renewability, and biodegrad-
ability, making it a valuable component in the development 
of sustainable composite binders. However, the develop-
ment of PVA/Cellulose nanocrystal (CNC) nanocomposite 
binders for briquetting has been lightly explored in litera-
ture. Therefore, the objective of this study was to investi-
gate the properties of briquettes produced with a PVA/CNC 
binder.

As far as could be ascertained, the preparation of nano-
composite biochar-PVA-CNC materials for briquettes has 
not been addressed in literature until now. In this study, 
we investigate the use of a PVA/cellulose nanocrystal 
(CNC) nanocomposite as a binder for biochar briquettes 
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and evaluate the properties of the resulting briquettes. This 
approach not only aims to produce high-quality biomass 
fuel but also has the potential to stimulate the growth of 
intermediate industries focused on producing high-value 
products like nanocellulose from inexpensive and read-
ily available biomass and biomass waste. Furthermore, by 
leveraging established formulations and materials, the pro-
duction of biomass briquettes can be upscaled, contributing 
to the broader adoption of sustainably harvested renewable 
energy sources for cooking.

Materials and Methods

Materials

Two types of biomass were used in this study: Senna specta-
bilis (commonly known as cassia) for the biochar and Hyp-
arrhenia filipendula (commonly known as yellow thatching 
grass) for the CNC. The branches of Senna spectabilis were 
collected from Mabira Forest in Buikwe District, Uganda, 
in January 2021. The Hyparrhenia filipendula grass was 
harvested in the wild from Palabek Kal in Lamwo Dis-
trict, Uganda, in July 2022. The following reagents were 
used without further purification; Polyvinyl alcohol (MW 
89,000–98,000, 99% hydrolyzed), sodium hydroxide (98%, 
AR), toluene (90%, AR), glacial acetic acid (99%, AR), 
Sodium chlorite (80%, AR), Hydrochloric acid (37%, AR) 
purchased from Sigma-Aldrich, South Africa; and citric 
acid monohydrate (99.8%) from Glassworld, & Chemical 
Suppliers CC, Maraisburg, South Africa.

Synthesis of CNCs from Hyparrhenia filipendula

The Hyparrhenia filipendula grass was dried in the oven at 
100 °C for 2 h. The dried blades and sheaths were removed 
to expose the culm that was used in subsequent processes. 
The culm was cut into small pieces of lengths of about 
1–2 cm, shredded in a blender, and milled using a PM 100 
ball mill (Retsch, Germany) for 3 h, with 10 mm diameter 
stainless steel grinding balls at 300  rpm. The fibers were 
then passed through a 38 μm sieve and stored in an air-tight 
container to prevent degradation of the sample. The extrac-
tives were removed using a Soxhlet extractor at 110  °C 
for 4 h with toluene/ethanol (2:1 v/v). The extractive-free 
straws were then washed with de-ionized water and ethanol, 
and dried at 45 °C for 2 h.

The pulping of the extractive-free stems was carried out 
at 100 °C for 4 h in a Parr reactor using 10 wt % NaOH 
and liquor to solid ratio of 15:1 (v/w). The pulp was 
extracted after the cooking time via vacuum filtration and 
washed several times with deionized water until a neutral 

pH was obtained. The pulp was then dried in the oven at 
45 °C for 2 h and stored for further analysis. 2 g of the pulp 
was then bleached using acidified sodium chlorite (1.2  g 
Sodium chlorite, 0.3 mL acetic acid, and 100 mL deion-
ized water) at 95 °C for 4 h in a Parr reactor. The bleached 
pulp was washed with deionized water until a neutral pH 
was obtained. The filtrate was dried at 45 °C for 1 h. These 
pre-treatment conditions, previously reported in our work, 
have been identified as the most effective [23]. The cellu-
lose fibers were then hydrolyzed using 80 wt % citric acid, 
with an acid-fiber ratio of 2:1 for 4 h in a Parr reactor at 
120 °C. The acid hydrolysis conditions were adjusted based 
on previous studies and preliminary investigations [34, 35]. 
The precipitate was dialyzed in de-ionized water for 3 days 
with up to four water changes per day until a neutral pH was 
obtained. The sample was then sonicated in an ice bath for 
2 h in a 480 W PS-80 Ultrasonic cleaner and homogenized 
using an HG-15D homogenizer at 10,000  rpm for 5  min. 
The sample was then frozen at − 40 °C for 12 h and freeze-
dried for 72 h. The lyophilized CNCs were stored in an air-
tight container for further analysis.

Preparation of Biochar

The branches of Senna Spectabilis were sun-dried for two 
weeks. The branches were then cut into small pieces with 
lengths of about 3–4 cm, washed with ethanol, and dried. 
The samples were then pyrolyzed at 350  °C for 1  h in a 
horizontal tube furnace (BR-12NT Vacutec Brothers) under 
the flow of nitrogen gas at a flow rate of 200 mL/min. This 
pyrolysis condition was selected based on findings from our 
previous study [22]. The biochar obtained was milled using 
a Retsch PM 100 ball mill for 3 h at 300 rpm and passed 
through a 38 μm sieve. The biochar was then leached in a 
solution of acetic acid and hydrochloric acid (3:1 v/v) at 
80 °C for 24 h with constant stirring at 400 rpm. The sample 
was then washed with 1 M hydrochloric acid and deionized 
water until a neutral pH was reached and air-dried for 12 h.

Preparation of CNC-PVA-Biochar Composite

A 10 wt % PVA solution was prepared by constantly stir-
ring at 300 rpm for 2 h at 100 °C until the PVA was com-
pletely dissolved. The solution was cooled and stored in an 
airtight container. The PVA solution was mixed with a 10 wt 
% CNC suspension and agitated for 1 h in an oil bath inside 
a Teflon cup at 100 °C. The mixture was stirred for an addi-
tional hour while a measured amount of biochar was gradu-
ally added. The resulting slurry was left to air-dry for 12 h 
before being compacted at room temperature using a man-
ual Servex hydraulic press (HP 15) with a capacity of 150 
kN in a custom-made cylindrical steel mold with an internal 
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O (wt%) = 100 (wt%) − C (wt%) − H (wt%) − N (wt%) − S (wt%)� (2)

The morphology and elemental composition of the samples 
were examined using a Zeiss Ultra Plus FEG Scanning elec-
tron microscope equipped with an energy-dispersive X-ray 
spectroscope (EDS). The samples were coated with carbon 
using a Quorum Q150T ES sputter coater to enhance image 
resolution. The samples were also placed on a silver tape 
and coated with gold at 25 mA for 2 min for EDS analysis. 
Functional groups in the samples were determined by Fou-
rier transform infrared spectroscopy (FT-IR) in the medium 
infrared region of 4000–400  cm− 1 with a Bruker Alpha 
FTIR spectroscope. The thermal stability of the samples 
was determined using a Thermogravimetric analyzer (Eltra 
Thermostep). The thermogravimetry (TG) and deriva-
tive thermogravimetry (DTG) curves were recorded from 
the ambient temperature to 1000  °C at a constant heating 
rate of 10 °C/min under a nitrogen atmosphere. The heat-
ing value of the biomass was determined using an adiabatic 
oxygen bomb calorimeter (IKA C2000 automated digital 
calorimeter) according to the ASTM D5865-13 standard 
test method. The mechanical properties of the nanocom-
posite fuels were evaluated using a Testometric FS300CT 
Universal testing machine. A micrometer gauge was used to 
measure the dimensions of each sample before testing. The 
measurements were also performed at a strain rate of 6 mm/
min. The combustion experiments were carried out using an 
Eltra Thermostep thermal gravimetric analyzer in an Oxy-
gen environment at three different heating rates of 20 °C/
min, 10 °C/min, and 5 °C/min.

diameter of 15 mm and height of 50 mm. A compressive 
pressure of 40 MPa was used. The densified product was 
dried at 100 °C for 2 h and stored in an airtight container 
for further use. The mixing ratios for the materials used and 
sample designation are shown in Table 1. A summary of the 
experimental procedure is shown in Fig. 1.

Physicochemical Measurements

The moisture, ash, and volatile content of the samples were 
determined by using a Thermo-gravimetric analyzer (Eltra 
Thermostep), following the ASTM E1131-20 standard pro-
cedure. The fixed carbon content is calculated according to 
Eq. 1.

FC (%) = 100 − (%Ash + %V M)� (1)

Where % FC, %Ash, and %VM, are the mass percentages 
of fixed carbon, ash, and volatile matter of the samples 
respectively.

The ultimate analysis was determined using an Elemen-
tar UNICUBE. The Oxygen content was determined using 
Eq. 2

Table 1  Ratios used for nanocomposite sample Preparation
Sample 
designation

Bio-
char, g

CNC, g De-ionized 
water, mL

10 wt 
% PVA, 
mL

Bio-
char: 
CNC 
ratio

BCP (9/1) 9 1 10 10 90:10
BCP (8/2) 8 2 20 20 80:20
BCP (7/3) 7 3 30 30 70:30
BCP (6/4) 6 4 40 40 60:40
BCP (5/5) 5 5 50 50 50:50

Fig. 1  Summary of experimental procedure
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Where DTGmax is the maximum combustion rate (mg 
min− 1), ti is the ignition time (min), tp is the corresponding 
time of DTGmax (min), tf is the burnout time (min), Δt1/2 is 
the time range of DTG/DTGmax = 0.5 (min), DTGmean is the 
mean combustion rate (mg min− 1); ΔT1/2 is the temperature 
range of DTG/DTGmax = 0.5 (K), Tp is the peak temperature 
(K), ignition temperature Ti(K), and burnout temperature Tf 
(K).

The average burning rate can also be calculated from 
Eq. 13 [40, 41];

DTGmean =
(

α i − α f

Tf − Ti

)
× β � (13)

Where β is the heating rate, αi is the remaining sample per-
centage corresponding to the ignition temperature point, αf 
is the remaining sample percentage corresponding to the 
burnout temperature point (%).

The ignition index and combustion index can then be cal-
culated from Eqs. 14 and 15 respectively.

Di = DTGmax

Tf Ti
� (14)

Where DTGmax is the maximum combustion rate (% min− 1), 
Ti is the ignition temperature (K), and Tf is burnout tempera-
ture (K).

S = DTGmean × DTGmax

Ti
2Tf

� (15)

Where S is the index of comprehensive combustion char-
acteristic (min− 2·K− 3). Equations  13,14 and 15 are more 
convenient to use to determine the comprehensive combus-
tion characteristic and ignition index, as the values can be 
directly obtained from the TG and DTG curves using the 
tangent method.

Combustion Kinetics

The combustion kinetics of the nanocomposite bri-
quettes was analyzed using the First order Arrhenius 
law, which governs biomass combustion kinetics, as 
stated in Eq. 16 [42];

dα

dt
= K (T ) f (α ) = Aexp

(
−E

RT

)
f (α )� (16)

Where T is the absolute temperature (K), R is the 
universal gas constant (8.314 J K− 1 mol− 1), E is the 

Combustion Indices

To assess the utility of the nanocomposite fuel, the fuel ratio 
(FR), combustibility index (CI), and volatile flammability 
(VI) were calculated according to Conag et al. using the fol-
lowing Eqs. [36, 37].

Fuel ratio, FR = FCdb

V Mdb
� (3)

Combustibility index, CI = HHVdb

FR
× (115 − Ashdb) × 1

105 � (4)

V olatile ignitability, V I =
(

HHVdb − 0.338FCdb

V Mdb + Mc

)
× 100� (5)

HHVdb =
(

HHV

100 − Mc

)
× 100� (6)

Where FC is fixed carbon content, VM is volatile matter 
content, HHV is higher heating value, MC is the moisture 
content and db is dry basis.

The ignitability index (II) is calculated from Eq. 7 [38].

II = HHV − 81FCdb

V Mdb + MC
� (7)

Where HHV is the calorific value of the fuel (kJ/kg), FC is 
the fixed carbon (%), VM is the volatile matter (%) and MC 
is the moisture content.

The data points of the TG-DTG profiles were also used to 
determine the ignition index (Di), burnout index (Df), com-
bustion performance index (S), index of intensity (Hf), and 
flammability index (C), during combustion using the fol-
lowing equations [39].

Di = DTGmax

titp
� (8)

Df = DTGmax

tptf ∆ t 1
2

� (9)

S = DTGmean × DTGmax

Ti
2Tf

� (10)

Hf = TP In

(
∆ t 1

2

DTGmax

)
(10)−3� (11)

C = DTGmax

Ti
2 � (12)
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The left-hand side of the equation is plotted against 
1/T, and the resulting linear relationship enables the 
determination of the activation energy (E) from the 
slope of the line, while the pre-exponential factor (A) 
can be obtained from the intercept. The slope of the 
line is equal to - E

RT  and the intercept of the straight 

line is equal to In
[

AR
β E

]
.

Results and Discussion

Proximate Analysis

The proximate analysis of the nanocomposite fuels and 
starting materials is shown in Table 2. The moisture content 
was 8% for briquettes, 4% for biochar, and 10% for CNC. 
According to the South African Bureau of Standards (2000), 
the Kenya Bureau of Standards (2020), and the Tanzania 
Bureau of Standards (2022), the recommended moisture 
content of carbonized briquettes should not exceed 10% 
[43–45]. Therefore, all of the briquettes meet these criteria. 
A low moisture content in the briquettes enhances their suit-
ability as a fuel, as it reduces the energy required for the 
evaporation phase and minimizes smoke production during 
combustion [7]. Furthermore, the moisture content of all 
samples is less than 18%, indicating all the samples con-
tained chemically bound water in their structure [43].

According to the Kenya Bureau of Standards (2020), and 
the Tanzania Bureau of Standards (2022), the ash content of 
carbonized briquettes should not exceed 27%. The ash con-
tent of all the briquettes prepared in this study is less than 
2%, with BCP (7/3) having the lowest ash content of 0.87%, 

activation energy (kJmol-1), A is the preexponential 
factor (min− 1) of the reaction; f(α) is the conversion 
function, α is the conversion rate, which represents the 
relationship between the initial mass mo, final mass m∞ 
and the mass of the sample at any time t during the 
experimental run, mt of the system as given Eq. 17.

α = mo − mt

mo − mα
� (17)

When the heating rate β = dT
dt  is constant, Eq. 16 can be 

integrated as follows:

g (α ) =
∫ α

0

dα

f (α )
= A

β

∫ T

0
dTexp

(
−E

RT

)
� (18)

Where g(α) is an integration function and the integral 
can be approximated to Eq. 19.

In

[
g (α )

T 2

]
= In

[
AR

β E

(
1 − 2RT

E

)]
− E

RT
� (19)

The Coats–Redfern method was used to determine the 
Arrhenius parameters, in which case.

f (α ) = (1 − α ) and g (α ) = −In(1 − α ), and RT/E ≪ 
1, thus 1 − RT/E ≈ 1 thus the kinetic mechanism equation for 
the combustion process can be described by Eq. 20.

In

[
−In (1 − α )

T 2

]
≈ In

AR

β E
− E

RT
� (20)

Table 2  Proximate analysis of selected samples
Sample As-received basis, % Dry basis, % Reference

Moisture Fixed 
carbon

Volatile 
matter

Ash Fixed 
carbon

Volatile 
matter

Ash

BCP (9/1) 6.91 ± 0.39 29.86 ± 6.70 61.82 ± 6.54 1.41 ± 0.23 36.66 ± 0.00 61.84 ± 7.24 1.50 ± 0.25 This 
studyBCP (8/2) 7.55 ± 0.04 32.63 ± 2.84 58.44 ± 2.81 1.38 ± 0.00 35.66 ± 0.00 62.85 ± 3.04 1.49 ± 0.00

BCP (7/3) 7.84 ± 0.12 26.32 ± 0.93 64.96 ± 0.96 0.87 ± 0.1 29.00 ± 0.00 70.06 ± 0.96 0.94 ± 0.11
BCP (6/4) 7.90 ± 0.11 19.67 ± 2.14 71.4 ± 2.31 1.02 ± 0.05 21.85 ± 0.00 77.04 ± 2.41 1.11 ± 0.06
BCP (5/5) 7.84 ± 0.19 15.79 ± 3.55 74.92 ± 3.12 1.45 ± 0.62 17.65 ± 0.00 80.79 ± 3.23 1.56 ± 0.66
Biochar 6.75 ± 0.00 16.65 ± 0.00 74.25 ± 0.00 2.35 ± 0.00 18.22 ± 0.00 79.27 ± 0.00 2.51 ± 0.00
De-mineralized biochar 4.81 ± 0.47 41.61 ± 4.87 53.27 ± 5.09 0.36 ± 0.21 56.63 ± 6.21 42.83 ± 4.87 0.54 ± 0.29
CNC 10.40 ± 0.62 0.26 ± 0.09 89.09 ± 0.81 0.24 ± 0.11 3.23 ± 0.09 95.32 ± 1.56 1.45 ± 0.20
Briquettes from wheat straw waste - - - - 22.45 ± 2.11 68.44 ± 5.47 9.11 [70]
Wood charcoal 5.39 73.3 24.8 1.85 - - - [43]
Charcoal briquettes from molasses, 
clay, and bagasse mixed in a ratio 
of 1:1:40 respectively

4.10 36.40 27.20 36.40 - - - [43]

Briquettes from carbonized ground-
nut shells and cassava starch binder

7.5 53.6 28.4 10.5 - - - [7]

Briquettes from carbonized bagasse 
and cassava starch binder

6.6 49.8 33.4 10.2 - - - [7]
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the nanocomposite briquettes, the formulations should be 
adjusted with materials with higher fixed carbon content 
like coke or petroleum coke. With Uganda’s upcoming 
petroleum refining operations, petroleum coke presents a 
potential feedstock for solid fuel production [58].

As demonstrated in Table 2, the briquettes produced dur-
ing this study generate a lower amount of ash compared to 
agricultural residues mentioned in previous studies. The 
moisture and ash content are within acceptable limits, indi-
cating that the generated briquettes are suitable for cook-
ing applications. However, further optimization of volatile 
matter and fixed carbon content is necessary for improved 
commercial and ecological viability of the briquettes. Incor-
porating materials with a high fixed carbon content into the 
briquette formulation can enhance its fixed carbon content 
while reducing volatile matter. However, this modification 
may lead to increased production costs of the briquettes.

Ultimate Analysis

The ultimate analysis is shown in Table 3. The BCP (9/1) 
nanocomposite fuel sample has the highest carbon content, 
and least oxygen content, indicating a high energy density 
of the briquette. Also, the carbon content decreased with an 
increase in the binder, while the oxygen content increased, 
in line with published literature [59]. The nanocomposite 
briquettes exhibit a higher carbon content compared to other 
reported briquettes with organic binders, resulting in higher 
combustion quality [60]. The results in Table  3 and find-
ings from other authors consistently demonstrate that higher 
oxygen content in briquettes tends to decrease their higher 
heating value (HHV) [61, 62]. Minimal Sulphur and Nitro-
gen contents indicate that the thermal conversion of the fuel 
results in low concentrations of nitrogen oxides (NOX) and 
Sulphur oxides (SOX) [62].

The H/C and O/C ratios play a significant role in deter-
mining the fuel properties and combustion behavior of 
biomass fuel samples. The nanocomposite fuels had com-
parable ranges for the H/C and O/C ratios, with H/C ratios 
ranging from 1.23 to 0.8 and O/C ratios ranging from 0.27 
to 0.42. A fuel with low atomic ratios of O/C and H/C is 
highly preferred because it produces less smoke, water 
vapour, and energy loss during combustion [63, 64]. Bri-
quettes with a H/C ratio less than 1.5 and an O/C ratio below 
0.8 are considered highly flammable [65]. Given that all the 
nanocomposite briquettes in this study meet these criteria, 
they demonstrate high flammability, making them suitable 
for efficient energy generation with improved combustion 
performance. Furthermore, it can be observed from Table 3, 
as well as corroborated by the findings of other researchers, 
that fuels characterized by low atomic O/C and H/C ratios 
exhibit higher HHV [66–68].

thereby meeting the required criteria for charcoal briquettes. 
The briquettes also meet the more stringent European EN 
1860-2 and German DIN 51,749 standards, which require an 
ash level of no more than 8% on a dry basis for charcoal bri-
quettes [46]. Moreover, the low ash content of the briquettes 
is desirable, as it minimizes dust emissions that contribute 
to air pollution during combustion. High ash content in solid 
fuels can lead to increased particulate matter emissions, 
reduced combustion efficiency, and frequent maintenance 
issues due to ash buildup in combustion systems. Addition-
ally, lower ash content improves fuel quality by enhancing 
calorific value and reducing the amount of residual waste 
after burning, making the briquettes more environmentally-
friendly and suitable for clean energy applications [47–49].

The lowest volatile matter obtained in this study was 62% 
for BCP (9/1) while the highest volatile matter was 81% for 
BCP (5/5). The volatile matter in the briquettes increased 
as the CNC content increased. This is the expected result 
because of the substitution of carbonized agricultural resi-
dues with the PVA/CNC binder [7]. Furthermore, the rec-
ommended volatile matter content for carbonized briquettes 
is 25 − 27%, hence all the briquettes would not meet this 
criterion [44, 45, 50]. However, European standards for 
charcoal briquettes do not specify a minimum or maximum 
value for volatile matter [46]. Solid fuels with a low vola-
tile matter are easier to ignite, burn smoothly and have a 
longer combustion duration. This is because low volatile 
matter fuels undergo slower thermal decomposition, lead-
ing to a more controlled release of gases and a steadier 
flame. Additionally, they produce less smoke and fewer 
emissions compared to high volatile matter fuels, which 
release a large amount of gaseous compounds rapidly upon 
heating. A lower volatile matter content also enhances the 
fuel’s thermal efficiency and stability, making it more suit-
able for applications requiring sustained heat output, such as 
industrial furnaces and residential heating systems [51–54]. 
The briquette formulations should be optimized to achieve a 
lower volatile matter content to comply with the East Afri-
can regional standards for carbonized briquettes.

The highest fixed carbon content obtained in this study 
was 37% for BCP (9/1) while the lowest fixed carbon con-
tent was 18% for BCP (8/2). The fixed carbon content also 
decreased with an increase in the amount of the binder in 
the briquettes, thereby showing an agreement with litera-
ture [55, 56]. The European EN 1860-2 European standard 
requires a minimum fixed carbon content of 75%, the Tan-
zanian MEDC 12 (1323) DTZS and Kenyan DKS2912: 
2020 norms require a minimum of 44%, and US 765: 2007 
Ugandan Standard mandates a minimum 60% fixed carbon 
content for carbonized briquettes [44, 45, 50, 57]. The bri-
quettes do not meet any of the standards based on this cri-
terion. If greater commercial value is to be obtained from 
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A high HHV typically correlates with a high content of 
carbon and hydrogen. A high carbon fraction also correlates 
with a high fixed carbon content, which enhances radiation 
heat transfer in the furnace, but also requires increased resi-
dence time to achieve complete combustion [68]. According 
to the data presented in Table 2, BCP (9/1) has the highest 
fixed carbon content, resulting in the highest HHV. Further-
more, the amount of air required for stoichiometric combus-
tion of the nanocomposite fuels is also between 7.98 and 
7.01 kg/kg of fuel, which is higher than the amount of air 
needed for wood fuel combustion (6 kg/kg fuel) [69].

Morphology

The morphology of the nanocomposite briquettes and start-
ing materials is shown in Fig. 2. The micrographs showed 
that when the concentration of CNC in the biochar matrix 
increased, there was an evident increase in the recognized 
CNC domains. Furthermore, the surface of the biochar 
(Fig. 2(F)) is porous, which can contribute to the briquette’s 
burning efficiency by providing additional routes for air-
flow, allowing more oxygen to circulate inside the briquette 
during combustion [55]. However, the pores were reduced/
blocked with the addition of more binder, as expected, 
reducing the surface area and total pore volume of the nano-
composites [72].

Calorimetry

The calorific values of the nanocomposite fuel and starting 
materials are shown in Table 4. All of the nanocomposites 
have calorific values ranging from 23 to 27 MJ/kg, except 
BCP (5/5), which has a calorific value of 16  MJ/kg. The 
Tanzanian MEDC 12 (1323) DTZS standard requires car-
bonized fuels to have a minimum calorific value of 18 MJ/
kg, hence BCP (5/5) would fail this test [45]. However, the 
European EN 1860-2:2005, the Ugandan US 765: 2007, and 
Kenyan DKS 2912: 2020 standards for charcoal and car-
bonized briquettes do not specify a minimum calorific value 
for the briquettes [44, 50, 57]. The calorific value of the bri-
quettes in this study is also higher than those of previously 
developed biomass briquettes that utilized organic binders 
[18]. Notably, the calorific value of the nanocomposites 
decreased as the amount of binder increased, in line with the 
observation of Lubwama and others (2022) [7]. Based on 
the results of the t-test conducted with a significance level 
of p = 0.05, a significant difference was observed between 
the higher heating values (HHV) obtained from the bomb 
calorimeter and those obtained from the ultimate analyzer 
for all the samples.
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Fig. 2  SEM images of (A) BCP (9/1); (B) BCP (8/2); (C) BCP (7/3); (D) BCP (6/4); (E) BCP (5/5); (F) De-mineralized Biochar; (G) CNC; and 
(H) Biochar samples, respectively
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the nanocomposites decreases, in line with the observation 
of Oliveira et al.(2017) [75]. A high carbon content tends 
to form a high-grade biomass fuel suitable for combustion 
[76]. However, as the quantity of binder increases, the oxy-
gen content increases. An increase in the oxygen content 
causes a decrease in the calorific value, collaborating with 
the results in Tables 3 and 4 [76]. Moreover, silicon plays a 
significant role along with oxygen bridges in improving the 
strength of the briquettes [59].

The combustion process is affected by inorganic ele-
ments, due to deposit formation, fly ash emissions, and their 
influence on the ash melting behavior [77, 78]. Furthermore, 
K, Na, Si, and Al lower the melting point of the ash, causing 
inorganic vapors to condense on the heat exchanger tube 
surface, generating fouling problems [78]. Additionally, Ca 
and Mg raise the ash melting point, which is beneficial for 
combustion [78]. The elemental composition of the nano-
composite briquettes is comparable to previously published 
data as shown in Table  5. The low fractions of inorganic 
elements in the nanocomposite fuels confirm their low ash 
content reported in Table 2 [36]. However, to evaluate the 
amount of inorganic elements in the nanocomposites to the 
existing ISO 17225-7 standard for non-woody briquettes 
and the ISO 17225-3 standard for wood briquettes, an ICP-
OES experiment, is required [77].Unfortunately, this exper-
iment could not be conducted at the time of this study.

Surface Chemistry

The FTIR spectra of the nanocomposite and starting mate-
rials are shown in Fig.  3. The nanocomposites’ spectra 
shows the emergence of new peaks attributed to the CNC/
PVA binder on the de-mineralized biochar. The broad band 
at 3331  cm− 1 for the CNC, corresponds to the exposed 

Elemental Composition

The elemental composition of the nanocomposites and 
starting materials is shown in Table  5. Carbon and Oxy-
gen are the dominant elements in the nanocomposite fuel, 
in line with the observation of Adeleke et al.(2021) [74]. 
As the amount of binder increases, the carbon content of 

Table 4  Heating value of selected samples
Sample Higher heating 

value (MJ/kg)
Refer-
ence

BCP (9/1) 27.15 ± 0.03 This 
studyBCP (8/2) 26.15 ± 0.04

BCP (7/3) 26.40 ± 0.21
BCP (6/4) 23.18 ± 0.07
BCP (5/5) 16.36 ± 0.02
De-mineralized Biochar 22.85 ± 0.05
CNC 14.43 ± 0.16
Carbonized Corn straw briquette with 
40 wt % modified starch binder (Starch 
and NaOH)

25.23  [12]

Carbonized briquettes from groundnut 
shells and 30 g of cassava starch binder

23.90  [7]

Oil palm trunk bark uncarbonized 
briquettes with 10 wt % wastepaper 
pulp as a binder

16.71  [14]

Uncarbonized corn cob briquettes with 
10 wt % wastepaper pulp as a binder

16.13  [14]

Sugarcane bagasse carbonized at 
300 °C

33.45  [73]

Palm kernel shells carbonized at 
400 °C

21.38  [73]

Carbonized empty fruit bunch briquette 
with Tapioca starch/water solution as 
a binder

23.62  [61]

Carbonized durian peel briquettes with 
tapioca glue as a binder

25.56  [18]

Table 5  Elemental composition of samples
Sample Elements, Wt % Reference

C O Si Ca Cl N Al Mg K Fe
BCP (9/1) 74.08 ± 1.81 25.43 ± 1.86 0.24 ± 0.34 0.03 ± 0.02 0.27 ± 0.09 - - - - -- This 

studyBCP (8/2) 72.82 ± 1.20 26.57 ± 1.35 0.07 ± 0.05 0.09 ± 0.05 0.46 ± 0.13 - - - - -
BCP (7/3) 71.47 ± 1.55 28.05 ± 1.55 - 0.05 ± 0.05 0.44 ± 0.06 - - - - -
BCP (6/4) 70.87 ± 13.41 28.52 ± 13.26 0.09 ± 0.05 0.13 ± 0.07 0.39 ± 0.19 - - - - -
BCP (5/5) 63.45 ± 3.27 36.06 ± 3.47 0.08 ± 0.05 0.16 ± 0.11 0.27 ± 0.14 - - - - -
De-mineralized 
Biochar

70.20 ± 13.03 13.68 ± 8.78 - - 0.18 ± 0.09 15.95 ± 6.77 - - - -

CNC 76.22 ± 2.38 23.78 ± 2.38 - - - - - - - -
Hybrid briquette from 
torrefied wood and 
coal fines with pitch as 
a binder

74.3 20.2 1.09 0.92 - - 0.97 0.93 0.85 0.72 [74]

Briquette from sub-
bituminous coal and 
torrefied biomass with 
2% bentonite as a 
binder

~ 53 ~ 11 ~< 5 ~< 5 ~< 5 - < 5 < 5 < 5 < 5 [59]
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C = O, primarily aldehydes and ketones formed by dissocia-
tion of cellulose and hemicellulose. The peak at 1580 cm− 1 
is linked to aromatic C = C vibrations and C = O stretching. 
The band centered at 1222 cm− 1 indicates the presence of 
C-O-C groups and aryl ethers, as well as aliphatic C-O 
stretching. The intense peak at 1207 cm− 1 for the biochar 
sample is associated with the C-O-C stretching of ester 
groups in cellulose and hemicellulose. Additionally, the 
peak at 789  cm− 1 is attributed to pyridine ring vibration 
and C-H deformation in the biochar [80–88]. The peak at 
873  cm− 1 is associated with the out-of-plane deformation 
produced by the aromatic C-H atom. The presence of these 
functional groups enhances the compatibility of the de-min-
eralized biochar with a matrix polymer [89].

The intensity of the FTIR peaks of the nanocomposite 
fuel varies with the PVA/CNC binder concentration. As 
the PVA/CNC binder content increases, the peak intensity 
increases too. The peaks between 2980  cm− 1 -760  cm− 1 
are associated with = C-H, -OH-, C-N, -C = C-, N-H, C-O, 
C = O, and N-O bonds that indicate the presence of aromatic, 
aliphatic, saturated ethers, amines, nitro, tertiary and sec-
ondary hydroxyl groups [36, 55]. The presence of aliphatic 
and aromatic hydrocarbons in all the nanocomposites means 
that they contain fats and oils that are related to butane or 
isobutene, making it easier for the nanocomposites to burn 
or heat up. The peak at 3316 cm− 1 is associated with the 
presence of hydroxyl groups that contribute to the flamma-
bility of the nanocomposites [55].

Thermal Stability

The thermogravimetric analysis (TGA) curves and the 
derivative thermogravimetric analysis (DTG) curves for all 
the samples are depicted in Fig. 4 (A &B) while a summary 

hydroxyl groups of cellulose, which are bound by intermo-
lecular hydrogen bonding [79]. The band at 1026 cm− 1, is 
associated with–C-O stretching of cellulose in the CNC. 
The presence of these functional groups promotes hydrogen 
bonding, which ensures interaction between the CNC and 
PVA for good adhesion and dispersion. The conversion of 
cellulose I to cellulose II, a more stable form of cellulose, 
is also linked to the band at 895 cm− 1 for the CNC, which 
has an impact on the mechanical strength of the CNCs [79].

The broad band between 3000 cm− 1 and 3600 cm− 1 for 
the de-mineralized biochar is attributed to OH functional 
groups (alcoholic and phenolic). The band from 2700 cm− 1 
to 3000  cm− 1 (peak center at 2929  cm− 1 for the biochar 
sample) is attributed to alkyl C-H stretching. The peaks 
observed between 1760 cm− 1 and 1650 cm− 1 (peak center 
at 1699 cm− 1) are attributed to the acid axial deformation 

Fig. 4  (A) TGA and (B) DTG curves of selected samples

 

Fig. 3  FTIR spectra of the samples
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flame retardants, the sample also had the least amount of 
char residue [90].

Combustion Characteristics of Nanocomposite 
Briquettes

The fuel ratio (FR), combustibility index (CI), and volatile 
flammability (VI) of the nanocomposite fuels and starting 
materials are shown in Table 7. The fuel ratio of the nano-
composite fuels ranges between 0.59 − 0.21. A low FR sug-
gests that the solid fuel easily ignites because of its high 
volatile matter content [91]. However, the combustion of 
biomass with high volatile matter content is rapid and dif-
ficult to control, resulting in the incomplete combustion 
of the fuel and the emission of smoke [91]. In coal-fired 
power plants, coals with FR in the range 0.5 to 3.0 are usu-
ally used; however, an FR greater than 2.0 causes ignition 
problems and flame instability [36, 91, 92]. Based on this 
index, only BCP (9/1), and BCP (8/2) would qualify to be 
used as industrial fuels.

Additionally, the combustibility index (CI) is important 
for evaluating the suitability of specific biochar for blending 
with coal. The CI in the range from 12 MJ/kg − 23 MJ/kg 
is suitable, therefore all nanocomposite fuels would meet 
this criteria [91]. The volatile ignitability (VI) is a measure 
of available energy provided by the total volatiles (Volatile 
matter and moisture), assuming that the fixed carbon consti-
tuting the fuel sample is solely made up of pure carbon [91]. 
A VI value of at least 14 MJ/kg is desirable, hence all nano-
composite fuels would meet this criteria, except BCP (5/5) 
[92]. Moreover, the ignitability index of the nanocomposite 
fuels is also between 58 − 32. The ignitability index of most 
of the nanocomposite fuels is also better than that of bio-
char and the CNC. The recommended ignitability index of 
fuel applicable in thermal plants for power generation is 35, 
therefore only BCP (5/5) would not meet this criteria [38].

The TGA-DTG combustion profiles for the nanocom-
posite fuels in an oxygen environment are shown in Fig. 5 
and a summary of the data is shown in Tables 8 and 9. The 
TGA graph describes three main stages of combustion. The 
first stage from 50 to 200 °C corresponds to the dehydra-
tion phase. The second phase from 200 to 400  °C is the 

of the weight loss (Δ m), onset temperature (Ti), final tem-
perature (Tf) and peak temperature (Tp) of the two stages 
of thermal decomposition is presented in Table 6. The first 
stage of thermal decomposition occurs between 23 °C and 
108 °C attributed to the dehydration process [36]. The sec-
ond stage of thermal decomposition which occurs between 
220  °C and 912  °C is attributed to coal combustion and 
devolatilization of lignin [36]. With the addition of the PVA/
CNC nanocomposite binder, the peak temperature of the de-
mineralized biochar also decreased.

The BCP (7/3) nanocomposite sample was the most 
thermally stable nanocomposite because it had the lowest 
onset degradation temperature (220  °C) and the highest 
peak temperature (514 °C). Due to its low concentration of 
inorganic chemicals (as shown in Table 5), which are often 

Table 6  Summary of TGA and DTG data
Samples Moisture loss Thermal decomposition Residual char, %

Δm, % Ti, °C Tf, °C Δ m, % Ti, °C Tf, °C Tp, °C
BCP (9/1) 8.06 23.30 105.00 55.60 247.10 880.87 599.66 17.67
BCP (8/2) 5.60 25.40 104.15 44.71 379.53 656.91 507.19 17.70
BCP (7/3) 7.89 23.51 104.42 61.73 220.17 880.00 514.37 10.25
BCP (6/4) 8.21 23.30 105.13 68.34 370.99 912.97 491.02 19.02
BCP (5/5) 8.07 25.40 108.41 60.80 407.11 618.54 505.39 33.53
De-mineralized Biochar 6.88 25.54 105.30 55.72 270.41 908.71 612.56 19.15
CNC 4.65 37.99 101.82 85.47 304.02 404.16 350.64 -

Table 7  Combustion indices of nanocomposite fuel
Sample FR CI, MJ/kg VI, MJ/kg II Reference
BCP (9/1) 0.59 53.43 24.39 58.20 This 

studyBCP (8/2) 0.57 53.64 23.06 54.99
BCP (7/3) 0.41 75.90 24.19 57.73
BCP (6/4) 0.28 97.50 20.94 49.98
BCP (5/5) 0.21 91.32 13.30 31.74
De-mineral-
ized biochar

1.32 19.82 10.20 24.12

CNC 0.03 580.37 14.20 33.92
Terminalia 0.22 100.93 15.5  [93]
Torrefied 
wheat straw 
at 270 °C

0.57 34.58 18.68

Corn husk 
and sawdust 
(9:1 blend 
ratio) 
briquettes 
using cas-
sava starch 
as a binder

0.85 23 30.99  [91]

Peanut 
shells 
pyrolyzed at 
400 °C

0.60 39.42 17.60  [36]

Sugarcane 
bagasse 
pyrolysed at 
400 °C

0.55 39.99 18.05  [36]
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exhibits the highest Di value at a heating rate of 20 °C/min 
and 10  °C/min, suggesting superior ignition performance 
compared to the other five nanocomposite briquettes. This 
sample also has the lowest ignition temperature at all heat-
ing rates, in line with previous observations [39, 98].

The burnout index Df is used to describe the burnout 
characteristics of the nanocomposite fuel. Sample BCP 
(6/4) had the highest Df at 20 °C/min, hence requiring the 
least time and temperature to complete burnout at the same 
heating rate among the nanocomposite fuels. The presence 
of minerals in fuels has been noted to enhance burnout per-
formance by acting as oxygen carriers that promote oxygen 
transfer to the inside of the fuel [39]. Based on the data in 
Table 5, it is evident that BCP (6/4) exhibits the highest min-
eral content, closely followed by BCP (8/2), which aligns 
with the observed elevated Df values within the samples.

The index of comprehensive combustion characteristic, 
S, reflects the ignition, combustion, and burnout properties 
of the sample [99]. A value greater than 2 × 10− 7 min− 2·K− 3 
indicates good general burning performance of the fuel 
[100]. The S values range between 1.43 and 2.99 × 10− 7 
min− 2·K− 3 for the nanocomposite fuels, with BCP (6/4) 
having the highest value followed by BCP (8/2). The indices 
at heating rates of 10 °C/min and 5 °C/min, are both below 
2 × 10− 7 min− 2·K− 3, indicating inadequate combustion per-
formance for the nanocomposite fuels under these specific 
heating conditions.

devolatilization phase, which occurs due to the degrada-
tion, release, and combustion of high volatile matter pres-
ent in the nanocomposite fuels. The last stage between 500 
and 960 °C is known as the char combustion phase, which 
occurs due to the combustion of fixed carbon retained in 
the nanocomposite fuel after venting all the volatile matter. 
After the completion of all stages, when there is no evident 
weight loss, the combustion reaches the burn-out phase [63, 
94, 95].

According to the data presented in Table 8, an increase in 
heating rate from 5 °C/min to 20 °C/min leads to an increase 
in Ti, Tp, Tf, and the combustion rate. This suggests that 
there is an augmented transfer of heat from the surround-
ing environment to the interior of the sample per unit time. 
The intensified heat transfer significantly enhances the com-
bustion rate of the fuel; however, it also results in shorter 
burnout time (tf), peak time (tp), and ignition time (ti) for 
the samples in line with observations of other authors [96]. 
The increase in heating rate also results in a decrease in the 
maximum weight loss of the nanocomposite fuels in line 
with previous observations [40]. The ignition temperature 
of all the briquettes at 5 °C/min is also lower than the igni-
tion temperature of briquettes formed from PVA and coal 
fines reported by Botha and others, indicating enhanced 
ignitability [30].

A high value of ignition index (Di) is indicative of bet-
ter ignition performance and lower ignition temperature 
[39, 97, 98]. According to the data in Table 9, BCP (8/2) 

Fig. 5  (a), (b), (c) TGA, and (d), (e), (f) DTG combustion profiles for nanocomposite fuels at different heating rates</fig>
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The index of intensity, Hf describes the rate and intensity 
of combustion [39]. A low Hf value reflects a good com-
bustion performance. The Hf values for the nanocomposite 
fuels range from 1.37 to 1.79. BCP (6/4) has the lowest Hf 
value of 1.37 at 20 °C/min, showing that it has the highest 
intensity of combustion. On the other hand, BCP (9/1) had 
the highest Hf value of 1.79, signifying poor reactivity of the 
fuel but stable combustion [39, 98].

The flammability index C is used to evaluate the com-
bustion stability of the nanocomposite fuel. The range of 
C indices of the nanocomposite fuels lies between 6.57 
and 12.72 × 10− 5, with BCP (8/2) having the highest index, 
followed by BCP (6/4). Hence BCP (8/2) has the highest 
combustion stability [39]. Based on the analysis of nano-
composite combustion in an oxygen environment, BCP 
(6/4) and BCP (8/2) exhibited superior combustion proper-
ties compared to other nanocomposite fuels. Nonetheless, 
the influence of the nanocomposite binder transcends mere 
additive effects, contributing to the intricate nature of the 
combustion dynamics within the nanocomposite fuel.

Combustion Kinetics of Nanocomposite Fuels

The kinetic parameters of the nanocomposite fuels are 
shown in Table 10 and the Arrhenius curves in Fig. 6. The 
correlation coefficients were in the range of 0.9950–0.9999. 
The correlation coefficients are higher than 0.92, hence high 
accuracy of results [41, 101]. The activation energies were 
calculated using the Coats–Redfern method. The activation 
energies were lowered as the heating rate was decreased 
from 20 to 5 °C/min. At 5 °C/min, BCP (7/3) had the least 
activation energy of 13.30 kJmol− 1, hence the least amount 
of energy required for the initiation reaction. Nevertheless, 
it is essential to ascertain the kinetic parameters at various 
heating rates below 8 °C/min. This is necessary to address 
the intricacies associated with the decomposition of ligno-
cellulosic biomass, as the combustion process generates 
a substantial amount of heat that can lead to uncontrolled 
sample combustion at higher heating rates [102, 103].

The pre-exponential factor (A) describes the number of 
molecules with effective collision. A high pre-exponen-
tial factor indicates a rapid reaction rate at low activation 
energy, which is the trend observed for all the nanocom-
posite fuels [104, 105]. An increase in the pre-exponential 
factor quickens the reaction rate, so there is a compensa-
tion effect between the pre-exponential factor and activation 
energy [105]. The compensation effect has been theorized 
to be caused by several factors including non-uniformity of 
the surface and formation of unstable transitional products 
during combustion [105, 106].

Ta
bl

e 
8 

Su
m

m
ar

y 
of

 T
G

A
 a

nd
 D

TG
 d

at
a 

fo
r c

om
bu

st
io

n 
pr

ofi
le

s o
f n

an
oc

om
po

si
te

 fu
el

 a
t d

iff
er

en
t h

ea
tin

g 
ra

te
s

H
ea

tin
g 

ra
te

, 
°C

m
in

− 
1

Ig
ni

tio
n 

te
m

pe
ra

tu
re

, T
i, 

°C
 

Pe
ak

 te
m

pe
ra

tu
re

, T
p, 

°C
 

B
ur

no
ut

 te
m

pe
ra

tu
re

, 
T f

, °
C

 
M

ax
im

um
 

co
m

bu
st

io
n 

ra
te

, 
m

gm
in

− 
1

Ig
ni

tio
n 

tim
e,

 t,
 m

in
 

Pe
ak

 ti
m

e,
 t p

, m
in

 
B

ur
n 

ou
t t

im
e,

 t f
, m

in

20
10

5
20

10
5

20
10

5
20

10
5

20
10

5
20

10
5

20
10

5
B

C
P 

(9
/1

)
36

9.
83

26
9.

57
26

0.
29

52
5.

78
37

1.
50

33
8.

45
68

4.
08

46
8.

86
42

4.
17

4.
19

2.
46

1.
25

6.
28

25
.8

4
45

.4
6

12
.1

6
36

.6
7

62
.7

4
18

.4
7

47
.3

9
80

.2
5

B
C

P 
(8

/2
)

27
6.

86
26

2.
23

24
3.

67
44

0.
59

34
5.

39
32

9.
13

61
1.

61
42

9.
79

41
5.

10
4.

74
2.

62
1.

46
4.

59
24

.5
9

43
.7

1
9.

89
34

.9
2

59
.3

1
16

.0
8

45
.1

1
75

.3
1

B
C

P 
(7

/3
)

34
0.

06
30

4.
98

25
9.

86
48

0.
01

39
1.

93
32

8.
61

62
0.

88
49

3.
05

39
8.

91
4.

06
2.

28
1.

57
5.

44
26

.8
7

47
.6

2
10

.3
4

36
.1

0
62

.0
9

15
.5

0
45

.3
4

77
.3

8
B

C
P 

(6
/4

)
32

8.
84

28
6.

42
25

1.
01

47
2.

06
37

1.
46

32
5.

78
60

9.
67

45
5.

91
39

8.
04

5.
57

2.
89

1.
49

6.
57

26
.1

3
44

.4
3

11
.1

4
34

.4
2

60
.4

5
15

.5
0

42
.3

2
77

.0
6

B
C

P 
(5

/5
)

31
9.

57
27

9.
94

25
4.

98
47

6.
14

36
7.

79
30

8.
06

62
4.

55
46

4.
98

36
2.

85
4.

56
3.

04
2.

14
6.

57
25

.8
4

41
.9

5
11

.2
2

34
.0

2
52

.8
7

16
.0

8
42

.5
4

65
.0

1

1 3

2088



Waste and Biomass Valorization (2025) 16:2075–2095

Mechanical Properties

The stress-strain curve for the nanocomposite samples and 
a summary of the mechanical tests are shown in Fig.  7; 
Table 11 respectively. The BCP (7/3) nanocomposite has the 
highest Young’s modulus (105 MPa) and Ultimate tensile 
strength (11  MPa). The briquettes must have a minimum 
compressive strength of 2.56 MPa to avoid breakage during 
handling and storage, hence only BCP (9/1) would fall short 
of this requirement [109]. Moreover, the minimum compres-
sive strength required for commercial charcoal briquettes is 
0.375 MPa [110]. Therefore, BCP (9/1) can still be utilized 
for cooking applications that do not involve extensive han-
dling, storage, or transportation. Furthermore, increasing 
the binder content is generally expected to enhance the com-
pressive strength of briquettes [111]. However, previous 
studies have reported that binder concentrations exceeding 
18% may negatively impact strength, though the underly-
ing mechanisms for this trend remain unclear [112]. In this 
study, the compressive strength continued to improve with 
increasing binder content, reaching an optimal level at 30% 
nanocomposite binder within the char matrix.

According to the technical specifications of the European 
standard for solid biofuels in the form of briquettes, the bri-
quettes must have a density value of at least 500 kgm− 3 [75]. 
A high briquette density is advantageous for transportation 
as it enhances structural integrity, reducing the risk of frag-
mentation during handling and storage [75]. Except for BCP 
(9/1), all briquettes would also satisfy this requirement. Fur-
thermore, besides binder type and concentration, the other 
factors that affect mechanical properties of the briquettes 
are process variables like the die diameter, die temperature, 
pressure, and pre-heating of the biomass mix [17]. These 
variations introduce challenges in making direct compari-
sons between the mechanical properties of the nanocompos-
ite briquettes and those reported in the literature.

Conclusion

A novel biochar briquette with a CNC/PVA nanocompos-
ite binder, developed at varying biochar/binder ratios, is 
reported in this study. The moisture content, volatile mat-
ter content, and fixed carbon content of the briquettes 
increased as the amount of binder was increased, thereby 
agreeing with previous information obtained in literature on 
other briquettes. The elemental analysis also shows that the 
principal components of all the nanocomposite briquettes 
prepared and characterized in this study were carbon and 
oxygen. The BCP (7/3) nanocomposite briquette displayed 
the highest thermal stability, least char residue, and high-
est compressive strength of 11 MPa. All the nanocomposite 
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should be investigated for optimum conditions before scale-
up studies are carried out. Since the commercial viability of 
this process and the product obtained thereof depends on the 
comprehensive economic assessment of the process and the 
product (i.e. CNC synthesis from biomass and the produc-
tion of the biopolymer-based briquette), it is recommended 
that a comprehensive economic feasibility study be carried 
out.

briquettes met the required minimum compressive strength 
for commercial charcoal, hence they can be stored and 
transported without fragmentation. The maximum heating 
value was recorded for the BCP (9/1) nanocomposite bri-
quette at 27 MJ/kg, while BCP (8/2) and BCP (7/3) were not 
dissimilar with 26 MJ/kg. Additionally, the three nanocom-
posites satisfied all the criteria for the combustion indices; 
BCP (9/1), BCP (8/2), and BCP (7/3).

The nanocomposite briquettes developed in this study 
have a very low ash content in comparison to previously 
reported briquettes from agricultural residues that utilized 
organic or inorganic binders as seen in Table  2. Conse-
quently, there is an opportunity to produce biomass fuels 
of high quality that utilize CNC/PVA nanocomposites as a 
binder for household and industrial applications. The major-
ity of the briquettes satisfied the global and regional stan-
dards for carbonized briquette, especially BCP (7/3) which 
satisfied all these standards. However, scale-up studies of 
this process depend on an in-depth understanding of the 
influence of parameters such as pyrolysis temperature and 
time, compaction pressure, and extrusion method on the 
yield and quality of the produced briquette. These factors 

Table 10  Kinetic parameters for nanocomposite fuels at different heating rates
Heating 
rate

20°Cmin− 1 10°Cmin− 1 5°Cmin− 1 Refer-
ence

Combustion stage E, 
kJmol− 1

A, min− 1 R2 E, 
kJmol− 1

A, min− 1 R2 E, 
kJmol− 1

A, min− 1 R2 This 
study

BCP (9/1) Stage 1* 35.55 6.49 × 10− 5 1 14.82 4.28 × 10− 4 0.9699 13.77 3.75 × 10− 4 0.9690
Stage 2* 11.72 2.66 × 10− 3 1 9.44 4.49 × 10− 3 0.9566 44.90 1.01 × 10− 5 0.9654
Stage 3* - - - - - - 6.74 8.07 × 10− 3 0.9920

BCP (8/2) Stage 1 29.65 1.14 × 10− 4 1 17.09 3.47 × 10− 4 0.9618 15.24 1.75 × 10− 4 0.9645
Stage 2 9.18 4.37 × 10− 3 1 11.12 3.35 × 10− 3 1 53.09 1.56 × 10− 6 0.9569
Stage 3 - - - - - - 6.64 7.48 × 10− 3 0.9963

BCP (7/3) Stage 1 22.38 2.13 × 10− 4 0.9723 16.55 3.60 × 10− 4 0.9722 13.30 4.10 × 10− 4 0.9673
Stage 2 8.92 4.71 × 10− 3 1 7.04 8.16 × 10− 3 0.9955 52.46 3.51 × 10− 6 0.9615
Stage 3 - - - - - - 6.67 9.05 × 10− 3 0.9943

BCP (6/4) Stage 1 18.91 2.42 × 10− 4 0.9886 19.53 1.73 × 10− 4 0.9643 15.47 2.61 × 10− 4 0.9824
Stage 2 14.28 9.78 × 10− 4 0.9920 7.84 6.79 × 10− 3 0.9946 57.04 1.13 × 10− 6 0.9544
Stage 3 - - - - - - 6.80 8.47 × 10− 3 0.9909

BCP (5/5) Stage 1 35.30 7.80 × 10− 5 0.9345 23.91 1.63 × 10− 4 0.9793 15.27 3.27 × 10− 4 0.9809
Stage 2 8.58 5.21 × 10− 3 1 8.15 6.64 × 10− 3 0.9860 64.95 1.96 × 10− 7 0.9801
Stage 3 - - - - - - 6.79 7.58 × 10− 3 0.9899

Raw Coal 91.39 [39]
Biochar 
blend 
(20% 
biochar 
and 80% 
coal)

Stage 1
Stage 2

25.34
29.68

0.9934
0.9947

[107]

Hydrochar 
from sew-
age sludge 
at 320 °C

Stage 1(150–260 °C)
Stage 2 (300–550 °C)

28.98
32.60

14.50
22.70

[108]

*Approximate temperature ranges for different combustion stages: Stage 1 (290–550 °C), Stage 2 (550–750 °C), Stage 3 (750 °C -1240 °Cª)
ª extrapolated beyond experimental range of 950 °C
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Fig. 6  Fitted lines for Arrhenius curves for nanocomposite fuels at different heating rates (a) 20 °Cmin-1(b)10°Cmin-1 (c)5°Cmin-1 (d)illustration 
of data fitting</fig>
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