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Abstract

The main source of fuel for domestic cooking applications in Sub-Saharan Africa is either locally available firewood spe-
cies or charcoal produced by slow pyrolysis of these species. However, very few studies exist that characterize and quantify
physical properties, burning rates, peak temperatures, and calorific values of typical firewood species and resulting charcoal
fuels produced by slow pyrolysis. This study evaluated the mechanical and thermal properties of firewood and charcoal
from five tree species namely: Dichrostachys cinerea, Morus Lactea, Piliostigma thonningii, Combretum molle, and Albizia
grandibracteata. Characterization was done by scanning electron microscopy, thermogravimetric analysis, bomb calorim-
etry, Fourier transform infrared spectroscopy, bulk density measurements, and durability, water boiling and absorption tests.
SEM images showed the development of macropores on charcoal after slow pyrolysis. Peak temperatures during firewood
and charcoal combustion ranged between 515.5-621.8 °C and 741.6-785.9 °C, respectively. Maximum flame temperatures
ranged between 786.9-870.8 °C for firewood and 634.4-737.3 °C for charcoal. Bulk densities and calorific values of char-
coal species were higher than those for firewood species. Drop strengths for firewood were all 100% while for charcoal were
between 93.7 and 100%. Water boiling tests indicated that firewood fuel performed better that charcoal fuel for low amounts
of water due to higher maximum flame temperatures obtained during combustion of firewood.

Keywords Charcoal - Firewood - Maximum Flame Temperature - Peak Temperatures - Pyrolysis - Thermogravimetric
analysis

1 Introduction In sub-Saharan Africa, cooking fuels are mainly domi-

nated by firewood in rural areas and charcoal in urban areas

Energy is an essential element of economic and societal
growth. Energy from biomass has significant potential to
have an impact on the developmental challenges of rural
poverty and environmental degradation [1-3]. Biomass pro-
vides about 12-15% of global energy needs [4]. In devel-
oping nations, biomass is the main energy source for over
80% of the population [5]. Over 3 billion people rely on
the traditional use of solid biomass for cooking and heating
purposes [6, 7].
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[8, 9]. For example, in Uganda, firewood and charcoal
production contribute 70.9% of all the forestry activities
[10]. Firewood (31.0%—Urban; 85.2% —Rural) and charcoal
(58.2%—Urban; 11.8%—Rural) dominate as fuels for domestic
cooking applications [11]. Uganda’s forest cover is approxi-
mately 2 million hectares, which is estimated at 8.1% of the
country’s total land area [10]. Daily consumption of fire-
wood and charcoal stands at 40,500 and 5000 metric tons,
respectively [12].

Firewood and charcoal are a major source of income for
households in sub-Saharan Africa [13, 14]. The contribution
of firewood and charcoal to Uganda’s annual Gross Domes-
tic Product (GDP) is around US$ 48 million and US$ 26.8
million, respectively [10-12]. However, this value is limited
by the insufficiency in data on firewood and charcoal produc-
tion. Additionally, limited data availability on properties of
particular firewood species and resulting charcoal produced
negatively affects forest and energy management policy
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because knowledge of specific properties can guide policy
on which tree species should be grown and harvested for
quality firewood and/or charcoal production [12].
Firewood is a porous and fibrous structural tissue
obtained from naturally occurring trees. Charcoal is pro-
duced from firewood through slow pyrolysis/carbonization
[15]. Slow pyrolysis produces a dark residue consisting of
carbon (charcoal) and any remaining ash by the slow process
of heating firewood in the absence of oxygen [16]. Despite
existing knowledge on the thermal conversion of firewood
to charcoal by slow pyrolysis, very few studies exist on the
properties of local firewood species and resulting charcoal
produced [17]. Therefore, the purpose of this study was to
perform a comparative analysis of physical, thermal and
mechanical properties of five typical local firewood species
and resulting charcoal produced from their slow pyrolysis.

2 Materials and methods
2.1 Materials

Firewood from five local commonly used tree species were
collected from Luwero District in Central Uganda. Luwero
District is located at latitude 0.83°, longitude 32.50° and
approximately 75 km from Kampala City. The firewood
species collected included: Dichrostachys cinerea (Sickle
bush/Kalema Njovu/Muwanika), Morus Lactea (African
Mulbery/Mukooge), Piliostigma thonningii (Camel’s foot/
Mugaali), Combretum molle (Velvet bush willow/Ndagi),
and Albizia grandibracteata (Large-leaved Albizia/Nongo).

Fig. 1 Firewood (a); firewood
piling (b); slow pyrolysis of
firewood (c); and, developed
charcoal (d)

Firewood species used in this study were obtained from
woodlands in central Uganda, which are characterized by
moist and dry savanna lands interspersed with bushland and
grassland. These woodlands have remained a main source
of charcoal for Kampala city given their proximity to the
city [13, 18-22].

2.2 Traditional Earth mound “Kasisira” slow
pyrolysis thermo-conversion processing

Twenty kilogram portions from each of the collected spe-
cies was used to make charcoal. Firewood from each tree
species were each assembled separately using the “kasisira”
method. In this method, firewood is lumped together and
then covered with branches and dry leaves for easy ignition
before applying layers of damp soil to retain heat during
slow pyrolysis (see Fig. 1). Ignited fuel was applied at the
top to initiate the slow pyrolysis process [13]. Charcoal for-
mation during pyrolysis is confirmed by reduced smoke and
water vapor at the top of the kilns during carbonization of
firewood. Slow pyrolysis for firewood carbonization in this
study took 48 h.

2.3 Characterization
2.3.1 Scanning Electron Microscopy
Surface morphology and structural changes of the local fire-

wood species and resulting charcoal produced by slow pyrol-
ysis were examined using a Scanning Electron Microscope

Logs piled in the
kasasira method

Dry plant material
to prevent erosion
of damp soil

Ropes to hold dry
plant materials
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(SEM) (Vega 3 Tescan). An acceleration voltage of 5 kV was
used for all image observations.

2.3.2 Thermogravimetric Analysis (TGA)

An Eltra Thermostep non isothermal Thermogravimet-
ric analyzer, Haan, Germany, was used to obtain physical
properties including moisture content, ash content, fixed car-
bon, and volatile matter of the specific firewood species and
charcoal produced by slow pyrolysis of the firewood species
[23]. TGA experiments were carried out from room tempera-
ture to 920 °C with a heating rate of 16 °C/min. High-purity
compressed air (Oxygen:Nitrogen=21:79,>99.99%) was
used for cleaning the crucibles and chamber prior to TGA
experimentation. Nitrogen gas was used as the purge gas
for pyrolysis experimentation. The flow rate was maintained
at 1 L/min and the sample masses averaged around 1.2 g.
Thermogravimetric analysis was used to determine weight
loss of the firewood and charcoal samples with increase in
temperature [24, 25]. TGA also provided combustion char-
acteristics in terms of differential thermogravimetry (DTG),
burning rates and peak temperatures, char residues and mean
reactivity of the firewood and charcoal samples. Burning
rates were calculated as a ratio of weight change to time
taken for the weight to change [26].

2.3.3 Water boiling test

A water boiling test was done in order to evaluate the perfor-
mance of the specific firewood species and resulting charcoal
produced during combustion based on the total time taken
to boil 1 L of water on local improved stove using 200 g of
fuel [17, 27]. The flame after boiling the water was observed
and the maximum attainable temperature of the samples at
this point was recorded using a DT-8865 noncontact infra-
red thermometer gun (Dual laser up to 1000 °C; 30:1 D/S
ratio) [28].

2.3.4 Calorific value

Calorific values of specific firewood species and resulting
charcoal produced after slow pyrolysis carbonization were
determined using an IKA C2000 Oxygen bomb calorimeter
[27]. Firewood and charcoal samples were compressed into
small blocks weighing about 0.8 g. The measured blocks
were fed into the bomb with a wick for transferring flame.
Combustion was initiated using pure oxygen (99.95%) at
about 30 bars. The blocks ignited electrically within the
ignition device and the increase in temperature of the water
in the inner vessel of the bomb calorimeter was measured
resulting into determination of the calorific values [24].

2.3.5 Fourier Transform Infrared (FTIR) spectroscopy

The FTIR spectra for each firewood species and resulting
charcoal samples produced were collected in the range of
4000 to 400 cm™! using a Jasco FT/IR-6600 type A machine.
The resolution was 4 cm™'. Scanning speed was 2 mm/sec.
Firewood and charcoal samples were ground to obtain very
fine powders using a mortar and pestle. The aim of this test
is to identify functional groups in the firewood and charcoal
based on FTIR spectra [23].

2.3.6 Bulk density determination

Bulk density of specific firewood species and resulting char-
coal produced by slow pyrolysis were determined using a
mass and volume ratio analysis. The ratio of mass of a uni-
fied material rigidly compressed to the volume of a standard
cylinder whose volume is known was used [24, 29].

2.3.7 Durability tests

Drop test method was used to determine the compaction
integrity of the firewood and charcoal. Firewood and char-
coal samples were elevated up to 2 m and then dropped onto
a thick steel plate. The ratio of the weight after dropping
to the weight before dropping was recorded as the drop
strength. Axial compression test involved crushing firewood
samples placed between flat surfaces of a Universal testing
machine (10 mm/min test speed), until its structure failed.
Drop and compressive strengths are a measure of the extent
to which biomass fuels retain their form during packaging,
storage and transportation [27, 28, 30].

2.3.8 Water absorption tests

Samples of firewood and charcoal were each soaked in 10
L of water at room temperature for a period between 1 and
5 days. Their weight was measured prior to and after immer-
sion in water. Water absorption was obtained as a percentage
of weight increase to the original weight [31].

3 Results and discussion
3.1 Surface morphology

SEM images for local firewood species are shown in
Fig. 2(a-e). SEM images after slow pyrolysis to produce
charcoal from the local firewood species are shown in
Fig. 2(f-j). The fibrous nature of local firewood species can
be clearly seen prior to pyrolysis taking place [32]. Slow
pyrolysis process damages the original surface and alters
the structure of the local firewood species. The produced
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Fig.2 SEM images for firewood species (a-e) and charcoal (f-j) produced from each firewood species after slow pyrolysis. Dichrostachys
Cinerea (a,f); Morus Lactea (b,g); Piliostigma Thonningii (c,h); Combretum Molle (d,i); and, Albizia gradibracteata (e,j)

charcoal is characterized by the presence of macropores of
different diameters specific to actual firewood species. These
macropores are generated as a result of devolatilization
resulting in the formation of a structured carbon network and
rudimentary pore structure [32, 33]. Highest pore density
was observed for charcoal produced from the slow pyrolysis
of Dichrostachys Cinerea firewood species. Charcoal pro-
duced from slow pyrolysis of Morus Lactea firewood spe-
cies showed the lowest pore density with larger rectangular
carbon networks observed.

3.2 Physical properties
Physical properties including moisture content, volatile

matter, ash content, and fixed carbon for each firewood
species and resulting charcoal produced by slow pyrolysis

are shown in Table 1. Moisture contents for firewood and
resulting charcoal produced ranged between 16.6 — 41.3%
and 5.8 — 8.9%, respectively. Morus Lactea firewood species
had the highest moisture content. Interestingly after slow
pyrolysis to produce charcoal Morus Lactea had the low-
est moisture content. The least moisture content among the
firewood species of 16.6% was obtained in Dichrostachys
cinerea species while the highest charcoal moisture content
of 8.9% was obtained after slow pyrolysis of Piliostigma
thonningii firewood species. Similar results of moisture con-
tent for charcoal were obtained by Brisefio-Uribe et al., 2016
(4.9 —9.7%) and Junior et al., 2020 (8.5%) [34, 35]. Moisture
content is an extremely important property because it has
a direct effect on the burning characteristics and calorific
values of biomass fuels since high moisture content in fire-
wood implies more energy is used in latent evaporation of

Table 1 Physical properties of specific firewood species and resulting charcoal produced by slow pyrolysis (as received basis)

Biomass Condition Moisture content (%) Volatile matter (%) Ash content (%) Fixed carbon (%)
Dichrostachys cinerea Firewood 16.57+0.03 62.49+3.31 0.60+0.00 20.34+3.35
Charcoal 7.87+0.24 13.97+4.13 22.06+0.75 56.11+3.14
Morus Lactea Firewood 41.33+1.83 45.74+1.42 0.86+0.20 12.07+0.21
Charcoal 5.78+0.35 16.87+0.10 4.62+1.89 72.73+1.14
Piliostigma thonningii Firewood 18.12+0.19 63.45+0.21 1.03+0.31 17.40+0.71
Charcoal 8.93+0.61 9.80+3.16 28.25+11.79 53.02+8.02
Combretum molle Firewood 17.61+0.09 63.93+0.38 1.15+0.03 17.30+0.50
Charcoal 7.65+0.02 15.05+0.65 3.16x0.07 74.14+0.69
Albizia grandibracteata Firewood 25.89+1.25 58.05+1.77 1.06 £0.28 15.00+0.24
Charcoal 7.01+2.35 11.34+1.31 7.42+0.31 74.23+1.36
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water prior to actual fuel combustion for energy production
[36, 37]. The moisture content results for charcoal produced
from all firewood species except for Piliostigma thonningii
firewood species conform to European standard EN 1860-20
which states that ash content should not exceed 8% (EN
1860-2) [38]

Volatile matter ranged between 45.7 — 63.9% and 9.8
- 16.9% for firewood and resulting charcoal produced,
respectively. Charcoal has less volatile matter than firewood
as most of the volatiles are given off during pyrolysis of
firewood to form charcoal [34, 37]. Dichrostachys cinerea
firewood and charcoal had the highest and lowest volatile
matter composition, respectively. Similarly, Morus Lactea
firewood and resulting charcoal produced had the lowest and
highest volatile matter contents, respectively. These results
are supported by the SEM results shown in Fig. 2, which
showed higher macropore density due to devolatilization
for Dichrostachys cinerea charcoal and lowest macropore
density for Morus Lactea charcoal. Findings for volatiles
obtained in this study are within the range obtained by
Brisefio-Uribe et al., 2016 for charcoal (3.2 — 35%) [35].
Volatiles are released between 190 ° C and 450 ° C dur-
ing slow pyrolysis due to the presence of hemicellulose,
cellulose, and lignin in the biomass biochemical structure
[39-41]. Low volatile matter compositions for charcoal
imply cleaner combustion process with lower smoke emis-
sions and low tar residues produced during domestic cook-
ing applications. This has a positive health dimension [35,
37]. However, higher volatiles enhance fuel ignitability and
combustion due to increased chemical reactivity [28, 36].

Ash contents of specific firewood species and the result-
ing charcoal produced ranged between 0.6 — 1.2% and
3.2 — 28.3%, respectively. Dichrostachys cinerea firewood
yielded the least ash content (0.6%) while the highest ash
(1.15%) was realized in Combretum molle species. Mean-
while, for resulting charcoal produced by slow pyrolysis
of the firewood species, Piliostigma thonningii and Com-
bretum molle species had the highest and lowest ash con-
tents, respectively. Generally, firewood had lower ash con-
tents compared to charcoal. Ash content values in this study
are similar to those obtained by Ruiz-Aquino et al., 2015,
for firewood (0.30-1.00%) but much lower than ash for the
charcoal used in the same study (1.0-2.7%) [37]. Mitchual
et al., 2014, reported ash contents ranging between 0.61 and
5.04% for firewood [42]. Brisefio-Uribe et al., 2016 obtained
lower ash contents for charcoal (2.0-8.2%) [35]. Janior et al.,
2020 reported lower ash contents (6.6%) for charcoal [34].

Higher ash contents in charcoal compared to firewood
are due to water and volatile matter releases as pyrolysis
takes place, leaving a large part of the ash in the solid fuel,
which implies that ash content must inevitably increase
with increasing temperature and carbonization duration
[43]. Experimental studies on torrefaction of Dichrostachys

cinerea wood showed that ash content increased from 6.81%
to 7.81% when torrefaction time and temperature increased
from 60 min and 250 °C to 120 min and 290 °C, which
implies that higher ash content results should be expected
in kilns where slow pyrolysis duration and temperature are
increased [44]. For charcoal produced from Dichrostachys
cinerea and Piliostigma thonningii species, the effect of
higher charring temperature and the fact that slow pyrolysis
duration of 48 h was considered affected their morphologi-
cal characteristics where cell-wall thinning and volumetric
shrinkage were observed as shown in Fig. 2(f) and (g) [45].
Additionally, Dichrostachys cinerea grows in low quality
clay or sandy soils and is known to have higher ash content
when compared to other types of woody biomass [46]. Ash
content for charcoal produced from Dichrostachys cinerea
and Piliostigma thonningii firewood species are higher than
the limit of 8% in the European standard EN 1860-2 [38].
Ash content significantly influences the rate at which heat
is transferred to the surface of a given fuel as well as the
diffusion of oxygen to the fuel surface during char combus-
tion [47]. Therefore, high ash content leads to reductions in
calorific values of biomass fuels, which is disadvantageous
for heating and domestic cooking applications [27, 28].

Results from Table 1 generally indicate that firewood had
lower fixed carbon compositions than charcoal. The com-
positions ranged between 12.1-20.3% and 53.0-74.2% for
firewood and charcoal, respectively. Among the firewood
species, Morus Lactea had the least fixed carbon composi-
tion (12.1%), followed by Albizia grandibracteata (15.0%),
Combretum molle (17.3%), Piliostigma thonningii (17.4%),
and Dichrostachys cinerea had the highest fixed carbon com-
position (20.3%). Slow pyrolysis process reduced the amount
of water and volatiles in the firewood resulting in an increase
in the fixed carbon content in the developed charcoal [43];
Maximum fixed carbon in charcoal was obtained in Albizia
grandibracteata species while least fixed carbon composi-
tions in charcoal were obtained in Piliostigma thonningii
species. The high fixed carbon content in charcoal compared
to firewood is a direct result of the devolatilization process
during pyrolysis and hence the decrease in volatiles [43].
Fixed carbon is directly related to calorific value as higher
fixed carbons in biomass fuels have been noted to indicate
higher calorific values [9]. This is because fixed carbon
decreases the residence stage until combustion is completed.
Therefore, as volatile matter increases, the percentage of
fixed carbon decreases and vice versa [48].

3.3 Thermal properties
3.3.1 Weight loss and DTG

Thermograms for weight loss and DTG results for firewood
and charcoal are shown in Fig. 3. Figure 3a shows the weight
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Fig.3 TG (a,c) and DTG (b,d) thermograms for specific firewood species (a,b) and charcoal species (c,d)

loss behavior for firewood resulting from increasing the tem-
perature between room temperature and 1000 °C. Weight
loss is maintained from combustion at room temperature
to about 104 °C, followed by undergoing a major weight
loss at about 105 °C. This weight loss occurred due to the
evaporation of moisture from the firewood species. After this
temperature, the weight remains almost constant up to about
300 °C, where the thermal decomposition of the chemical
components in firewood begins. Exothermic reactions start,
and combustion occurs in parts where hydrocarbons with a
low boiling point are exposed [35, 49]. Burning of the fire-
wood intensifies in the range of 300—600 °C and continues
to approximately 800 °C but at lower intensity. When the
temperature rises above 800 °C, lignin decomposes, and the
remaining weight percentage is mainly composed of resi-
dues, including, ash, tars, and fixed carbon [9].

DTG curves show two characteristic stages of thermal
decomposition of firewood during combustion (see Fig. 3b).
At 105 °C, a major decomposition rate is observed, fol-
lowed by increases in weight degradation with time. DTG
thermograms show the decomposition maximums in sin-
gle peaks owing to the degradation of cellulose [50]. The
point of highest intensity corresponds to peak temperature at
which the respective reaction occurs most dominantly. Peak
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temperatures for firewood species ranged between 515.4 °C
and 621.7 °C with Combretum molle firewood and Dichros-
tachys cinerea firewood species achieving the lowest and
highest peaks, respectively. After the peak temperatures of
the different firewood species are reached, decomposition
proceeds at a more pronounced manner until 800 °C shown
by the steep increase in DTG after the peak temperature
(see Fig. 3b). Between 800 °C and about 920 °C, change in
weight with time is minimal owing to the high molecular
weight structure of lignin which accounts for about 30% of
firewood that is decomposed off at high temperatures [51].
TGA graphs for charcoal produced by slow pyrolysis for
each firewood species are shown in Fig. 3c. Unlike results
for firewood species shown in Fig. 3a, charcoal degrades
through two main stages. Weight loss is maintained from
combustion at room temperature to about 104 °C, followed
by a major weight loss at about 105 °C. Loss in weight at this
temperature is more pronounced in Piliostigma thonningii
charcoal species at 8.9% and least pronounced in Morus Lac-
tea charcoal species (5.8%). These steep losses are explained
by the moisture contents of the respective charcoal species.
Piliostigma thonningii has the highest moisture content and
Morus Lactea has the lowest moisture content (See Table 1).
After 105 °C, the weight remains almost constant up to about
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400 °C, where the thermal decomposition of the chemical
components in charcoal begins. Burning of charcoal intensi-
fies in the range of 400-920 °C at which char residues are
left. These char residues range between 78.1% and 82.9%
with Morus Lactea charcoal and Albizia grandibracteata
charcoal having the least and most char residues, respec-
tively. Char residues for charcoal are higher than for fire-
wood species because of the higher fixed carbon composi-
tions in the pyrolyzed charcoal produced (see Table 1).

Figure 3d shows DTG curves for the charcoal species.
There are two main degradation peaks corresponding to
thermal decomposition of charcoal during combustion. The
first peak exists between 104 and 105 °C where between
17.0% and 25.9% of the original weight in the charcoal spe-
cies is lost due to moisture loss. At this temperature range,
a maximum decrease in weight per unit time is observed
in Piliostigma thonningii charcoal species (0.35%/min)
at 104.1 °C. After this temperature range, low changes in
weight per unit time are noticed. Peak temperatures occur
at a second peak owing to the devolatilization of cellulose
materials [52]. Such a two peak behavior is common among
materials with a high carbon content [53]. Peak temperatures
for charcoal species ranged between 741.6 °C and 785.9 °C
with Dichrostachys cinerea and Piliostigma thonningii
charcoal species achieving the lowest and highest peaks
respectively. After the peak temperatures of the different
charcoal species are reached, the change in weight as time
increases starts to rise until the final decomposition tem-
perature (920 °C).

3.3.2 Burning rates

Burning rates for firewood are shown in Fig. 4a. Burning
rates increased from the beginning of the test, maintained
high levels until 50—75 min (depending on the firewood spe-
cies), and then decreased until about 185 min. After this
time, very sharp increases were noted until each charcoal
species reached a maximum burning rate value. Highest
burning rate during combustion of firewood at this stage was
in Dichrostachys cinerea species at 191.8 min (0.014959 g/
min). Because of its highest burning, Dichrostachys
cinerea obtained the highest peak temperature of 621.8 °C
(see Table 2). Piliostigma thonningii species had a lower
increase, reaching 0.007398 g/min at 194.1 min.

For charcoal species, burning rate peaks were noted in
the first 18 min. Increased burning rates proceeded after
that until 37-49 min depending on the charcoal species.
At 37 min, burning rate of 0.001348 g/min was obtained
in Morus Lactea charcoal while at 49 min, burning rate
of 0.002766 g/min was obtained in Piliostigma thonningii
charcoal. After this, burning rates decreased to minimum
values at 181.0, 109.8, 176.6, 174.4, and 111.2 min for
Dichrostachys cinerea (0.000594 g/min), Morus Lactea

(0.000676 g/min), Piliostigma thonningii (0.001046 g/min),
Combretum molle (0.000406 g/min), and Albizia grandi-
bracteata (0.00086 g/min) charcoal, respectively. Morus
Lactea and Albizia grandibracteata charcoal burning rates
reached minimum values earlier than other species. This can
be attributed to the fact that they have the lowest moisture
contents (5.78% for Morus Lactea and 7.01% for Albizia
grandibracteata) (see Table 1).

3.3.3 Peak temperatures

Peak temperatures of firewood and charcoal ranged between
515.5-621.8 °C and 741.6-785.9 °C, respectively (see
Table 2). Among the firewood species, Combretum molle
had the lowest peak temperature (515.5 °C), followed by
Albizia grandibracteata (540.9 °C), Piliostigma thonningii
(554.4 °C), Morus Lactea (570.22 °C) while Dichrostachys
cinerea had the highest peak temperature (621.75 °C). For
charcoal species, the lowest peak temperature was realized in
Dichrostachys cinerea (741.6 °C), followed by Morus Lac-
tea (755.57 °C), Combretum molle (780.5 °C) and Albizia
grandibracteata (785.7 °C). Piliostigma thonningii charcoal
had the highest peak temperature (785.9 °C). Similarity in
peak temperatures of Albizia grandibracteata charcoal and
Piliostigma thonningii charcoal is possibly due to the very
minimal variation in their char residues. Firewood species
had lower peak temperatures compared to the resulting char-
coal produced after slow pyrolysis of the specific firewood
species. Lower peak temperatures in the firewood species
were due to the fact that firewood burns for less time com-
pared to charcoal implying a lesser aggressive carboniza-
tion process with limited removal of volatile matter and sec-
ondary reactions between the solid and the gases in vapor
phase [54]. Additionally, increased porosity is related to an
increase in peak temperature due to higher extraction of
volatiles [55].

3.3.4 Boiling characteristics

The time taken to boil 1 L of water ranged between 5—-6 min
for firewood and 8-10 min for charcoal (See Table 2).
Among the firewood species, Morus Lactea and Piliostigma
thonningii took the least time to boil 1 L of water (5 min)
while Dichrostachys cinerea, Combretum molle and Albi-
zia grandibracteata each took 6 min. For charcoal spe-
cies, Morus Lactea took 8 min, followed by Piliostigma
thonningii and Combretum molle (9 min). Dichrostachys
cinerea and Albizia grandibracteata charcoal species each
took the most time to boil 1 L of water (10 min). Time dif-
ferences between the firewood and charcoal species was
attributed to the significant differences in their physical
property characteristics (see Table 1). Firewood took less
time because it has less ash compositions. Low boiling
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Fig.4 Burning acceleration for
(a) specific firewood species,
and, (b) charcoal produced after
slow pyrolysis of these firewood
species
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times are explained by high volatile matter compositions
in non-carbonized fuels (firewood species) compared to
the carbonized fuels (charcoal species) [17, 28]. Maximum
flame temperatures reached during the water boiling ranged
between 786.9-870.8 °C for firewood and 634.4-737.3 °C
for the resulting charcoal produced (see Table 2). Firewood
as an energy fuel boiled water in less time than charcoal
because maximum flame temperatures reached were higher
for firewood than charcoal. Charcoal has higher peak tem-
peratures, and therefore, it takes a longer time to get to the

@ Springer

point of maximum weight loss and this delays the time at
which maximum flame temperature can be given off during
combustion (see Table 2).

3.3.5 Calorific values for firewood species and produced
charcoal

Calorific values ranged between 11.3-16.7 MJ/kg and
28.1-30 MJ/kg for specific firewood species and char-
coal produced by slow pyrolysis of each specific firewood
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TaPIe 2_ Burning cha.‘ractf:r i‘StiCS Biomass Type Peak temper- Maximum attainable Calorific Boiling
of 5pegﬁc firewood species and atures (°C)  flame temperatures (°C) Value (MJ/  time (min-
resulting charcoal produced by
. kg) utes)
slow pyrolysis
Dichrostachys cinerea Firewood 621.75 800.8 16.71 6
Charcoal  741.64 737.3 28.10 10
Morus Lactea Firewood 570.22 870.8 11.27 5
Charcoal  755.57 634.4 28.61 8
Piliostigma thonningii Firewood 554.38 876.0 15.89 5
Charcoal  785.93 677.7 28.99 9
Combretum molle Firewood 515.46 786.9 15.61 6
Charcoal  780.47 686.0 28.88 9
Albizia grandibracteata  Firewood — 540.87 798.8 15.13 6
Charcoal  785.69 690.8 28.35 10

species, respectively (see Table 2). Among the firewood spe-
cies, Morus Lactea had the lowest calorific value (11.3 MJ/
kg), followed by Albizia grandibracteata (15.1 MI/kg),
Combretum molle (15.6 MI/kg), Piliostigma thonningii
(15.9 MJ/kg) while Dichrostachys cinerea had the high-
est calorific value (16.7 MJ/kg). For charcoal species, the
lowest calorific value was observed for Dichrostachys
cinerea (28.1 MJ/kg), followed by Albizia grandibracteata
(28.4 MJ/kg), Morus Lactea (28.6 MJ/kg) and Combretum
molle (28.9 MJ/kg). Piliostigma thonningii charcoal had the
highest calorific value (30 MJ/kg). The calorific values of
charcoal obtained in this study are slightly lower than those
obtained by Ruiz-Aquino et al., 2015, (32.00-33.30 MJ/kg),
but within the range reported by Brisefio-Uribe et al., 2016,
(26.5-31.4 MJ/kg) [35, 37]. Charcoal achieved higher calo-
rific values than firewood because charcoal contains more
fixed carbon than firewood as a result of the carbonization
process where moisture and volatile matter are expelled from
the firewood by the thermo-chemical carbonization process
during slow pyrolysis. Fixed carbon is known to have a
direct relationship with calorific value [9, 30, 43]. Calorific
value also gives an indication of the amount of heat and the
potential value of electricity that can be produced by the
biomass fuel [56, 57].

3.4 FTIR analysis

FTIR spectra shown in Fig. 5a and b show that the underly-
ing chemical structure of the firewood species and charcoal
produced by slow pyrolysis of these species is very simi-
lar as spectrograms do not show significant differences as
the tree species used for producing charcoal are the same
firewood species. Different studies have also shown similar
spectra for firewood species and charcoal [23, 58]. Bands
observed between 3900 and 3500 cm™ are associated with
O —H vibrations in hydroxyl groups due to the presence of
phenolic groups [59]. At this wavelength interval, moisture

content could take part in the formation of hydrogen bonds
[60]. The O —H stretching band presents similar shape and
intensity between the firewood species (see Fig. 5a) as well
as between charcoal species (see Fig. 5b). The weak peak at
around 2920 cm™! is assigned to the stretching vibration of
aliphatic C —H, which suggests the presence of cellulose and
hemicellulose components in the bio-chemical structure [61,
62]. Characteristic transmittance bands at 1900-2400 cm™!
are due to CO, [63]. The peak at around 1505 cm™! corre-
sponds to aromatic C=C bond stretching in lignin. The peak
at around 1000 cm™' represents the C—O—C stretching in
ether bonds of lignin [64]. The peak obtained at wavelengths
below 500 cm™' suggested the C-X stretching vibration of
Halocarbon compounds [63].

3.5 Mechanical properties
3.5.1 Bulk density results

Bulk density of specific firewood species and charcoal pro-
duced by slow pyrolysis ranged from 481 to 537.6 kg/m*
and 615.5 to 707.4 kg/m?, respectively (see Fig. 6a). Since
the firewood species had relatively high bulk densities, it
is not surprising that the charcoal obtained from these fire-
wood species had even higher bulk densities [35, 37, 55].
Densities reported for wood are in line with average values
of 500 kg/m? reported as the minimum value for charcoal
production. The minimum bulk density for good quality
charcoal has been reported as 400 kg/m?, which implies
that all of the charcoal produced in this study qualifies as
a quality charcoal according to that criterion [65, 66]. The
higher densities for charcoal are attributed to the effect of
temperature and compression during the pyrolysis process.
Somerville and Jahanshahi (2015) reported apparent den-
sities of charcoal of about 1000 kg/m? at 0.5 MPa between
400 and 600 °C as a result of an increase in charcoal poros-
ity at higher pyrolysis temperatures for Australian eucalypt
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Fig.5 FTIR spectra for (a)
specific firewood species (b)
charcoal produced by slow
pyrolysis of these species
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wood [67]. Combretum molle had the highest bulk density
among the firewood species while charcoal produced by
slow pyrolysis of Piliostigma thonningii firewood species
had the highest bulk density among the charcoal variants

@ Springer

in the study, further suggesting its higher likelihood of
having higher energy per unit volume [68]. During slow
pyrolysis of firewood, most of the voids escape from the
structure of firewood as volatiles creating a brittle network
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Fig.6 Bulk density (a) and

drop strengths (b) for specific
firewood species and charcoal 800
produced by slow pyrolysis of (a)
these species
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of macropores (see Fig. 2). Bulk density of a fuel is impor-  3.5.2 Drop strength and compressive strength

tant for domestic cooking or heating purposes. Denser

fuels are more desired because they burn for longer times, =~ Drop strength results for firewood and charcoal are shown in
therefore reducing the amount of fuel used for domestic ~ Fig. 6b. The drop strengths of firewood were all 100% while
cooking or heating purposes [68, 69]. drop strengths for charcoal ranged between 93.7% and 100%.
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Compressive strengths for firewood species ranged between
4.1 and 21.3 MPa (see Table 3). Higher compressive strength
and drop strength results are advantageous for transportation
and storage of biomass fuels [27, 28, 35]. These compressive
strength results are related to bulk density results for these
firewood species [70]. Stress—strain curves showed longer
linear elasticity for Dichrostachys cinerea, followed by Com-
bretum molle, Piliostigma thonningii, Albizia grandibrac-
teata and finally, Morus Lactea (see Fig. 7). Bulk density
of wood has a positively correlation with its compressive
strength [71]. These results also indicate that weight loss
is also correlated with compressive strength (see Fig. 3).
Dichrostachys cinerea firewood had a recorded weight loss
of (78.2%) while Morus Lactea had the highest weight loss
(86.2%).

3.6 Water absorption results

As shown in Fig. 8a, the water absorption of firewood spe-
cies increased with increase in immersion time. Highest
water absorption rates were observed within the first 24 h
of immersion where between 17.7% and 32.86% increases
were recorded. Increases were lowest in the Dichrostachys
cinerea species and highest for Piliostigma thonningii spe-
cies. From 96 h immersion time, water absorption capabil-
ity of firewood species plateaued and percentage increases
between 96 and 120 h were 1.7%, 2.7%, 1.4%, 1.2%, and
3.4% for Dichrostachys cinerea, Morus Lactea, Piliostigma
thonningii, Combretum molle, and Albizia grandibracteata
species, respectively [72].

Results for water absorption by charcoal are shown
in Fig. 8b. Increases in water absorption after 24 h were
40.1%, 42.1%, 50.0%, 50.0%, and 57.8% for Dichrostachys
cinerea, Morus Lactea, Piliostigma thonningii, Com-
bretum molle, and Albizia grandibracteata species, respec-
tively. After 24 h, water absorption in all species apart
from Combretum molle continues to rise until the end of
day 3 (72 h) before gradually reducing for the remain-
ing immersion time. After 72 h, Morus Lactea charcoal

Table 3 Compressive properties of specific firewood species

Dichrostachys cinerea
50 4 Morus Lactea
[— Piliostigma thonningii
Combretum molle
— Albizia grandibracteata
40
=
o
g 30
[2]
[%2]
[]
=
0 20
10
0 T T T 1
0 5 10 15 20

Strain (%)

Fig. 7 Stress—strain curves for specific firewood species

species had 120% water absorption rates. For Combretum
molle charcoal, water absorption ability reduced between
24 and 48 h before gradually increasing to a maximum
(120%) at the end of day 4 (96 h). Further immersion for
an additional 24 h, decreased Combretum molle’s water
absorption capability to 53.3%. Compared to firewood spe-
cies, charcoal takes less immersion time to reach maxi-
mum water absorption levels due to its higher specific area
due to the presence of macropores on the charcoal surface
(see Fig. 1). The difference in water absorption behavior
among the respective species of firewood and charcoal can
be explained by differences in the physical structure and
morphology between firewood and charcoal as a result
of slow pyrolysis where porosity of charcoal is initiated
and propagated as a result of devolatilization (see Fig. 2).
Final water absorption results at 120 h correspond very
well with macropore intensity with Dichrostachys cinerea
maintaining more water absorption potential compared to
Morus Lactea which was characterized by low macropore
intensity (see Fig. 2).

Biomass Force at break (N)  Compressive Compressive Mod- Deformation at Force at Peak (N) Energy to break (J)
strength ulus of Elasticity break (mm)
(MPa) (MPa)
Dichrostachys cinerea 5251.0+800.0 21.3+22 1127.3+90.8 8.62+0.6 10,711.5+2195.5 61.3=+15.5
Morus Lactea 1876.5+24.5 4.1+0.3 381.7+148.7 10.73+2.6 2793.5+106.5 20.5+2.5
Piliostigma thonningii 3824.5+1958.5 9.3+5.0 180.9+40.3 5.28+0.4 9191.0+1950.0 299+6.4
Combretum molle 3267.5+739.5 12.2+3.1 571.2+71.6 5.56+0.6 10,473.5+1405.5 344+19
Albizia grandibracteata  2838.0+866.0 9.9+3.6 500.6+470.8 10.90+2.3 4956.5+1034.5 353+4.0
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4 Conclusions

In this study, specific firewood species namely: Dichros-
tachys cinerea, Morus Lactea, Piliostigma thonningii,
Combretum molle, and Albizia grandibracteata and result-
ing charcoal produced by slow pyrolysis of the firewood

species were characterized to determine their thermal and
mechanical properties. The process of carbonization during
slow pyrolysis of firewood in production of charcoal was
responsible for reductions in moisture content and vola-
tile matter and an increase in ash content and fixed carbon
observed in resulting charcoal produced for each specific
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firewood species. SEM images showed the development
of macropores on charcoal due to devolatilization. Higher
calorific values were obtained for charcoal produced by
slow pyrolysis of the firewood species. Firewood and char-
coal thermal degradations were notably different with peak
temperatures of specific firewood species and resulting
charcoal ranging from 515.5 °© C to 621.8 °C and 741.6 °
C to 785.9 °C, respectively. Maximum flame temperatures
reached during the water boiling test ranged from 786.9 to
870.8 °C for the firewood species and 634.4 to 737.3 °C for
produced charcoal. Firewood took less time to boil water due
to the higher maximum attainable flame temperatures during
firewood combustion. Drop strengths for all firewood species
were 100% while drop strength for charcoal varied between
93.7 and 100%. Compressive strength for specific firewood
species ranged between 4.1 and 21.3 MPa. Water absorption
in firewood species increased with increase in immersion
time but at very low variations. Water absorption behavior
for charcoal was related to charcoal’s macropore intensity
and sites available for absorption.
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