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In the search for new solid fuels that can mitigate emissions of greenhouse gases and reduce 
municipal solid waste, it is proposed to produce a solid fuel from elephant grass charcoal (EGC) 
and blend it with the following binding recyclable materials, polyethylene terephthalate (PET) and 
high-density polyethylene (HDPE) with the aim of increasing their mechanical strength. Immediate 
analysis results indicate that there was an increase in volatile material content from 21.18% to 28.02% 
and a reduction in fixed carbon from 65.00% to 58.40% with the addition of binding agents. The higher 
heating value of pure charcoal was 5924.16 kcal/kg and there was no significant alteration by adding 
HDPE, however, with the addition of PET, there was an average reduction of 4.82%. According to the 
elemental analysis of charcoal, there were no significant amounts of sulphur, but silicon and potassium 
oxides were predominantly composed followed by aluminium, titanium, magnesium and iron according 
to the analysis of ashes. The addition of thermoplastic binders allowed producing pellets and it was 
found that those produced by using HDPE are stronger than those produced with PET.
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1. Introduction
Research centres and enterprises around the world are 

seeking alternative energy sources that can completely or 
partially replace fossil fuels. A consequence, biomass fuels 
(renewable source) have become particularly prominent. 
Recently, as an alternative to mineral coal, biomass-derived 
charcoal has been extensively studied1-3.

Biomass from elephant grass (Penisetum purpureum 
Schumach) presents C4 metabolism (high productivity of 
organic matter per hectare) which is found in abundance 
throughout the Brazilian territory at low management 
cost4-6. Its heating value is about 4200 kcal/kg and it has 
low mechanical strength for being a non-woody vegetable, 
thus not being favourable for direct burning in some cases7,8.

In addition to the energy consumption of non-renewable 
sources, there is a widespread increase in solid waste generation, 
such as plastic waste, which is most often not disposed of 
adequately (dumps), which increases environmental impacts 
even further. In August 2010, was enacted in Brazil a federal 
law No. 12.3059, which deals with the national solid waste 
policy that provides for the deactivation and recovery of 
dumps giving rise to controlled sanitary landfills with an 
adaptation period until 2021. The same law also provides 
for the implementation of recycling, composting and other 

treatments for solid waste in general. In this context, a noble 
destination of the part of this waste would facilitate the 
implementation of this law by the states and cities.

Donato et al.10 state that charcoal produced for metallurgical 
purpose should have mechanical strength equal to or greater 
than 70 kgf.cm-2. Other methods of pelletizing charcoal 
with thermoplastic binders or other amounts of these in the 
blend can improve the mechanical properties of briquette11.

An ecologically friendly solution to improve charcoal 
pellet properties would be pelletizing it with recyclable 
thermoplastic binding agents PET and HDPE11. PET and 
HDPE are easily separable from other solid wastes and have 
an average higher heating value close to biomass charcoal. 
Thus, elephant grass charcoal has been produced according to 
a preset rate heating12, blended and pelletized with recyclable 
thermoplastic binders (PET and HDPE). The obtained material 
has been characterised through physicochemical tests, such 
as high heating value (HHV), immediate chemical analysis, 
thermogravimetric analysis/differential scanning calorimety 
(TGA/DSC) and briquette compressive strength. An electron 
dispersive spectroscopy (EDS) elemental analysis of charcoal 
and its ashes has been performed in order to find its main 
constituents. In addition to the aforementioned techniques, 
a scanning electron microscopy (SEM) analysis has been 
carried out to visualize the charred material morphology.*e-mail: alexandre.boscaro@ufsj.edu.br
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2. Materials and Methods
Elephant grass charcoal has been prepared by using 

stems of its raw dry grass. Pyrolysis conditions selected for 
its production were: initial temperature ( iT ) of 25 º C; final 
temperature ( fT ) of 450 º C, heating rate of 10 º C. min.-1, 
and fT  has been kept for 120 min. using a carbon steel 
reactor (∅=95mm; L=130mm) in an inert atmosphere. After 
the charring process, its gravimetric yield was calculated.

In order to improve the physical and physicochemical 
properties of elephant grass charcoal aimed at being used as 
solid fuel, recyclable thermoplastics powder (PET and HDPE) 
have been added and mixed at mass percentages of 0 (pure), 
5, 10 and 15% with powdered EGC, so that they can act 
as binding agents in pelletizing/briquetting. Both EGC, 
PET and HDE are smaller than Tyler Standard mesh 32. 
The obtained blends (elephant grass + binder) have been 
analysed by the following techniques: immediate analysis 
(NBR 8112); HHV (Parr instruments, model 3141); 
TGA/DSC (SDT 2960 Simultaneous DTA/TGA-TA Instruments); 
SEM/EDS (HITACHI-TM3000/BRUKER XFlash MIN SVE). 
Afterwards, blends were briquetted through hot compression 
(170ºC; 80 kgf/cm2) and then the briquettes underwent 
mechanical compressive strength analyses (SHIMADZU 
AG-X Plus and software Trapezium X).

Sample preparation and analysis are presented in Figure 1:

3. Results and Discussion
The average gravimetric yield of elephant grass charcoal 

was 29.42%. On average, the gravimetric yield of vegetal 
biomass processed at 450 ºC generates around 21 to 33%, 

depending on the age and type of plant. The obtained result is 
in agreement with results achieved by other researchers13-15.

The immediate analysis results of dry biomass samples 
are presented in Table 1, whose average moisture content of 
both samples was around 5.8% has been performed.

With respect to ashes, there were no significant alterations 
by adding the thermoplastic agents, although volatile material 
and fixed carbon contents have undergone significant variations 
concerning pure elephant grass charcoal.

According to Table  1, with the addition of PET, the 
pure elephant grass charcoal percentage of volatile material 
and fixed carbon contents ranged between (+) 22.5% and 
(-) 6.4%, respectively, whilst these values ranged between 
(+) 20.2% and (-) 6.7% with the addition of HDPE. These 
variations are due to the thermal decomposition of materials 
present in the thermoplastic polymers, since the majority 
of monomers present in their composition are C, H and O, 
thus presenting low content of nonvolatile contaminants.

Thermogravimetric analyses were performed in inert 
and oxidising atmospheres for pure charcoal and blends 
containing 15% of recyclable thermoplastics to verify possible 
events occurring in the thermal decomposition of samples. 
Figures 2 and 3 show the obtained results.

According to Figure  2a, the first event is observed 
between 30 and 115 º C which is due to sample 
moisture loss. For pure charcoal at temperatures ranging 
from 115 to 800º C, there is a linear mass loss of 15.42% 
on account of temperature increase by releasing volatile 
compounds and thermal decomposition of the non-charred 
material. On the other hand, both charcoal/polymer blends 
presented a marked event starting at approximately 400 º C 
and ending at 490 º C due to the thermal decomposition of 
polymers under study16-18.

In an oxidant atmosphere, two main events are observed. 
One is due to moisture loss at up to approximately 115 º C 
and an exothermic one on account of the thermal degradation 
of EGC and EGC with PET and HDPE19. As for the charcoal 
blended with thermoplastics, the greatest temperature variation 
is shifted in over 50 º C due to the fact that the combustion 
of binders occurs at higher temperatures18,20. According to 
Guo et al.20, PET undergoes thermo-oxidative degradation 
in two consecutive steps, first is relating to the degradation 
of the backbone and formation of a char and second is 

Figure 1. Schematic diagram of sample preparation and analysis.

Table 1. Ash, volatile matter (VM), total fixed carbon (TFC) of 
pure charcoal and blends.

Charcoal Ash (%) VM (%) TFC (%)
Pure 13.82 21.18 65.00

5% PET 13.44 24.94 61.62
10% PET 13.06 24.91 62.03
15% PET 12.38 28.02 59.60
5% HDPE 13.04 21.55 65.41
10% HDPE 14.36 27.24 58.40
15% HDPE 13.55 27.63 58.82
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relating to the thermo-oxidative degradation of the char, at 
a temperature higher than that charcoal20.

The immediate analysis and TGA results reveal coherence 
in both the determination of volatile material and ash content. 
By disregarding the initial moisture found by the TGA in 
an oxidant atmosphere, the ash content obtained through 
this method is approximately 14%, i.e. close to the one 
found through the immediate analysis. The volatile material 
content, by disregarding the initial moisture content found 
by the TGA in an inert atmosphere, is 28.77% for PET 
and 25.00% for HDPE.

Table 2 shows the variations in the high heating value 
of blends concerning the pure elephant grass charcoal. 
The results indicate that the type of thermoplastic used for 
briquetting/pelletizing samples exerts influence on their 
calorific value. On average, the high heating value of PET 
is approximately 5222 kcal/kg21-23 and 5924 kcal/kg for the 
pure elephant grass charcoal, thus the addition of PET tends 
to reduce the blend’s calorific value, whilst the HDPE exerts 
inverse influence since its calorific value is higher than pure 
EGC, i.e. approximately 9543 kcal/kg23,24.

According to micrographs in Figures  4a  and  4b, the 
chemical elements present in the charcoal structure and in 

its ashes have been identified and quantified. Light atoms 
with atomic weight below that of C could not be detected 
by the used technique. As observed by the EDS, charcoal 
is mostly composed of carbon (78%). This result differs 
from that obtained by the analysis of fixed carbon content 
(65%), given that EDS quantifies the carbon present in 
volatile matter (composed mainly of carbon, followed by 
hydrogen, oxygen and nitrogen). The other elements of 
charcoal, such as K, P, Al, Si, Mg and Al are probably as 
its oxides, come from salts which are essential for plant 
growth. In ashes, oxides of the elements cited above are 

Figure 2. TG and DTG curves of samples in an inert atmosphere.

Figure 3. TG and DTG curves of samples in an oxidant atmosphere.

Table 2. Calorific value of pure elephant grass charcoal and charcoal 
blends with thermoplastics.

Sample Calorific Value (kcal.kg-1)
Pure Charcoal 5924.16

Charcoal + 5% PET 5706.10
Charcoal + 10% PET 5559.83
Charcoal + 15% PET 5651.67
Charcoal + 5% HDPE 5868.06
Charcoal + 10% HDPE 6051.61
Charcoal + 15% HDPE 5906.95
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found without C. An advantage of charcoal is its low quantity 
and/or absence of sulphur in its composition which, along 
with the fact that it is renewable, it becomes a fuel which is 
less harmful to the environment.

Figure 5 presents a SEM of the structure of elephant 
grass charcoal. The structures observed in the micrographs 
shown in Figure 5 are the same for all analysed charcoal 
samples. It is also possible to observe the formation, 
according to some researches25-27, of channels related to the 
cell structure of the plant under analysis. These structures 
are formed from cellulose after the loss of hydroxyl radicals 
by thermal dehydration of the plant. For comparison, the 
diameter length of the hollow carbon tube of elephant grass 
charcoal (non-woody cellulosic plant) ( .  )15 51 mµ∅ ≅  is at 
least around two times larger than the diameter length of 
the hollow carbone tube of woody vegetables as Hymenaea 
aurea ( .  8 86 mµ∅ ≤ ) and Eucalyptus alba ( .  7 42 mµ∅ ≤ ) and 
five or more times larger than Mimosa Scabrella ( .  3 9 mµ∅ ≤ ) 
and Tabebuia capitata ( .  1 0 mµ∅ ≤ )25. This characteristic 
results in less carbon network per volume of charcoal in 
non-woody vegetables like as EGC, resulting in lower 
mechanical resistance.

Since non-woody vegetables form charcoal with low 
mechanical resistance, the obtained EGC was milled and 
mixed with binders agents to form briquettes. Thereby, tests 
have been performed to determine the compressive strength 
limit of briquettes, whose results are presented in Table 3. 
According to the results shown in Table 3, an improvement 

in mechanical strength is achieved by the addition of binders 
to charcoal. Charcoal fines are not able to form briquettes 
without binders.

The briquette produced with 15% HDPE presented optimal 
results due to obtaining tensile strength or compressive 
strength limit of 59.42 kgf.cm-2, i.e. 11 times higher than that 
of briquette produced with 5% PET. It was also observed that 
the higher the percentage of binder being used in the blend 
is, the greater the mechanical strength becomes.

As a comparison, Donato et al.10 obtained pellets of charcoal 
fines with different binders, in their work the compressive 
strength was not higher than 0.89 kgf.cm-2 while the high 
heating value was 6944.5 kcal/kg. Robinson et al.28 found 
a gross calorific value to wood pellet and wood-PET pellet 
as 4397.15 kcal/kg and 4767.36 kcal/kg, respectively.

Figure 4. SEM / EDS for elephant grass charcoal and its ash.

Figure 5. SEM images of elephant grass charcoal.

Table 3. Values of compressive strength limits for charcoal samples 
and briquettes formed from blends with binding agents.

Sample
Average 
height 
(mm)

Average 
diameter 

(mm)

Compressive 
strength limit 

(kgf.cm-2)
Pure Charcoal - - No binding

Charcoal + 5% PET 28 30 5.16
Charcoal + 10% PET 25 30 3.42
Charcoal + 15% PET 25 30 15.30
Charcoal + 5% HDPE 23 30 15.55
Charcoal + 10% HDPE 23 30 42.04
Charcoal + 15% HDPE 19 30 59.42
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4. Conclusion
The immediate analysis data show a fixed carbon content 

of 65% for charcoal and that the binder addition reduced it, 
in addition to an average ash content of 13%. Ashes obtained 
from elephant grass charcoal and its blends with the binding 
materials present a typical composition of this raw material. 
No traces of sulphur were found, which makes it a solid fuel 
with reduced environmental impact. According to heating 
value data (5559 to 6051 kcal/kg), it is possible to affirm 
that the material produced can be used as fuel and that the 
PET binder reduces the heating value of pellets. On the other 
hand, HDPE increases their heating value. The mechanical 
strength of obtained pellets increased by the addition of 
thermoplastic binders, and HDPE is the one that achieved 
the greatest compressive strength (59.42 kgf.cm-2). Based 
on the data obtained in this work, it is possible to try to 
implement a continuous briquetting process using a screw 
extruder and test different pressures and temperatures for 
briquetting. New recycled binding agents such as polystyrene, 
polypropylene and others can also be tested.
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