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A B S T R A C T

Pyrolysis, combustion and gasification processes of six different types of biomass, which were obtained from
Mexico (Castor husk, Castor stem, Agave bagasse, Coffee pulp, Opuntia stem and Pinus sawdust) were
investigated by means of thermogravimetric analysis coupled with mass spectrometry (TG-MS). The selection of
biomass, for each thermochemical process, depended on its main physico-chemical properties (moisture
content, volatile matter, fixed carbon, ash content, calorific value, mineral content, etc.). For pyrolysis processes,
the desirable characteristics of biomass are high volatile matter and low ash content. For combustion processes,
the biomass has to show high low heating value (LHV) and low ash content. In the case of gasification processes,
the biomass ought to have high fixed carbon. Pinus sawdust had the highest volatile matter and the lowest ash
content, Castor stem showed the highest LHV and Coffee pulp had the highest fixed carbon content. The
pyrolysis process was divided in three main stages (dehydration, devolatilization and char formation).
Moreover, for Agave bagasse two more peaks at high temperature were found due to the decomposition of
lignin and cellulose but it could also be related to its high mineral content. On the other hand, three main
different stages (dehydration, devolatilization and char oxidation) for the combustion process were found. It is
noticeable that Coffee pulp showed one more peak than other studied biomasses, which is related to its high
lignin content. Due to its high heat released, Castor husk could be considered as the best candidate for
combustion process. However, Pinus sawdust can be considerate more suitable for this process because of its
low amount of NOx released. In addition, for gasification process the effect of the gas flow was studied. Coffee
pulp resulted to be the most suitable for gasification process due to the amount and quality of the fuel gas
produced.

1. Introduction

As a result of population growth, a worldwide energy demand
increase is expected in the future. This situation, combined with the
gradual depletion of fossil fuels and the environmental problems
associated with their use, has motivated the search of new alternatives
for keeping a sustainable energy production [1,2]. In this sense,
biomass could be a possible substitute since it could satisfy part of
the future energy demand in a sustainable manner [3,4].

Particularly, biomass is considered a viable option for energy
production in Mexico [5] because a lot of agricultural products and
agroindustrial wastes are annually generated. The choice of raw
materials that should be used in large-scale energy production pro-
cesses depends on their physico-chemical properties and its availabil-
ity. In general, it is assumed as a requirement that their production do

not compete with food crops for lands and water resources. In addition,
the potential of a negative impact of the use of each biomass on the
environment should be considered [6].

Among the biomass with the highest potential for energy produc-
tion are the plants from Agave and Opuntia genera. Some species of
these genera are native of America and widely grown in Mexico. Due to
their metabolism, those, having a Crassulacean Acid Metabolism
(CAM), have high efficiencies of water use (five or ten times higher
than plants C3 and C4) and are suitable to grow in environments with
limitations, such as arid regions and marginal soils [7,8]. Moreover,
these species are also highly efficient in biomass accumulation. It has
been estimated that an Agave crop can yield from 10 to 34 t/ha per
year. These values exceed those obtained with switchgrass (15 t/ha per
year) and poplar (11 t/ha per year) [9]. Moreover, under irrigation
conditions yields comparable with cane sugar can be obtained [10].
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On the other hand, the coffee processing industry generates a lot of
pulp. This waste is usually disposed of in nearby land and water bodies
causing serious environmental problems. Additionally, the presence of
toxic compounds such as caffeine, phenols and tannins makes the use
of this material difficult [11–14]. Due to the high content of lignocel-
lulose and sugars in the pulp coffee [4,15,16], high yields can be
expected in the use of this biomass for the energy production, thus
limiting environmental problems caused by improper disposal of this
material. Moreover, possibilities of bioethanol production from coffee
pulp in a sustainable manner was investigated [17]. Pandey et al. [18]
studied the possibility of using coffee pulp as animal feed, but the
caffeine and tannins content present in coffee pulp was demonstrated
to affect the animal health [18], thus, its use as soil fertilizer was
recommended [19].

Other biomass with high potential for the energy production in
Mexico is the pine sawdust. About 280,000 t of this material are yearly
produced. Its high specific energy (17–21 MJ/Kg) [20] allows that a
small part could be used as fuel for drying in sawmills.

An increasing attention to the Castor oil production has been paid
in the last years, since it is considered an excellent raw material for the
chemical and biofuel production industries [21]. Large amounts of
cake, husk and crop residues are obtained as by-products of the Castor
oil extraction [22]. The cake from Castor oil extraction can be used for
different purposes: fertilizer [23], enzyme production [24–26],
bioethanol production [27] and biogas production [28]. However,
despite of the large amount of husk generated, few works focused on
its further use have been reported.

Biomass can be exploited directly or through thermochemical or
biochemical processes to obtain electrical, thermal or chemical energy.
The main biochemical processes are alcoholic fermentation and
anaerobic digestion that usually yield bioethanol and biogas, respec-
tively [29–31].

Thermochemical conversion processes include three basis sub-
categories: combustion, pyrolysis/liquefaction and gasification [32].
Combustion and pyrolysis of biomass are regarded as the most widely
used conversion processes of biomass for energy and has been
investigated for a long time [33]. Combustion can be defined as the
conversion of biomass, in contact with air or oxygen, to several forms of
useful energy [34]. However, pyrolysis is a process of producing gas, oil
and solid from biomass using high temperature in the absence of air or
steam. The conventional gasification technology can be defined as the
partial combustion of biomass by controlling the amount of air to
transform hydrocarbons into carbon monoxide, carbon dioxide and
hydrogen. Gasification studies have been reported in literature, being
most of them focused on the use of coal [35–39].

Biomass thermochemical conversion can be investigated by ther-
mogravimetric techniques (TGA). The main advantages of TGA are
accurate real-time data on the basis of the directly measured mass of
the sample, high reproducibility, well-defined temperature and gas
phase conditions [40]. TGA technique has been previously used to
characterize Agave sisal fibres [41,42] and Agave tequilana bagasse
composition [43,44]. In addition, the pyrolysis of Agave salmiana
bagasse has been also reported [45,46]. Furthermore, there are some
works dealing with the pyrolysis of Pinus cubensis t [47] and Pinus sp.
sawdust [48], and the combustion of Pinus banksiana and Black
spruce mixtures [8]. However, there are few studies focused on the
effect of the physical and chemical properties of Mexican waste
biomass on the performance of pyrolysis, combustion and gasification
processes.

In addition, different thermochemical processes (pyrolysis, com-
bustion, torrefaction and gasification) of different type of microalgae
were investigated in order to produce syngas and other products
[29,30,49]. Moreover, co-pyrolysis of microalgae and sewage sludge
was investigated to justify that this process is a promising way to fuel
production [50]. In addition, TGA-FTIR-MS analysis of tobacco stem in
inert atmosphere was carried out, pointing out its potential to be used

as a renewable feedstock [51]. An oxidative fast pyrolysis in an auto-
thermal fluidized bed reactor of dried banana leaves has been also
studied [52]. In addition, animal biomass such as dried manure was
used as feedstock for pyrolysis, combustion and gasification [53–57].
Furthermore, activated sludge was also used as a precursor for the
production of activated carbon using sulfuric acid as a chemical
activation agent [58]. Activated carbon can be obtained using a wide
range of biomass as coconut residue [59], coal and derivative agricul-
tural products or lignocelullosic materials [60].

The current low level of utilization of agricultural waste biomass as
fuel is attributed to the lack of proper information concerning their
properties such as moisture content, bulk density, melting point of the
ash and content of volatile matter [61].

The aim of this work was to study the thermal behaviour of different
types of Mexican biomass through pyrolysis, combustion and gasifica-
tion processes. Firstly, all studied biomasses were characterized by
proximate and ultimate analyses, Inductively Coupled Plasma
Spectrometry (ICP), bomb calorimetry and pycnometry in order to
determine their main physical-chemical properties. Following the
characterization results obtained, a number of biomass samples were
selected for the pyrolysis, combustion and gasification experiments. In
addition, gases released were analyzed by a mass spectrometer and the
effect of O2 concentration in the gasification process was evaluated.

2. Materials and methods (Experimental)

2.1. Materials

Castor stems (Ricinus communis) was collected from crops estab-
lished in Veracruz (Mexico) and castor husk was obtained after castor
capsules threshing process. Opuntia (Opuntia ficus-indica) was col-
lected from crops established in Veracruz. Agave bagasse was extracted
from a juice coming from fresh leaves of Agave salmiana using a
hammer mill. Coffee pulp (comprising the skin and mesocarp of the
berry of Coffea arabica) and Pinus sawdust (Pinus patula) were
obtained from coffee wet processing and wood sawmill, respectively.
Coffee pulp and Agave bagasse were predried for 2 days under solar
radiation. Subsequently, samples were dried in an oven at 70 °C for
24 h in order to facilitate their transportation. All biomasses were
milled and sieved to an average particle size ranging from 100 to 150
μm.

2.2. Equipment and procedures for biomass characterization

The evaluation of biomass composition was carried out by prox-
imate analysis to measure the volatile matter, fixed carbon and ash
content according to a study published elsewhere [62]. The ultimate
analysis was used to determine the concentration of carbon, hydrogen,
nitrogen, oxygen and sulphur content of a sample. The determination
of the higher heating values (HHV) was made according to the
standard UNE-EN 14918 using a bomb calorimeter PARR 1356. The
lower heating value (LHV) was estimated from the higher heating value
(HHV) considering the content of hydrogen and moisture in the
biomass [63]. Mineral composition of biomass was measured by using
Inductively Coupled Plasma Spectrometer (model Liberty Sequential
Varian) [49].

The density of biomass samples was determined by using an
Ultrapyc 1200e gas pycnometer (Quantachrome Instruments Co.,
Ltd.) that allowed to measure up to 135 cm3 of sample volume. The
advantage of this equipment is that calculation of results were fully
automatic. Samples were analyzed as many times as needed to obtain
an accurate measurement. To determine the bulk density of the
biomass, a standard sample cell was employed whereas nitrogen was
used as the carrier gas.

Phenom ProX desktop scanning electron microscope (SEM) was
used to evaluate the morphology and structure of the biomass particle.
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Infrared spectra (FTIR) were obtained from a Spectrum Two spectro-
meter (Perkin Elmer, Inc.) having a universal attenuated total reflec-
tance accessory (UATR). The spectral range considered ranged from
4000 to 450 cm−1 at resolution of 4 cm−1. A small amount of a sample
was placed over the cell and carefully pressed until the transmittance
signal was stabilized. All determinations were performed at room
temperature.

Table 1 shows the results of ultimate and proximate analyses,
mineral content, higher and lower heating values, and bulk density for
the samples of Castor husk, Castor stem, Agave bagasse, Coffee pulp,
Opuntia stem and Pinus sawdust.

2.3. Thermogravimetric analysis coupled to Mass Spectrometer (MS)

The thermochemical conversion processes of biomasses was carried
out in a Mettler-Toledo TGA apparatus (TGA–DSC) coupled to a mass
spectrometer (Thermostar-GSD 320/quadrupole mass analyser;
Pfeiffer Vacuum) with an electron ionization voltage at 70 eV and
provided mass spectra up to 300 a.m.u. A semiquantitative analysis
was performed by using a normalization procedure. The weight of the
samples were fixed at 8 mg. Pyrolysis experiments were performed
from 25 to 1000 °C at a heating rate of 10 °C/min and under constant

flow of 200 N ml/min of Argon in order to ensure inert conditions.
Combustion experiments were performed from 25 to 800 °C (heating
rate of 10 °C/min) under a reactive atmosphere of 100 N ml/min of
O2/Ar (21 vol%/79 vol%). Regarding the gasification process. the
selected biomass samples (Coffee pulp and Opuntia stem) were firstly
pyrolyzed in a tubular reactor under a continuous N2 flow of 200 Nml/
min from room temperature to 900 °C with a 10 °C/min heating rate
and kept around 900 °C for 1 h with the aim to obtain the char used in
the gasification process. The gasification stage was performed in two
steps. The first one was performed from 25 to 900 °C at a heating rate
of 40 °C/min under an Ar flow of 200 N ml/min, then being kept at
900 °C for 5 min. In the second step, samples were kept at 900 °C for
1 h using a flow 50 Nml/min of a gas mixture constituted by Ar and O2.
To determine the optimal proportion of O2 in the mixture, different
experiments were carried out by varying the ratio Ar/O2 (vol%/vol%)
at 95/5, 90/10, 85/15 and 79/21.

3. Results and discussion

3.1. Selection of biomass

The main physicochemical characteristics of the different biomasses
used in this study [64]: moisture content, volatile matter, fixed carbon,
ash content, calorific value, mineral content and cellulose/lignin ratio,
are listed in Table 1. In addition, Fig. 1 shows a tridimensional diagram
where the low heating value (LHV, MJ/kg), ash content (wt%) and
volatile matter (wt%) of all the samples are considered as axes.
Regarding the pyrolysis process, the biomass ought to have a high
volatile matter whereas the ash content should be low [64]. In this
context, Castor husk, Castor stem, Agave bagasse and Pinus sawdust
samples were selected for the pyrolysis study (Fig. 1). Regarding the
combustion process, the most important parameter to be considered is
the heating value [65] which is influenced by the carbon, hydrogen and
oxygen concentrations in the biomass. Consequently, the biomass is to
have a high HHV/LHV ratio and led to a low ash content. In this
context, Castor husk, Castor stem, Coffee pulp and Pinus sawdust were
selected for the combustion study. Regarding the gasification process,
the biomass ought to have high fixed carbon (Table 1) and low ash
content [64]. Therefore, Coffee pulp and Opuntia stem samples were
selected due to their high fixed carbon content. On the other hand, ash
content of biomass should be low since it has an impact on the total
cost of the thermochemical process [62]. In addition, biomass density
has also an impact on the behaviour of thermochemical conversion
processes; thus dense particles contribute to a longer burnout time. On

Table 1
Characterization of Castor husk, Castor stems, Agave bagasse, Coffee pulp, Opuntia stem and Pinus sawdust.

Ultimate analysis (wt%) Proximate analysis (wt%)

C H N S O*diff Moisture Ash Volatile matter Fixed carbon*diff

Castor husk 46.21 6.03 2.03 0.35 45.38 3.45 3.60 74.13 18.82
Castor stem 46.47 5.94 0.89 0.36 46.34 4.27 1.70 78.01 16.03
Agave bagasse 39.81 5.08 1.79 0.30 53.02 2.68 11.41 71.00 14.90
Coffee pulp 43.33 5.69 2.50 0.35 48.13 2.74 6.55 69.48 21.23
Opuntia stem 34.72 5.07 4.32 0.03 55.86 1.57 15.32 66.78 16.33
Pinus sawdust 48.99 6.72 0.35 0.03 43.91 3.41 1.30 80.15 15.14

Mineral content (ppm) Bomb calorimeter (MJ/kg)
Ca Cl P K Mg LHV HHV Density (kg/m3)

Castor husk 1675 223,439 3046 – – 16.48 17.79 1511.2
Castor stem 239 229,998 1386 – – 17.68 18.97 1726.7
Agave bagasse 60,295 125,829 509 5593 5865 14.10 15.43 1650.0
Coffee pulp 2716 177,159 1363 – – 14.95 16.28 1512.1
Opuntia stem 39,319 31321 5101 4745 8369 11.68 12.73 1629.2
Pinus sawdust – 85740 730 – – 16.32 17.70 1346.3

O*diff: obtained by difference of C, H, N, S and Ash; Fixed carbon*diff: calculated from the difference of Moisture, Ash and Volatile Matter.

Fig. 1. 3D diagram description low heating value (LHV), ash content (wt%) and volatile
matter (wt%) of six Mexican biomasses (Castor husk, Castor stems, Agave bagasse,
Coffee pulp, Opuntia stems, Pinus sawdust).
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the contrary, low biomass density not only yields to a low energy
density but also leads to high transportation costs and reduces the
storage capacity of both the biomass producer and the end-user [66].
Table 1 shows small differences in the density values of the different
biomasses (Pinus sawdust was the one with lowest density whereas
Castor stem was the one with the highest density).

Fig. 2 shows the FTIR spectra of Castor husk, Castor stem, Agave
bagasse, Coffee pulp, Opuntia stem and Pinus sawdust. This technique
was used to determine the presence of functional groups such as
alkenes, esters, aromatics, ketones and alcohols in a particular biomass
[67]. The main bands were related to the presence of hemicellulose,
cellulose and lignin, which are the main components of a biomass.
Lignin is a biopolymer material built up from the phenyl propane
nucleus, an aromatic ring with a three-carbon side chain, vanillin,
syringaldehyde and tannins (complex polyhydric phenols) [68].

For all the studied biomasses, the peak in the region between
3600 cm−1 and 3000 cm−1 corresponded to the stretching vibration of
OH due to the presence of cellulose and lignin. The peak in the region
between 3000 and 2700 cm−1 was related to the stretching vibration of
CH [69]. The peak observed around 1650 cm−1 was attributed to the
C˭O bond in hemicellulose. The peak detected in the region from
1440 cm−1 and 1380 cm−1 corresponded to the asymmetric bending of
the lignin structure [70]. Opuntia stem showed a different profile in
this region which can be attributed to the presence of aromatic rings in
lignin and Opuntia stem. Peaks near 1250 cm−1 can be related to the
presence of C–O–C in the cellulose biopolymer chain [71]. In addition,
all biomasses also showed an increase in the intensity of the band
between 1100 cm−1 and 900 cm−1 region which was related to the C–
O-H stretching vibration linkages in cellulose and hemicellulose or the
presence of C–O–R alcohols or esters [70,71]. The additional peak
around of 600 cm−1 can be associated to bending modes of aromatic
compounds [72].

3.2. Pyrolysis process

Fig. 3 shows the thermogravimetric (TG) curves for the pyrolysis
process of Pinus sawdust, Castor husk, Castor stems and Agave
bagasse using a heating rate of 40 °C/min. Table 2 lists the most
relevant pyrolytic characteristics of the samples studied, which are
based on the derivative thermogravimetric (DTG) profile. Tpyr is the
temperature at which the decomposition and weight loss of the sample
starts took place. Tm represents the temperature at which a peak in the
DTG curve starts to appear. Finally, the maximum weight loss rate
((dw/dT)max (wt%/°C)) of each peak can be also listed in Table 2.

The pyrolysis process took place in three decomposition stages. The
first stage (I) occurred from 25 to 200 °C, which corresponded to a
small mass loss due to dehydration and slight volatile release. The
second one (II), ranging from 200 to 500 °C, was associated to the
major mass loss, which was attributed to devolatilization, including
release from biomass degradation. The third stage (III) took place from
500 to 1000 °C, and refers to the decomposition of remained biomass
and char formation [49,73]. According to Zabeti et al. [74], the main
weight loss was related to the decomposition of the main components
of the biomass (cellulose, hemicellulose and lignin).

Pinus sawdust showed the highest pyrolysis temperature and the
highest peak height at 370 °C (Table 2), which was mainly associated to
cellulose decomposition. As described by Zabeti et al. [74], the
degradation of cellulose takes place in a narrow temperature range
(200–500 °C), where the mass loss occurs rapidly. Fig. 3 shows that
Castor stem and Castor husk TGA profiles were similar to that of Pinus
sawdust. It is associated with the degradation of the stable chains of
hemicellulose and cellulose, producing volatiles [75]. However, the
DTG profile (Table 2) shows that the Pinus sawdust decomposed faster
than Castor stem and Castor husk. This fact can be assigned to the
higher content of cellulose in the former [76].

On the other hand, Agave bagasse showed a different pyrolysis
profile. It decomposed slower than others three ones, which could be
associated to the slow decomposition of lignin [74]. Its pyrolysis profile
showed four main peaks (Fig. 3, Table 2), the firsts two corresponded
to dehydration and devolatilization processes, respectively. The two last
peaks (3rd and 4th in Table 2) were related to the decomposition of
lignin and cellulose by disintegration of monomeric phenols, aromatic
rings and piranose structures present in their structures [77]. These
peaks could also be related to the high mineral content in the samples,
such as Ca, Mg and K, being 60,295, 5865 and 5593 ppm, respectively
[78–80]. Moreover, the differences in the maximum weight loss rate
(Pinus sawdust > Castor stem > Castor husk >Agave bagasse) can be
related to the volatile matter content [76,81–83].

Finally, the residue yield of biomass pyrolysis for each type of
biomass can be listed in Table 2. The residue from the pyrolysis can be
associated with the ash content and fixed carbon (Table 1). In this
sense, Pinus sawdust was the biomass with the lowest ash content and
the highest fixed carbon (6.73 and 21.83 wt%, respectively).
Consequently, Pinus sawdust residue from pyrolysis was the lowest
one in value (13.36 wt%) if compared to that of Castor stem (18.52 wt
%), Castor husk (24.13 wt%) and Agave bagasse (28.13 wt%).

The main products derived from the pyrolysis of the studied
biomasses were evaluated by mass spectrometry (MS) analysis. The
main ions released in the pyrolysis process were detected at (m/z)=2,

Fig. 2. FTIR spectra of: Castor husk, Castor stems, Agave bagasse, Coffee pulp, Opuntia
stems, Pinus sawdust.

Fig. 3. Thermogravimetric (TGA) curves of the pyrolysis process of the biomass simple
studied: Castor husk, Castor stems, Agave bagasse, Pinus sawdust.
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15, 16, 18, 26, 27, 28, 29, 30, 41, 43, 44 and 78, which corresponded to
the following compounds: H2, CH3

+
, CH4, H2O, C2H2/CN, HCN/

C2H3
+, CO, C2H5

+, C2H6, C3H5
+, C3H7

+, CO2 and C6H6.
Figs. 4–6 shows the mass spectra coming from the pyrolysis of

Castor husk, Castor stem, Agave bagasse and Pinus sawdust. During
the pyrolysis process, H2O, CO and CH4 were observed at the beginning
of process ( < 150 °C), which was associated to the dehydration stage
where the moisture and light volatiles components were loss. Most of
the gas products (CH3

+
, CH4, H2O, C2H2/CN, HCN/C2H3

+, CO, C2H5
+,

C2H6 C3H5
+, C3H7

+ and CO2) were detected at the second stage,
devolatilization stage (200–500 °C), due to the degradation of cellu-
lose, hemicellulose and lignin. In the last stage ( > 500 °C), CH4, C2H2/
CN, HCN/C2H3

+, CH3
+
, C3H5

+ and C3H7
+ were detected from the

decomposition of the residue.
In all cases, the H2 formation was detected at a temperature above

600 °C. This fact is probably caused by hydrocarbons (aromatics and
aliphatics) thermal cracking and dehydrogenation (CnHm↔
Cn−xHm−y+H2+C+CH4). These reactions were probably catalyzed by
the mineral content of biomass [84]. CH4 concentration decreased at
high temperatures due to its decomposition into char and H2 [85]. The
CO2 formed at low temperatures can be due to the thermal decom-
position of carboxylic groups by lignin degradation [86]. CO could be
produced from the cracking of the carbonyl group, the rupture of
heterocyclic oxygen and the dehydrogenation of hydroxyl group which
is followed by the decomposition of hemicellulose [85,86]. HCN/C2H3

+

showed two peaks between 200–400 °C and 400–600 °C, respectively,
coming from the decomposition of proteins which led to the release of
volatile cyclic amides and HCN [87]. The hydrocarbons were formed in
the main devolatilization stage, due probably to the occurrence of gas-
phase secondary reactions and the decomposition of lipids [87].

Unlike Agave bagasse, Castor stem, Castor husk and Pinus sawdust
presented similar MS spectrum profiles. The main differences were
observed in the last stage ( > 500 °C). The pyrolysis of Agave bagasse
yielded the following species not detected in the pyrolysis of other
biomasses: CO, CO2, C2H5

+, C2H6, C2H2/CN, and C6H6. In addition,
for Agave bagasse (whose composition is very different from that of the

rest of biomasses, Table 1) the intensity of the peaks of the following
species: H2, CH3

+
, HCN/C2H3

+
, C3H5

+ and CH4, which were released in
the pyrolysis of all the biomasses tested, was the highest one.

3.3. Combustion process

Fig. 7 shows the TGA curves for the combustion process of Pinus
sawdust, Coffee pulp, Castor husk and Castor stem using a heating rate
of 10 °C/min. Table 3 summarizes the main relevant combustion
characteristics of samples studied, which are based on the derivative
thermogravimetric (DTG) profile. Tcomb is the temperature at which the
decomposition and weight loss of the sample starts. Tm represents the
temperature when a peak in the DTG curve starts to appear. Finally, the
maximum weight loss rate ((dw/dT)max (wt%/°C)) for each peak can
also be listed in Table 3.

The thermal degradation of biomass under oxygen atmosphere
takes place in three main different stages [88–90]. The first stage can
be attributed to the moisture loss and the highly volatile matters in the
samples (25–125 °C). The second one, ranging from 125 °C to 350 °C,
was characterized by the main mass loss which involved the oxidation
degradation and the removal of the volatile matter of the samples. The
last stage (350–525 °C) corresponded to the oxidation of the remaining
char once volatiles were removed in the second stage. Generally, the
second stage is attributed to the decomposition of hemicellulose and
cellulose whereas the third stage is associated with the decomposition
of lignin [8,87,91].

Coffee pulp started to decompose at the lowest temperature, 130 °C,
(Pinus sawdust > Castor stem > Castor husk > Coffee pulp). However,
the highest decomposition temperature was observed for Pinus saw-
dust (205 °C). This fact could be attributed to the volatile matter
content in this biomass (Table 1). In this sense, Pinus sawdust
presented the highest volatile matter content (80.15 wt%) followed by
Castor stem (78.01 wt%) and Castor husk (74.13 wt%) whereas the
Coffee pulp showed the lowest volatile matter content (69.48 wt%).

In addition, other differences can be observed in the combustion
behaviour of the biomasses studied. Regarding the second decomposi-

Table 2
Pyrolysis characteristics of Pinus sawdust, Agave bagasse, Castor husk and Castor stems.

Biomass sample Tpyr
a (°C) Tm (°C)b (dw/dT)max (wt%/°C)c Residue yield (wt%)

1st peak 2nd peak 3rd peak 4th peak 1st peak 2nd peak 3rd peak 4th peak

Castor husk 167 64 330 – – 0.07 0.83 – – 24.13
Castor stem 190 62 352 – – 0.09 0.95 – – 18.52
Agave bagasse 145 81 333 485 656 0.02 0.52 0.11 0.09 28.13
Pinus sawdust 191 64 370 – – 0.075 1.21 – – 13.36

a Temperature at which pyrolysis started.
b Temperature at which a peak in the DTG curve was observed.
c Maximum weight loss rate.

Fig. 4. Mass spectra of the pyrolysis process of Castor husk, Castor stems, Agave bagasse, Pinus sawdust for: H2O, CO and CO2.
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tion stage, Castor husk, Castor stem and Pinus sawdust presented
similar TGA profiles. On the contrary, the Pinus sawdust decomposi-
tion shifted to higher temperatures. The devolatilization stage for
Castor husk and Castor stem occurred at low temperatures, which
can be associated to their high cellulose content [34,91]. On the other
hand, it was noted that the third DTG peak for Castor stem (Table 3)
was the highest one followed by that of Castor husk, Pinus sawdust and
Coffee pulp. It was observed for both Castor samples that the third DTG
peak was higher than the second one, which is related to the fact that
the volatile matter in both samples were burned at a lower rate and for
a long time [90].

On the other hand, Coffee pulp showed a fourth peak at 592 °C
(Table 3), which was associated to its high lignin content [92]. In
addition, DTG curve for this sample showed the smallest and widest
peaks. These findings were attributed to the lignin oxidation. Lignin
presents a three-dimensional structure consisting of phenylpropane
coupled with C-C or C-O-C bonds whose activity covers a wide range of
temperatures [91]. Furthermore, the devolatilization stage for Coffee
pulp was shifted to lower temperatures, which was associated to the
presence of methoxy functional groups coming from the lignin decom-
position, whereas the oxidation stage was shifted to higher tempera-
tures. According to Kai et al. [91], the lignin is the most thermal stable
component of biomass and decomposes in a wide temperature range
(150–700 °C).

Finally, the residue yield of biomass combustion can be seen in
Table 3. Like that observed for the pyrolysis process, it can be related to
the ash content and fixed carbon (Table 1). Therefore, Pinus sawdust

presented the lowest yield residue (0.38 wt%), followed by Castor stem
(0.76 wt%), Castor husk (7.07 wt%) and Coffee pulp (9.40 wt%).

Fig. 8 shows the DSC curves for the combustion process of Pinus
sawdust, Coffee pulp, Castor husk and Castor stem. DSC analysis
determines the heat released during the combustion process. Two
exothermic regions for Pinus sawdust, Castor husk and Castor stem
and three exothermic regions for Coffee pulp were found. The first
region was associated to the release of light volatile matters which
provided reactivity to the biomass fuel and the second stage was due to
the combustion of fixed carbon [93]. The most prominent peak was
found in the second stage.

In addition, the ignition temperature, which is the temperature at
which the combustion process starts, and the burnout temperature,
which is the temperature at which the combustion process finishes,
were calculated for all of the samples considered in this study. Thus,
Coffee pulp presented the lowest ignition temperature (152 °C),
followed by Castor husk (179 °C), Castor steam (205 °C) whereas the
highest ignition temperature was found for Pinus sawdust (225 °C).
These results are in good agreement with their volatile matter content
(Table 1). The burnout temperature of Coffee pulp (the highest ash
content, 6.55 wt%) was also the highest one (606.5 °C). The burnout
temperature of Castor husk (3.60 wt% ash content) was 490.5 °C,
Finally, Pinus sawdust and Castor stem (with the lowest ash content,
1.30 and 1.70 wt%, respectively) yielded very close burnout tempera-
ture, 486 °C and 486.5 °C, respectively. On the other hand, the heat
released during the combustion process of Castor husk was the highest
one (9.98 kJ/g), followed by the Coffee pulp (9.71 kJ/g), Castor stem
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Fig. 5. Mass spectra of the pyrolysis process of Castor husk, Castor stems, Agave bagasse, Pinus sawdust for: C2H5
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Fig. 6. Mass spectra of the pyrolysis process of Castor husk, Castor stems, Agave bagasse, Pinus sawdust for: H2, C2H2/CN, C3H5
+, C3H7

+, HCN/C2H3
+ and C6H6.

Fig. 7. TGA curves for the combustion process of: Pinus sawdust, Coffee pulp, Castor
husk and Castor stem.

Table 3
Combustion characteristics of Pinus sawdust, Coffee pulp, Castor husk and Castor stems.

Biomass sample Tcomb
a (oC) Tm (oC)b (dw/dT)max (wt%/oC)c Residue yield (wt%)

1st peak 2nd peak 3rd peak 4th peak 1st peak 2nd peak 3rd peak 4th peak

Pinus sawdust 205 71 336 462 – 0.06 1.59 1.21 – 0.38
Coffee pulp 130 73 302 437 592 0.06 0.44 0.35 0.49 9.40
Castor husk 169 64 295 420 – 0.06 0.77 1.41 – 7.07
Castor stem 196 70 319 406 – 0.08 1.26 1.59 – 0.76

a Temperature at which combustion started.
b Temperature at which a peak in the DTG curve was observed.
c Maximum weight loss rate.
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Fig. 8. DSC curves for the combustion process of: Pinus sawdust, Coffee pulp, Castor
husk and Castor stem.
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(7.08 kJ/g) whereas the lowest one was found for Pinus sawdust
(6.44 kJ/g).

The biomass combustion reaction can be described according to the
following equation:

C

O

CH O + λ1.03 (O + 3.76N ) → intermediates ( , CO, H , CO ,

C H , etc.) → CO +
0.72H O + (λ− 1) + λ3.87N – 439kj/kmol

1.44 0.66 2 2 2 2

m n 2

2 2 2

where CH1.44O0.66 is considered to be the composition of a typical
biomass [94].

The main gas products derived from the combustion of Pinus
sawdust, Coffee pulp, Castor husk and Castor stem were evaluated by
MS analysis. Therefore, the main ions related to the gases emitted in
the combustion process were detected at (m/z)=15, 18, 28, 29, 30, 44,
45 and 46, corresponding to the following compounds: CH3

+
, H2O, CO,

CHO+, NO, CO2, C2H5O
+ and NO2, respectively.

The main integrated peak areas of the mass spectra of the gases
coming from the combustion of Pinus sawdust, Coffee pulp, Castor
husk and Castor stem are shown in Fig. 9. CH3

+
, H2O, CO, CHO+, NO,

CO2, C2H5O
+ and NO2 were detected at the second stage (125–350 °C),

when the devolatilization of biomass proceeded, and in the last stage
(350–525 °C), corresponding to the oxidation of char. In addition, the
maximum intensity peak for H2O, CHO+ and NO was observed in the
devolatilization stage, whereas that for CH3

+
, CO, CO2, C2H5O

+ and
NO2. were observed in the third stage.

The main products obtained during the combustion process of the
studied biomasses were H2O, CO2 and CO. First of all, H2O presented
the highest intensity peak and was released in all of the stages.
Regarding the first stage (25–125 °C), H2O detected in the MS
spectrum was related to the loss of moisture. The larger peak of H2O
emission was found in the devolatilization stage, which corresponded
to the evolution of aliphatic OH groups [95]. Finally, the smallest one
was detected in the third stage, which is related to both the formation
of water during the oxidation of H2 and the calcium carbonate
decomposition [34]. On the other hand, CO and CO2 emissions were
a consequence of the combustion of fixed carbon [49]. The amount of
CO2 released might act as an indicator of the combustion efficiency as it
is the main product of the direct oxidation of the char. However, CO2

production can be catalyzed or inhibited by the formation of combus-
tion intermediates [96]. Coffee pulp released the highest CO2 emission
which could be related to its high lignin content. On the other hand, CO
was formed by the occurrence of molecular oxide complexes that
rearrange afterwards [34]. In addition, the incomplete combustion of
organic material can also lead to high emissions of CO and unburnt
pollutants. Castor husk released the highest CO amount, which could
be attributed to its incomplete combustion. Moreover, the most
relevant component of this biomass is nitrogen which leads to NOx

emission (NO2 and NO). Those products can be formed by three
different reactions. Thus, thermal and prompt NOx are formed at high
temperatures from the reaction of nitrogen with air whereas fuel NOx

are formed from nitrogen-containing fuels. Furthermore, fuel-contain-
ing nitrogen can be converted into intermediate products (HCN and
NHi), which in presence of O2 are in turn converted into NOx [94].
Moreover, the presence of CaO, MgO and Fe2O3 in the biomass can
form an active bed which could catalyze the reduction of NO and N2O.
Therefore, the highest NOx emission was found for Coffee pulp which
can be related to its high nitrogen content. On the other hand, the
lowest NOx emission was observed for sample Pinus sawdust, with the
lowest nitrogen content. In addition, the release of the CH3

+ and CHO+

during the first stage was due to the volatile matter decomposition
whereas that observed during the second stage could be attributed to
the decomposition of the solid residue [49]. The lowest amount of those
products was found for Coffee pulp and the highest one was observed
for Castor stem. Finally, for Coffee pulp the different products were
released in the three stages but highest amount of the main released
products (CO, NO, CO2, C2H5O

+, and NO2) was observed during the
fourth stage.

On the other hand, biomass can be used at industrial scale to obtain
renewable energy. There are a lot of parameters which can influence
the use of biomass to obtain energy, such as: moisture content, bulk
density, ash content, pollutants emission, melting point and corrosion
properties. First of all, the moisture content of biomass has to be low
enough. High moisture fuels burn harder and provide less useful heat
per unit mass, and consequently affects the quality of combustion
process [61]. Moisture content of biomass is a factor which limits the
combustion process due to its effect on heating value. The combustion
process is exothermic and the evaporation of water is endothermic
[65]. The biomasses here studied presented a low moisture content,
ranging from 1.57 to 4.27 wt% (Table 1). Another parameter affecting
not only the rates of heating and drying during the combustion process
but also its processing, transportation and storage is the bulk density of
the biomass [61]. The biomasses reported in this study can be used in
combustion processes at industrial scale since they present a density
ranging from 1346 to 1726 kg/m3 (Table 1). On the other hand, the ash
content in a biomass should be low if it must be used for energy
purposes. Moreover, the presence of certain inorganic elements (K, Si,
Cl) can cause corrosion and erosion of metals [61]. Specifically,
potassium oxide can affect the melting properties of ash [61]. Low
melting points of the ashes can cause serious operational problems
including agglomeration, fouling, slagging and corrosion.
Consequently, a biomass used for energy purposed should have a low
inorganic content. Excluding Agave bagasse and Opuntia stem, the rest
of biomasses presented a low ash content (Table 1). This way, Pinus
sawdust and Coffee pulp with an ash content of 1.30 and 6.55 wt%,
respectively, presented better properties to be used in combustion
process at industrial scale.

3.4. Gasification process

It is known that O2 concentration is an important factor that
influences the gasification process in terms of syngas production and

Fig. 9. Integrated peak areas for the combustion process of Pinus sawdust, Coffee pulp, Castor husk and Castor stem for: H2O, CO2, CO, CHO+, NO, C2H5O
+, CH3

+and NO2.
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affects the operation costs. Therefore, it is necessary to determine the
O2 concentration leading to a cost-effective gasification for the studied
biomass.

The effect of O2 concentration (5, 10, 15 and 21 vol%) on the
gasification process of Coffee pulp char was evaluated at 900 °C for 1 h
(Fig. 10). DTG peaks height increased whereas their width decreased
with increasing O2 concentrations (Fig. 10a). Therefore, the smallest
and the widest peak was obtained for a O2 concentration of 5 vol%; the
tallest and the narrowest peak was obtained for a O2 concentration of
21 vol%2. As expected, the higher the O2 concentration, the higher the
reactivity was. Similar results were reported by Rathnam et al. [97].

On the other hand, char conversion, reactivity and gasification rate
are important parameters to characterise the gasification process. Char
conversion, X, represents the weight loss fraction or mass conversion
ratio, and it was calculated according to the following equation:

X = w − w
w − w

i t

i f (1)

where wi is the initial mass of the char sample at time t0, wt is the mass
of the char sample at time t and wf is the final mass of the char sample
[98]. Moreover, the reactivity of char was calculated by the following
equation:

R=− 1
w

∙ dw
dt

= 1
1 − X

∙ dX
dt (2)

The reactivity is dependent on the temperature and gas composi-
tion and varies with the conversion degree [99]. In this work, reactivity
at 50% char conversion (R50) was considered to be representative of the
gasification process. Thus, the gasification rate was defined as follows:

r dX
dt

=
(3)

Table 4 shows the gasification characteristics of Opuntia stem and
Coffee pulp (for 5, 10, 15 and 21 vol% of O2), being X99 the time to
achieve 99% of conversion, X50 the time to achieve 50% of conversion
and R50 the reactivity at 50% char conversion.

Fig. 10(b, c) show the reactivity and gasification rate vs. conversion
plots for the gasification of Coffee pulp at different O2 concentration. It
was observed that the reactivity increased for char conversion values
higher than 0.8 [99]. Moreover, as it was above-mentioned, the
reactivity increased for increasing values of O2 concentration, thus,
for Coffee pulp R50 increases from 0.11 min−1 (5 vol% O2) to 0.45 min1

(21 vol% O2) (Table 4). Furthermore, Table 4 shows for the same
biomass the values of the time required to get X99 and X50 at different
O2 concentration. As expected, it can be seen that the higher the O2

concentration, the lower the values of X99 and X50 are.
Fig. 11 shows (a) the DTG curve, (b) the reactivity and (c) the

gasification rate obtained from the analysis of the gasification process
of Opuntia stem and Coffee pulp using a O2 concentration of 10 vol% of
O2. If compared to Coffee pulp, it was observed that Opuntia stem
decomposed faster and the yield residue was higher (Table 4). This fact
can be attributed to the different composition of each biomass.
According to López-González et al. and Di Blasi [99,100], the char
conversion is a complex process in comparison with the devolatilization
one. In addition, it is a heterogeneous process since the chemical
reactions take place on the surface. The reactivity of char is influenced
by three different characteristics of the biomass such as the content of
inorganic matter, and its chemical structure and porosity [35,99,100].
In addition, the reactivity R50 of Opuntia stem was higher (0.42 min−1)
than that of the Coffee pulp (0.24 min−1) (Table 4), which is related to
the catalytic effect of the inorganic in nature active species present in
the raw [101]. Opuntia stem contained a higher mineral content
(39,319, 5101, 4745 and 8369 ppm of Ca, P, K and Mg, respectively)
than Coffee pulp (Table 1). Finally, the yield residue obtained from
Opuntia stem was higher (46.65%) than that obtained from Coffee pulp
(17.8%), which is related to the higher ash content (15.32 wt%) and the
low fixed carbon (16.33 wt%) of the former.

On the other hand, Figs. 12 and 13 shows a comparison among the
SEM images of the raw Opuntia stem and Coffee pulp samples and
their chars produced after the pyrolysis and gasification processes. It
can be seen that both raw biomasses show rough surface particles with
no cavities and similar particle size distribution. However, the average
particles size of the pyrolytic and gasification chars coming from
Opuntia stem was bigger than those coming from Coffee pulp.
Furthermore, the resulting char particles obtained from both samples
tended to lose their original structure and presented smooth surfaces
[102].

Finally, the main gas products derived from the gasification of
Opuntia stem and Coffee pulp were evaluated by means of MS analysis.
The main ions related emitted in the pyrolysis process were detected at
(m/z)=2, 16, 28, 29, 30, 44 and 46, corresponding to the following
species: H2, CH4, CO, C2H5

+, NO, CO2, and NO2, respectively.
Figs. 14 and 15 show the main integrated peak areas of the mass

spectra obtained from the gasification process of Opuntia stem and

Fig. 10. Gasification process of Coffee pulp for different O2 concentration (5, 10, 15 and 21 vol%): a. DTG curve, b. reactivity and c. gasification rate.

Table 4
Gasification characteristics for Opuntia stem and Coffee pulp (5, 10, 15 and 21 vol% O2).

Biomass sample Time X99

(min)a
Time X50

(min)a
R50 (1/
min)b

Opuntia stem 10%
O2

10.9 2.2 0.42

Coffee pulp 5% O2 23.3 9.3 0.11
Coffee pulp 10% O2 12.5 5 0.24
Coffee pulp 15% O2 11.4 3.3 0.32
Coffee pulp 21% O2 10.9 2.5 0.45

a Time to achieve 99% and 50% conversion, respectively.
b The reactivity corresponding to 50% conversion.
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Coffee pulp. Fig. 14 shows the composition and characteristic ratios of
the fuel gas obtained from both biomasses. It was observed that the
CO2, CO, CH4 and H2 intensities obtained from Coffee pulp were higher
than those obtained from Opuntia stem, which is related to the higher
content of carbon and hydrogen in the former sample (43.33 and
5.69 wt%, respectively) than in the later (34.72 and 5.07 wt%, respec-
tively). Also, it could be related to the high fixed carbon content in
Coffee pulp (21.23 wt%) if compared to that of Opuntia stem (16.33 wt
%) (Table 1).

In both cases, CO2 was the predominant gas. It can be released from
the following reactions: C+O2→CO2 and CO+½O2→CO2. On the other
hand, the CO was the second specie most released after CO2 and can be
obtained from these reactions: C+½O2→CO and C+CO2→2CO [103].
CH4 was also released in high proportion from secondary reactions

such as: C+2H2→CH4 and CnOm→Cn−xHm−y+H2+CH4+C [99].
Fig. 15 shows the intensity of the peaks corresponding to C2H5

+,
NO and NO2. The two latter are a consequence of the reactions
conditions, which could reform volatile-N and gasify char-N, leading
to the formation of nitrogen species [104].

Among all the mexican biomasses studied, Pinus sawdust showed
the best pyrolysis behaviour because it presented the highest volatile
matter (80.15 wt%) and the lowest ash (1.30 wt%) contents and led to
high yield gas production, Agave bagasse was the less suitable biomass
for pyrolysis process due to its low volatile matter (71.00 wt%) and
high ash contents (11.41 wt%), resulting in a high concentration of
polluted species (HCN and C6H6) in the exhaust. Regarding the
combustion process, Castor husk resulted to be the most appropriate
biomass due to its high heat released (9.98 kJ/g). However, from the

Fig. 11. Gasification process of Opuntia stem and Coffee pulp: a. DTG curve; b. reactivity; c. gasification rate.

Fig. 12. SEM images showing the typical morphology of the particles in sample Opuntia stem collected after: a. original sample; b. pyrolysis process; c. gasification process.
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point of view of emitted gases, the most environmental friendly
biomass was Pinus sawdust. Finally, Coffee pulp resulted to be the
most suitable biomass for gasification process, due to the quality and
concentration of the gas released (H2, CO, CH4 and C2H5

+) during the
process.

4. Conclusions

The thermal behaviour of six different types of biomass (Castor
husk, Castor stem, Agave bagasse, Coffee pulp, Opuntia stem and Pinus
sawdust) has been investigated via TGA-MS in order to know their
potential to be valorised as a renewable energy source under different
process configuration (pyrolysis, combustion and gasification).

Fig. 13. SEM images showing the typical morphology of the particles in sample Coffee pulp collected after: a. original sample; b. pyrolysis process; c. gasification process.

Fig. 14. Integrated peak areas for the gasification process of Coffee pulp and Opuntia stem for: CO2, CO, CH4 and H2.
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Physical-chemical characterization of these biomasses has been used
within the making decision process in order to determine the most
appropriate configuration for each type of studied biomass. Based on
their characteristic, Castor husk, Castor stems, Agave bagasse and
Pinus sawdust were selected for pyrolysis; Pinus sawdust, Coffee pulp,
Castor husk and Castor stem were used for combustion; and Coffee
pulp and Opuntia stem were selected for gasification. The pyrolysis
process could be defined by three different stages (dehydration,
devolatilization and char formation). The temperature at which the
main decomposition took place ranged from 200 to 500 °C (devolati-
lization stage). Particularly CH3

+, CH4, H2O, C2H2/CN, HCN/C2H3
+,

CO, C2H5
+, C2H6 C3H5

+, C3H7
+ and CO2 were the main products

released as a result of biomass decomposition during this stage. On the
other hand, three main different stages of combustion process (dehy-
dration, devolatilization and oxidation) were found. The last oxidation
stage occurred between 350 and 525 °C, being CH3

+, CO, CO2, C2H5O
+

and NO2 the main products released during this stage. The gasification
process was studied at low O2 concentration. The gasification under
deficit O2 condition was little studied and therefore an extensive
research was conducted in order to determine the optimal concentra-
tion of O2 being 10 vol% O2 selected. Increasing oxygen concentrations
favored the decomposition of biomass at shorter times. During
gasification process H2, CH4, CO, C2H5

+, NO, CO2 and NO2 were
detected.

Pinus sawdust was the most appropriate biomass for pyrolysis.
Castor husk could be considered for combustion due to the high heat
released in the process. However, Pinus sawdust are to be considered
more suitable from the environmental point of view. Finally, Coffee
pulp resulted to be the most adequate for gasification due to the
amount and quality of the fuel gas produced.
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