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Abstract. Biomass is a promising renewable energy source and its properties often form the basis for the chosen
thermal process. Brazil has developed advanced programs for the implementation of different types of biomasses for
energy purpose. Fundamental knowledge on thermal behavior of energy sources is still scarce and there is no
sufficient information for oxidative atmosphere, being these essential to the development and optimization of
technological processes. This study provides physicochemical properties of three biomass samples in natura: coffee
husk, rice husk, and tucum& seed. Experiments were performed in a thermogravimetric analyzer (TGA/DTG and DTA)
under different atmospheres: combustion (synthetic air), pyrolysis (pure nitrogen) and oxy-combustion with two
different ratios of CO,/O, (60/40% and 80/20%). Different techniques, such as ultimate analysis, calorimetry, SEM
micrographs, X-ray diffraction, Raman and FTIR spectroscopy and Contact angle were also used to characterize the
samples. The samples by TG curves presented three decomposition stages in air and CO,/O, and two stages in nitrogen
atmospheres. X-rays diffractograms showed crystallinity indexes of 64.3, 57.5 and 57.4% for rice husk, coffee husk and
tucuma seed, respectively. Morphology of the samples revealed different structures (external epidermis, disorder and
spongeous structure). The calorific values found are within the range of 15 up to 21 MJ kg™. Raman and FTIR
spectroscopy evaluated mainly the presence of oxygen, carbon and hydrogen containing functional groups and both
crystalline and amorphous constructions confirmed by X-ray. Wettability showed that rice and coffee husks had a
superhydrophilic character, whereas tucuma seeds had a superhydrophobic character. Tucuma seed is the strongest
candidate to be used as a bioenergy source due to its high heat value, moisture and ash content low, high carbon
content and superhydrophobicity.
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1. INTRODUCTION

The vegetation of countries, such as Brazil, Spain, Africa, China and India, has shown a great variety of
lignocellulosic materials (biomasses), that can to be used as an important source of feedstock for the production of
bioenergy or biofuels (Sasmal et al., 2012; Garcia et al., 2010; Guimardes et al., 2009; Ramajo-Escalera et al., 2006).

Brazil is a pioneer country in the production of renewable fuels (Lira et al., 2013) and is also among the largest
producers and consumers of rice worldwide (Guimardes et al., 2009; Tsai et al., 2006). Lira et al. (2013) reported that
the utilization of tucuma seeds to produce bio-oil has shown a positive effect on the production of electricity in isolated
communities in the Amazon State in Brazil.

The combustion process of biomasses comprises the burnout in an ambient rich in oxygen or air. In this process are
taken into account the types and fuel properties, process conditions, particles size, air flow rate and fuel moisture
affecting the combustion characteristics as well as generation and transfer heat, and the reaction rates. A key parameter
in the combustion process of solid fuels is the primary air flow rate, which evaluates the quantity of oxygen and heat
transfer by convection (Zhao et al., 2008; Senneca, 2007). According to Aghamohammadi et al. (2011) and Han & Jin
(2008), the biomass combustion involves a series of successive exothermic chemical reactions between the fuel and
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oxidizing for production of energy and heat. The thermal degradation of biomass is a very complex process of
interdependent reactions due to the existence of several different monomers, oligomers and polymers in the fuels
composition (Leroy et al., 2006).

Babu (2008) investigated a process called pyrolysis, in which a lignocellulosic material suffers a thermal
degradation in the absence of air or oxygen to produce solids (coal, biochar or biocoal), liquids (tar and other organics)
and gaseous products. This process breaks off the solid matrix into low molecular mass gases (volatiles) and
carbonaceous char (Leroy et al., 2006). The process is not an independent method, but a first step to the gasification or
combustion process. For this reason, the process of biomass pyrolysis has gained relevance (Van der Stelt et al., 2011;
Tsai et al., 2006).

A high concentration emitted of CO, during the process of burning of conventional fossil fuel, is the main problem
in the power plants for refinement of these products. An alternative is the oxy-fuel combustion process, which is a
technology applied to capture CO, and other gases that cause the greenhouse effect during the combustion of coal,
biomass or blends. This process releases a mixture with oxygen (free air) and recycled flue gas, which mainly contains
CO, e H,0 ready to be captured (Alvarez et al., 2011; Riaza et al., 2011; Arias et al., 2008).

The characterization of biomasses is possible to obtain a perfect knowledge of their properties, which allows a good
definition for its choice and use as new energy sources (Ramajo-Escalera et al., 2006). This study evaluates the thermal
degradation process of three biomasses in natura: coffee husks, rice husks and tucuma seed using inert (N,), oxidizing
(synthetic air) and oxy-combustion (60/80% CO, and 40/20% O,) atmospheres. Experiments were performed on a
Thermogravimetric balance (TG/DTG) and in a Differential Thermal Analyzer (DTA). Other analytical techniques for
the evaluation of morphological aspects (Scanning Electron Microscopy - SEM) and structural (X-Ray Diffraction,
Fourier Transform Infrared Spectroscopy - FTIR, Raman Scattering Spectroscopy, and Wettability or Angle Contact -
AC) were also used to identify the biomass potentials as new sources for the production of bioenergy or biofuels.

2. MATERIAL AND METHODS
2.1 Origin of Biomasses

Three biomass samples in natura: coffee husks (Sao Paulo State — Southeast region), rice husks (Maranhdo State —
Northeast region) and tucuma seeds (Para State — North region) were selected for this study. An interesting point is that
the vegetation and climate characteristics of each region are well defined and differentiated, facilitating the plantation of
several native species, conditions requiring specific of cultures.

2.2 Preparation of Samples

The samples were received in natura and underwent pretreatments that consisted in washing with running water to
remove impurities, grinding in laboratory knives mill to decrease the particles size and subsequent sieving for the
separation in the required granulometric range. For all the samples the particles average sizes were 0.46 mm.

2.3 Thermal Analysis (TG/DTG and DTA) and Elemental Analysis (EA)

The elemental chemical composition was obtained in EA1110-CHNS-O CE Instruments equipment (Elemental
Analyzer). Also include was the moisture and ashes content, as shown in Tab. 1. The moisture and ash content were
determined termogravimetrically under controlled temperature by TG curves in oxidizing atmosphere (synthetic air).

The High Heating Value (HHV) was measured in an adiabatic oxygen IKA C 2000 calorimeter bomb (Tab. 1).

The TG/DTG and DTA non-isothermal experiments were performed in Shimadzu analyzers, TGA-50H and DTA-51
models, respectively. The oxidizing (synthetic air), inert (pure nitrogen), and two oxy-fuel combustion concentrations
(60/80% CO, and 40/20% O,) atmospheres, were promoted by the carrier gas with a dynamic flow rate of 100 mL min®
' For these experiments was used constant heating rate utilized of 10 °C min” from room temperature up to 700 °C.
The samples mass were (10.0 + 0.5) mg and alumina crucible. The tests were performed in duplicate and the average
values and standard deviations were considered and showed in Tab. 2.

2.4 X-Ray Diffraction (X-Ray)

X-Ray diffractograms were obtained using a D 5000 X-Ray Diffractometer Siemens brand. The operating
conditions were 40 kV, 20 mA, radiation of CuK, of . = 1.541 A and angle of 20 with scanning between 4 and 80 °,
under time step of 0.020 5™

2.5 Fourier Transform Infrared Spectroscopy (FTIR)
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A Perkin Elmer brand Spectrum 200 spectrophotometer (IR-TF) from 4000 to 400 cm™ range, by Fourier
Transformed and KBr (Potassium Bromide) pellets was used to obtain the absorption spectra in infrared region for the
biomasses in natura.

2.6 Scanning Electronic Microscopy (SEM images)

The morphological analysis of the biomass samples in natura was performed in LEO 440 Scanning Electron
Microscope equipment of 1,000 times amplitude and analyzed by SEM images produced.

2.7 Raman Scattering Spectroscopy (Raman spectra)

The Raman spectra for the biomasses in natura were obtained by 2000 Renishaw Microscope System Micro-Raman
Scattering Spectroscopy using 514.5 nm lines of argon ion laser in the range from 800 to 1800 cm™ (first order spectra),
com 1 accumulated of 30s. The spectra were fitted after baseline subtraction using one Gaussian curve at 1332 cm’
(used displacement of the natural diamond for calibration), which is demonstrated for the suitable curve shape (Azevedo
etal., 2009).

2.8 Wettability or Contact Angle (CA)

Wettability measurements were obtained using an Easy Drop System - DO 4010 Goniometer with computational
program - DSA - Drop Shape Analysis, from Kriiss German brand, at room temperature and controlled atmospheric
pressure. A drop volume of SuL with deionized water was deposited onto the substrates by Sessile Drop Fitting method
(Young-Laplace equation). The images were duplicated and captured the first measure with accuracy + 3°, immediately
after the drop placement on the surface to avoid the perturbation by evaporation process (Azevedo et al., 2009; Kriiss,
2005).

3. RESULTS AND DISCUSSIONS
3.1 Thermal and Elemental Analysis

Table 1 shows details of the physical and chemical properties of the biomasses for biofuel production. The elemental
analysis, moisture and ash content of the samples are showed in Tab. 1. The results revealed that the oxygen content in
rice husks was higher than that of coffee husks and tucuma seeds (approximately 37%). The high oxygen amount in rice
husks can be responsible for a higher volatile matter content (Sasmal et al., 2012), but the lower calorific value. The
calorific values were coffee husks (16.8 + 0.1) MJ kg™'; rice husks (15.4 £ 0.1) MJ kg and tucuma seeds (20.8 + 0.1)
MIJ kg'. The biomasses studied have lower sulfur content (< 1.0%), which implies a lower hydrogen sulfide gas
production or SO, emission during the gasification process (Sasmal et al., 2012; Kumar et al., 2009), enabling their use
as feedstock for the bioenergy generation.

Rice husks have a higher ash content (= 11%) in comparison to the other biomasses. According to Bin & Hongzhang
(2010), a high ash content retards the enzymatic hydrolysis, i.e., saccharification of biomass samples. Therefore,
lignocellulosic material for the biofuel production demands washing for removal soluble water and adhered inorganic
materials, with the customized pretreatment method occurs reduction in the ash content (Sasmal et al., 2012; Folleto et
al., 2005).

The removal of moisture content from the biomasses started at around 70° C (water evaporation) and reached a
maximum removal at around 105° C. Sasmal et al. (2012) showed that the removal of all moisture content present in the
biomass fibers is very difficult due to the hydrophilic nature associated with the lignocellulosic materials; however, it
was observed in this paper a small moisture quantity (around 8%).

Table 1. Moisture, ash content, elemental composition and high heat value of the samples in natura

Moisture Ash C H N S (0] HHV
(%) (%) (%) (%) (%) (%) (%) (MJ kg™
Coffee husks 82+03 83+2.8 43.13 5.93 1.55 0.67 3222 | 16.79 %+ 0.1
Rice husks 7.1+04 | 11.2+24 | 39.11 491 0.31 0.59 36.78 | 15.39+ 0.1

Tucumé seeds | 5.3+0.3 53+04 48.83 6.71 0.88 - 3298 | 20.78+0.1

Biomasses

Figures 1, 2 and 3 (a-c) show TG/DTG and DTA curves for the samples of coffee husks, rice husks, and tucuma
seeds in 4 different atmospheres. The atmosphere of synthetic air in biomasses in natura was used to simulate a
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combustion process, pure nitrogen for pyrolysis and two concentrations of carbon dioxide and oxygen (60/80% CO, and
40/20% 0O,) for oxy-fuel combustion.

The TG/DTG and DTA curves showed the thermal decomposition steps of the major constituent of lignocellulosic
materials, i.e. hemicellulose, cellulose and lignin at their respective degradation temperatures (Yao et al., 2008; Wu &
Dollimore, 1998). In some biomasses the thermal decomposition of hemicellulose and cellulose occur at same stage
(around 310 °C) and in this temperature a shoulder can be observed as overlapping peaks (Yao et al., 2008).

TG/DTG thermograms (Figs. 1a and b) for the coffee husk samples showed that the samples had three thermal
degradation steps in all the atmospheres (complex reactions mechanisms), but only two in inert atmosphere (without
considering moisture loss steps).
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Figure 1. (a) TG, (b) DTG and (c) DTA curves of coffee husks in different atmospheres

The DTG curves (Fig. 1b) for the hemicellulose and cellulose decomposition showed that the degradation
temperatures were the same in the combustion and oxy-fuel combustion (80% CO,-20% O,) atmospheres
(approximately 295 °C). This can be explained by the gases concentration, indicating that a replace of CO, for N,, has
no effect significant in the combustion. The increase in oxygen concentration shifted the peaks to lower temperatures
(Li et al., 2009), whereas for samples under pyrolysis and oxy-fuel combustion (60% CO,-40% O,) atmospheres the
peak temperatures were 328 and 320 °C, respectively.

The DTG curves for the coffee husks samples also showed that a higher mass loss was found for
hemicellulose/cellulose (320 °C) and lignin (442 °C) decomposition in oxy-fuel combustion (60% CO,-40% O,) and
synthetic air, respectively. According to Lai et al. (2011), the oxygen concentration strongly influences the volatile
release and the combustion stage, benefiting ignition. The maximum temperature was around 490 °C in 80% CO,-20%
O, atmosphere.

The DTA curves (Fig. 1c) for the coffee husk samples showed only one endothermic peak related to the moisture
loss (approximately 66 °C), and two exothermic peaks related to the thermal degradation of hemicellulose/cellulose
(288-310 °C) and lignin (445-468 °C), respectively. Orsini et al. (2011) reported that the thermal decomposition of
lignocellulosic materials occurs in energetic terms (endothermic or exothermic peaks), with consecutive and
concomitant values.
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Figure 2. (a) TG, (b) DTG and (c) DTA curves of rice husks in different atmospheres

Figure 2a shows for rice husks that all the thermal decomposition steps of hemicellulose, cellulose and lignin in the
different atmospheres. Only was observed some change in the pyrolysis ambient (temperature interval 150-420 °C),
possibly due to the volatile releases (mainly CO,, CO, H, and CH,) and biochar formation (Markovska & Lyubchev,
2007).

The DTG curves (Fig. 2b) showed a peak and a “shoulder” at different temperatures for combustion and pyrolysis
atmospheres. The temperatures of peak and shoulder for the combustion and pyrolysis were 310 and 327 °C, and 325
and 360 °C, respectively, whereas for two oxy-fuel combustion atmospheres were not observed the presence of
“shoulders”, and peak temperatures were around 320 °C. The temperatures ranged from 450 to 480 °C for all
atmospheres in the lignin thermal degradation step.

Figure 2¢ (DTA curves) shows the endothermic and exothermic peaks at the determined temperatures. For all the
atmospheres, an endothermic event of moisture loss is observed in approximately 62 °C. Large differences were
observed in the pyrolysis atmosphere, with only one endothermic peak about 348 °C, whereas in other atmospheres, the
thermal behavior was practically the same. For the combustion atmosphere were detected two exothermic peaks with
the same intensity at 336 and 468 °C. The first peak corresponds to the thermal decomposition of hemicelulose and
cellulose, and the second peak for lignin.

Furthermore, in oxy-fuel combustion atmosphere (60% CO,-40% O,) an exothermic peak more intense can be seen
at 320 °C and other less intense at 447 °C. The peaks for oxy-fuel combustion atmosphere (80% CO,-20% O,) were at
336, 360 and 460 °C, which appear of the thermal decomposition of hemicellulose, cellulose, and lignin, respectively,
confirming the peak displacement to lower temperatures by increasing of the oxygen concentration, due to formation a
more oxidative ambient (Li et al., 2009).
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Figure 3. (a) TG, (b) DTG and (¢) DTA curves of tucuma seeds in different atmospheres
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Figure 3a shows the thermal degradation steps (TG curves) for tucuma seeds in the 4 atmospheres. As previously

mentioned the curves exhibited the same thermal behavior.

From DTG curves (Fig. 3b) were observed three distinct decomposition steps of mass loss: hemicellulose (184-193
°C), cellulose (288-320 °C) and lignin (440-450 °C) for the combustion and oxy-fuel combustion (60% CO,-40% O,)
atmospheres. The peak of decomposition of the lignin was displaced for 360 °C in the pyrolysis ambient, while two
peaks were observed in the hemicellulose/cellulose (336 °C) and lignin decomposition (468 °C) for the oxy-fuel

combustion atmosphere (80% CO,-20% O5,).

Several exothermic peaks ranging from 250 to 500 °C were observed in the DTA curves for tucuma seed samples
(Fig. 3¢). The oilseed samples exhibited a highly exothermic behavior, which characterized oxidative decompositions
during the thermal processes of combustion and oxy-fuel combustion (Santos et al., 2012). Such a significant effect was

not observed for the pyrolysis atmosphere, only an endothermic peak in 350 °C.

The ignition temperatures observed by TG curves for the coffee husk, rice husk and tucuma seed samples were 150,
250 and 270 °C, respectively. According to Li et al. (2009) and Lai et al. (2012), the ignition can be considered an
initial process of the combustion phenomenon and an important key step in the stability and extinction of the flame and

in the pollutants emissions.

Table 2. Average mass loss of biomasses for thermal decomposition processes

Hemicellulose/
At h Bi Moist ¥/ Lignin (¢ Ashes (¢
mospheres iomasses oisture (%) cellulose (%) ignin (%) shes (%)
coffee husks 82+0.3 73.7+3.6 10.0+1.1 83+2.8
synthetic air i
) rice husks 7.1+04 53.3+13 27.6+0.3 11.2+24
(combustion)
tucumad seeds 53+03 60.7+ 0.7 289+ 0.6 53+£04
nitrogen coffee husks 6.3+0.2 499+04 16.7+0.3 27.1+0.6
(pyrolysis) rice husks 6.2+0.5 53.8+0.5 17.5+1.3 223+2.1
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tucuma seeds 52+0.1 542+0.7 14.5+0.1 20.8+04
coffee husks 7.6+0.2 56.5+t1.5 25.1+0.2 11.6 £0.8
60% CO,—
rice husks 6.7+0.3 50.2+0.9 273+1.0 15.3+0.8
40% O,
tucuma seeds 52+03 50.3+£1.0 402+23 52+04
coffee husks 8.2+0.3 50.8+1.9 29.9+0.3 11.5+0.7
80% COp—
rice husks 7.1+0.5 529+09 24.1+0.9 145+0.8
20% O,
tucuma seeds 54+£03 548+1.2 33.1+£1.0 53+0.6

Table 2 summarizes the mass loss percentages in the samples in natura in the thermal degradation steps (moisture,
hemicellulose, cellulose, lignin and ash content) by thermogravimetric analysis for the combustion, pyrolysis and oxy-
fuel combustion processes. The wastes formed in the oxidizing atmosphere are called ashes, whereas in an inert
atmosphere are denominate biochar (Babu, 2008; Lira et al., 2013).

Table 2 shows a higher mass loss for the samples of coffee husks in combustion and oxy-fuel combustion (80%
C0,-20%0,) atmosphere. About 8% of moisture and for hemicellulose/cellulose was 74% in combustion ambient. A
high loss of lignin was obtained for the tucum@ seed samples about 40% in oxy-fuel combustion (60% CO,-20% O,)
atmosphere, and high ash content about 11% for rice husks.

3.2 X-Ray Diffractograms

Vandenbrink et al. (2012) reported that the Crystallinity Index (CI) of cellulosic biomass is an important factor for
enhancing cellulose digestibility. CI is a measure of the fraction of crystalline cellulose for amorphous regions (lignin
and hemicellulose) and inversely correlated with the enzymatic hydrolysis rate in microcrystalline cellulose. Samples
with a high CI are believed to have a larger fraction of crystalline cellulose and are inefficiently hydrolyzed by cellulase
(Vandenbrink et al., 2012).

In order to compare the changes in the structural phases in the cellulose, the Cls of the samples in natura were
calculated with reference to the peak diffraction intensities of the crystalline cellulose area (002) and amorphous regions
(100) in plan by equation (1) (Vandenbrink et al., 2012; Yu et al., 2009; Yoshida et al., 2008).

loo, — |

o1 = o= 1an) 10 (1)
002

where Iy, is the intensity of the crystalline area of (002) plane at 26 = 22.5° and I, is the intensity of the amorphous

region at 20 = 18.0°. Iy, also means both crystalline and amorphous intensity (background) while I, represents the only

background intensity (Yu et al., 2009).

Table 3. Crystallinity Index for samples in natura

. Crystallinity
Biomasses Index (%)
Coffee husks 57.5+0.7
Rice husks 64.3+£0.8
Tucuma seeds 57.4+0.5

According to Zhang et al. (2008), the CI of the material surface is mainly related to the wax content (high molecular
mass hydrocarbons and fatty acids) in the biomass. However, the overall crystallinity of the biomass depends on the
wax and cellulose content and the nature of the bonds among cellulose, hemicellulose and lignin, forming a complex
matrix (Guo & Catchmark, 2012; Naik et al., 2010). Several researchers have reported that chemical, physical and
thermal factors also affect the crystallinity of the biomass (Zhang et al., 2008; Liu et al., 2005).

Table 3 shows the maximum values of CI for the samples of rice husks, coffee husks and tucumé seeds. These
values are indicative of large amorphous regions about 40% (hemicellulose and lignin together) in the samples, showing
that rice husks can be more viable for enzymatic digestion and have more imperfect/amorphous hemicellulose in their
composition than other two biomass materials (Yu et al., 2009).

3.3 Fourier Transform Infrared Spectra
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Figure 4(a-c) shows the spectroscopic behavior obtained in the infrared region for coffee husks, rice husks and
tucuma@ seeds samples. According to Sasmal et al. (2012), the main characteristics in the FTIR spectra in biomass are
attributed to the presence of different concentrations of hemicellulose, cellulose and lignin in the fibers.

Figure 4a shows the spectrum obtained for coffee husks in natura with the main bands presented in the following
ranges: 3000, 2800, 1800 and 700 cm™. In a previous study, Reis et al. (2013) reported that bands at 2921 and 2847 cm’
! were attributed to the stretching of C-H bonds of methyl (-CH3) group in the caffeine molecule, and successfully used
to develop predictive models for a quantitative analysis of caffeine. Both bands show lower absorbance values in the
spectra obtained for coffee husks, being the second band less evident in the coffee husk sample than in the coffee grain.
Reis et al. (2013) also reported that other two bands at 2927-2925 and 2855 cm™ are assigned to the asymmetric and
symmetric stretchings of C-H in lipids. Such bands may be affected by caffeine and lipids levels. For coffee husks there
are strong indications that these can be associated to the lipid concentrations.

It is evident that the spectrum of coffee husks in natura showed higher values of absorbance between 1700 and 1500
cm’'. The bands in this range may be assigned to the axial deformation of C=C and C=N bonds in the aromatic ring of
trigonelline (Reis et al., 2013). The wave number from 1400 to 900 cm™ is characterized by vibrations of several types
of bonds, such as C-H, C-O, C-N and P-O. Chlorogenic acids, a family of esters formed between quinic acid and one to
four residues of caffeic, p-coumaric and ferulic acids, that presents strong absorption in the region of 1450 and 1000 cm
!. Carbohydrates also exhibit several absorption bands in the 1500 and 700 cm™ region. Such a class of compounds is
expected to substantially contribute to the observed bands. Particularly, the skeletal vibration modes of the glycosidic
linkages in starch are observed in the wave numbers of 950 and 700 cm™ (Reis et al., 2013).

(@)

2921 2852

3432

(c)

Transmittance (a. u.)

3432

2921 || 2852 1708

T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wave number (cm™)

Figure 4. FTIR spectra: (a) coffee husks; (b) rice husks, and (c¢) tucuma seeds

According to Markovska & Lyubchev (2007), the absorption bands in the rice husks spectra are attributed to
physically adsorbed water, functional groups of cellulose, hemicellulose and lignin, as well as the inorganic components
in their composition (Fig. 4b). The wide and intense absorption band of maximum of approximately 3432 cm ' can be
attributed to their the valent vibrations of the O—H in water molecules with hydrogen bonds, or the OH groups present
in cellulose, hemicellulose and lignin. The absorption bands at 1376, 1331, 1218 and 1044 cm ™' for rice husks can be
related to the OH groups of lignin and polysaccharides, which form the husks structure. The band at 1633 cm ' results
from both the deformation vibrations of the water molecules (3-H,O) and the presence of C=C bonds in organic
components. The more and less intense absorption bands at 2921 cm™' and 2852 cm ' are assigned to the asymmetric
and symmetric of valent vibrations in C—H bonds in groups —CH; and —CH, for the structures of lignin, cellulose and
hemicellulose. The band at 1727 cm ™ is related to the C=0O bonds in aldehyde groups of hemicellulose, whereas the
band at 1514 cm' is characteristic of the vibrations of the C=C bonds in the aromatic rings of lignin. The triplet in the
1000-1200 cm ' region was considered from the superposition of vibrations of the C—OH and Si-O bonds in the
siloxane groups. The intense band at 1050—1100 cm™' (maximum at 1084 cm™') corresponds to valent vibrations of
silicon-oxygen tetrahedrons (SiO4). For the band at 1084 cm ™' it is also correct to affirm that main valent vibrations of
the C—OH bond of cellulose are in the infrared region. A higher intensity at 1084 cm' is probably due to the
superposition of the valent vibrations of the C~OH bond in the 1000-1200 cm ' range and the valent vibrations of the
Si—O bond. The presence of an absorption band at 780—790 cm ' can be explained by symmetric valent vibrations of the
Si—O bonds in the silicon-oxygen tetrahedrons (SiO,) (Markovska & Lyubchev, 2007).

Figure 4c shows a band at 3432 cm ™' for tucuma seed, also attributed to either the valent vibrations of O—H in water
molecules bonded by hydrogen bonds, or the OH groups present in cellulose, hemicellulose and lignin. The intense and
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less intense absorption bands at 2921 cm ™' and 2852 cm' correspond to the asymmetric and symmetric valent
vibrations of C—H bonds in function of —CHj (cellulose) and —CH, (cellulose) groups in the structures of lignin. A band
ranges about 1200 cm™' is characteristic of saturated esters (C—O—C), and in 1034 cm™ is due to fatty acids. The
spectroscopic profile results indicate that tucuma seeds exhibits a behavior of oilseeds in relation to the characteristic
bands of fatty acids and saturated esters (Santos et al., 2012).

3.4 Scanning Electron Microscopy

Figure 5 (a-c) shows the SEM micrographics for coffee husks, rice husks and tucuma seeds. The biomasses used in
this study displayed different morphological characteristics.

(a) (b) (c)

Figure 5. SEM micrographics: (a) coffee husk, (b) rice husk, and (c) tucuma seed samples

For coffee husks (Fig. 5a), the surface structure is well robust and contains large elongated grains without
homogeneous surface, but the grain contour is well defined (Cruz et al., 2012). In case of the Fig. 5b for rice husks has
a well ordered and oriented morphology in format “parallel grooves” and external epidermis in its surface. There is a
well defined separation and repetitions in the structure with linear profile, also is found blades format with “thorns” the
coating (Uzunov et al., 2012; Yu et al., 2009). The tucumd seed samples (Fig. 5c) were characterized as a material very
robust, dense, thicker wall, high density of pores in the surface. Moreover, the axial and radial structure of the pores
also defines their geometric shape, which is attributed with to the “spongeous” characteristic material (highly porous)
(Cruz et al., 2012; Guimaraes et al., 2009).

3.5 Raman Scaterring Spectroscopy
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Figure 6. Raman spectra: (a) coffee husk, (b) rice husk, and (c) tucuma seed samples

According to Adapa et al. (2009), Raman spectroscopy has a good potential to determine the structural

characteristics and the distribution of chemical components in lignocellulosic materials. The literature has reported that
Raman spectroscopy can be successfully used to study lignocellulosic biomass in its chemical structure and spatial
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distributions of cellulose, hemicellulose and lignin, and its application in various other wastes (food, feed,
biocomposite, textile, paper and pulp industry) (Adapa et al., 2009).

The use of Raman and Infrared Spectroscopy allows a complete view for both electrically symmetrical and non-
symmetrical bonds. Raman effect depends on the polarity of the molecules. Assignment of the bands or wave numbers
in the Raman spectra for lignocellulosic biomass is still in early stage. Adapa et al. (2009); Keown et al. (2008);
Agarwal & Ralph (1997) reported that the band of macromolecules is oriented in the lignocellulosic fibers (sugarcane,
black spruce and agricultural biomass materials) during FTIR-Raman analyzes.

Li et al. (2010) investigated by Raman the presence of aromatic skeletal lignin at 1510 cm™, syringyl and guaiacyl
in condensed lignin at 1329 cm™' for switch grass samples. Nanda et al. (2013) observed two main lignin features,
which correspond to the aromatic ring stretch at 1595 cm ™' and ring-conjugated C=C bond at 1626 cm™' (1650 cm ™' in
case of pine wood). Furthermore, the band at 1056 cm ™' represent the C—O stretch in cellulose and hemicellulose and
the band at 1375 cm ' represent the deformation of the C—H bond. Keown et al. (2008) showed that the characteristic of
broad peaks in Raman spectra for biomasses in the 1580-1610 and 1325-1380 cm™' ranges represents the G band
(graphite) and D band (defect), which are common in biochars structures.

Figure 6 (a-c) shows the Raman spectra of the biomass samples in natura (first order spectra). According to
Agarwal & Ralph (1997) and Nanda et al. (2013), the major vibrations in the Raman spectra of biomasses were found
in the 1595-1650 cm ' regions due to the lignin presence, whereas cellulosic and hemicellulosic components are
present in the 973-1183 cm™ ! range. For coffee husks and tucuma seeds (Figs. 6a and c) presents three large bands with
the (1012, 1275, and 1560 cm™) and (1025, 1244 and 1565 cm™) intensity, which signified a high concentration of
hemicellulose, cellulose and lignin. The presence of a higher lignin concentration can be showed by bands intensity of
rice husks (Fig. 6b) at 823 cm™, 893 cm™ and 1423 cm™. At 900 cm™ peak is reflective to amorphous cellulose, whereas
at 1098 cm' is assigned to crystalline cellulose (Nanda et al., 2013; Sasmal et al., 2012).

3.6 Wettability or Contact Angle

According to Azevedo et al. (2009), the wettability measure is a simple and easy method that provides information
about the crystallographic structure of the surface. It is also correlated with chemical nature and functional groups
associated to their variations in contact with different liquid types. This technique has been largely used for the
characterization of carbonaceous materials (micro and nanodiamond, boron doped diamond, carbon nanotubes and
others) (Ostrovskaya et al., 2007; Zhou et al., 2006; Kaibara et al., 2003; Pinzari et al., 2001).

(0 +0)° (a) (0+0)° (b) (90 £2)° (c)

Figure 7. Contact angles: (a) coffee husk, (b) rice husk, and (c) tucumé seed samples

This technique was employed in this study as a new technology (nanotechnology and biotechnology) to evaluate
surface properties of lignocellulosic materials through the functional groups (carboxyl and carbonyl) and terminations
(hydrogenated and oxygenated).

Figure 7 (a-c) shows the Contact angles for coffee husks, rice husks and tucuma seeds in natura. According to
Sasmal et al. (2012), lignocellulosic materials have mainly a hydrophilic character (6<90°), although lignin shows
hydrophobic character (6>90°) (Wiman et al., 2012). These values of CA, possibly also can be related to rough and
porous surfaces or terminations with oxygen in their surface (carbonyl or carboxyl) (Uzunov et al., 2012; Azevedo et
al., 2009). Can be observed for coffee and rice husks samples (Fig. 7a and b, respectively), that the water drop perfectly
wets to the biomass surface (by spreading). For the tucuma seed samples (Fig. 7¢), the effect of wettability was fully
opposite the two previous samples, which presented hydrophobic character, possibly due to its oleophilic natural
character (Uzunov et al., 2012) and by the presence of waxy or oily substances in their surface or composition. This can
contribute to an ineffective fiber-matrix bond and a poorly wetted surface (Santos et al., 2012; Vilay et al., 2008).

4. CONCLUSIONS

The physicochemical characterization of the three biomasses in natura indicated that the tucuma seed samples are
more favorable for the bioenergy production, as they showed a high calorific value (approximately 21 MJ kg™') and a
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high sugar concentration (hemicellulose/cellulose, average 60%) than lignin (29%), in addition low content of moisture
(5.3%) and ashes (5.3%).

The thermal degradation steps of the main lignocellulosic constituent of the biomasses in combustion, pyrolysis and
two oxy-fuel combustion atmospheres were identified by Thermal Analysis (TG/DTG and DTA), which presented
semi-quantitative amounts of hemicellulose, cellulose and lignin, and the presence of endothermic and exothermic
events during the main thermal conversion processes. The ignition temperatures were 150, 250 and 270 °C for coffee
husk, rice husk and tucuma seed samples, respectively.

O-containing functional groups in lignocellulosic materials were identified by FTIR analysis, but has restricted
application in the exploring the less-polar aromatic structures, while X-Ray and Raman were used to evaluate structural
features of such material, because it is sensitive for both crystalline and amorphous constructions. Wettability showed
that coffee and rice husk samples showed a superhydrophilic character (6=0°), while tucumé seed samples presented a
hydrophobic character (6>90°).

The present study has showed that the three brasilian biomass can be utilized as feedstock for the biofuel or
bioenergy production, independent of the conversion process, such as enzymatic hydrolysis, gasification or
fermentation to ensure the demand of the second generation biofuel.
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