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The utilization of biomass in fluidized bed reactors is due to alternatives created by the carbon credit market and to
environmental concerns. This fact calls for an accurate determination of physical–chemical properties and hydrody-
namic studies on biomass-inert binarymixtures. In bubbling fluidized bed combustion processes, the inertmaterial
mass is approximately 95% of the totalmass of the bedmaterial, and an effectivemixture betweenbiomass and inert
particles is desired to improve the efficiency of the process. In this study, binarymixtures, composed of biomass and
sand as an inertmaterial, were used. Thermal and physical–chemical properties of five biomass samples (sugarcane
bagasse, pine sawdust, coffee husk, Tucumã seed, and rice husk)were experimentally evaluated. Themorphology of
the samples was determined by SEM, and the thermal properties were found by thermogravimetric analysis (TG)
anddifferential thermal analysis (DTA). The hydrodynamic studywas carried out in afluidized bed at room temper-
ature and local atmospheric pressure, in which theminimum fluidization velocity and voidage of the biomass-inert
binarymixturewere evaluated. The arrangement of the physical–chemical characteristics of biomass and thehydro-
dynamics of the binary mixture are equally important for predictions of the biomass behavior in fluidized bed
combustors.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The increasing demand for energy has claimed for improvements in
energy generation processes. The carbon creditmarket has created good
opportunities for theuse of biomass influidized bed reactors in industri-
al processes for combustion, gasification, and pyrolysis. Fluidized bed
reactors are characterized by high conversion efficiencies and low emis-
sions of atmospheric pollutants. The use of biomass in fluidized bed re-
actors is still restricted due to the lack of knowledge regarding biomass
particle properties and their hydrodynamic behavior. Such information
is important for predicting the behavior of these biomasses when they
are applied to fluidized bed reactors and contributes to enhance the in-
dustrial equipment performance.

The high consumption of coal worldwide and the consequent envi-
ronmental pollution problems have required the generation of a clean

energy [1]. Many studies have been conducted on energy generation
from biomass for environmental reasons, and fluidization is considered
the most promising technology to be applied due to its good perfor-
mance parameters, such as excellent fluid mixing, high heat and mass
transfer rates, as well as temperature uniformity. Moreover, fluidization
can operate at various regimes, depending on parameters, such as tem-
perature, pressure, gas velocity, particle diameter, riser diameter, and
gas/particles properties.

Several studies have focused on biomass particles characterization,
whose knowledge is important for the improvement of theperformance
of such materials in thermal processes [2–7]. Within this purpose, ther-
mal analysis techniques – thermogravimetry (TG/DTG) and differential
thermal analysis (DTA) – have been used for the appraisal of the ther-
mal behavior of the biomass providing useful information about the
thermal degradation of lignocellulosic contents [8–12].

On the other hand, very few attempts have focused on the influence
of physical–chemical properties of biomass materials on fluidized bed
performance, probably due to the lack of sufficient data on those prop-
erties. Regarding binary mixtures involving biomass and sand particles,
an effective mixture inside the bed must be achieved for a better

Fuel Processing Technology 124 (2014) 188–197

⁎ Corresponding author at: Department of Mechanical Engineering, USP, University
of São Paulo, Av. Trabalhador São Carlense, 400, CEP 13566-590 São Carlos, SP, Brazil.
Tel.: +55 16 31161665.

E-mail addresses: paulam@sc.usp.br, paulamcrn@gmail.com (P.M. Crnkovic).

http://dx.doi.org/10.1016/j.fuproc.2014.03.003
0378-3820/© 2014 Elsevier B.V. All rights reserved.

Contents lists available at ScienceDirect

Fuel Processing Technology

j ourna l homepage: www.e lsev ie r .com/ locate / fuproc

http://crossmark.crossref.org/dialog/?doi=10.1016/j.fuproc.2014.03.003&domain=pdf
http://dx.doi.org/10.1016/j.fuproc.2014.03.003
mailto:paulam@sc.usp.br
mailto:paulamcrn@gmail.com
http://dx.doi.org/10.1016/j.fuproc.2014.03.003
http://www.sciencedirect.com/science/journal/03783820


performance of the reactor [13]. However, more experimental studies
on the hydrodynamic behavior of fluidized beds containing binary mix-
tures of biomass and sand particles are still required, although plenty of
research has been carried out over the past four decades [14–17].

These studies have shown that the values provided by equations of
theminimumfluidizing velocity (Umf) for binarymixtureswith biomass
particles are far from the experimental ones due to the segregation phe-
nomena, irregular shapes of biomass and the formation of preferential
channels inside the bed. Despite all efforts devoted, the combination be-
tween hydrodynamic studies of biomass-sand mixtures in fluidized
beds and studies on physical–chemical properties of biomass still have
not been analyzed.

In this context this paper investigates five biomass samples (sugar
cane bagasse, pine sawdust, coffee husk, Tucumã seed and rice husk)
based on the thermal and physical–chemical properties and hydrody-
namic behavior of biomass–sand binary mixtures. The fluidization pro-
cess of the binary mixture in the fluidized bed is conducted by using air
at room temperature and local atmospheric pressure. The arrangement
of the physical–chemical properties of biomass and hydrodynamic be-
havior enables the prediction of the fluidized bed combustors when
the biomass is used. Such attempts are expected to lead to a better uti-
lization of the biomass samples in thermal processes.

2. Materials and methods

2.1. Solid particles

The five biomass samples studied were collected from different re-
gions in Brazil: sugarcane bagasse, pine sawdust, and coffee husk from
São Paulo State, Tucumã seed from Amazonas State and rice husk
from Maranhão State. All biomass particles were ground by either a
hammer mill or a slicer to obtain particle sizes smaller than 2800 μm,
except for rice husk. This preparation followed the ASTM Standards
(E1757-01).

Sand particles whose size ranged between 150 μm and 1000 μm
were selected for hydrodynamic experiments and subjected to both
particle and bulk density experimental analyses. However, smaller par-
ticles were required for porosimetry and thermal analyses. In those
cases, particles of 460 μm were used, but previously washed, dried at
80 °C for 18 h, grounded, and then sieved. The average size of 460 μm

was obtained by the arithmetic mean of two consecutive ASTM labora-
tory sieveswhosemesh apertures ranged between 420 and 500 μm. Pic-
tures of the biomass samples after the preparation are shown in Fig. 1.

2.2. Physical–chemical analyses

Ultimate analysis, higher heating value (HHV) and porosity tests
were carried out to characterize the biomass samples. The ultimate
analysis of the samples was conducted with a CE Instruments
analyzer — model EA1110-CHNS-O. HHV was determined on a bomb
calorimeter (IKA C200) according to the ASTM D-2015 standard test
method and using samples weighing (1.0 ± 0.1)g in three replicate
experiments.

The samples were dried in an oven for approximately 24–120 h
under a temperature of 110 °C prior to the porosimetry tests conducted
in a Micromeritics porosimeter (ASAP-2020). Samples of (1.0 ± 0.3)g
were used in all experiments. Under the Degas conditions, the samples
were heated at a 10 °Cmin−1 up to 70 °C rate and subjected to an evac-
uation rate of 10 mmHgs−1 to 10 μmHg, remaining under these condi-
tions for 240 min. Under the analysis conditions, the samples were
immersed in liquid nitrogen and maintained in isothermal conditions
at −196 °C during all experiments. The porosimetry analysis was
performed under vacuum at an evacuation rate of 5 mmHgs−1 to
10 μmHg, remaining under these conditions for 6min. Then, a P/P0 pro-
gramming for 42 points was applied (27 points for adsorption and 15
points for desorption). P/P0 is the ratio between the applied pressure
(P) and the saturation vapor pressure of the adsorbed gas (P0), i.e.,
nitrogen.

Themorphological structures of the biomass samples were analyzed
by Scanning Electron Microscope (SEM) in a LEO Electron Microscopy
440 (ZEIZ/LAIKA).

2.3. Thermal analyses

The thermal properties of the samples were determined by both
thermogravimetric analysis (TGA) and differential thermal analysis
(DTA). The TG technique determines the changes in the sample mass
as the temperature increases and DTA determines the enthalpic transi-
tions by means of endothermic and exothermic peaks [18]. The experi-
ments were performed in a thermogravimetric balance and in a

Fig. 1. Samples of the five biomasses studied: (a) sugarcane bagasse; (b) pine sawdust; (c) coffee husk; (d) Tucumã seed and (e) rice husk.
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