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Observed Kinetic Parameters during the Torrefaction of
Red Oak (Quercus rubra) in a Pilot Rotary Kiln Reactor

Juan C. Carrasco,*? Gloria S. Oporto,*®* John Zondlo,¢ and Jingxin Wang 2

The torrefaction of red oak (Quercus rubra) was performed in a pilot rotary
kiln reactor, and the apparent kinetic results were compared with the
results of torrefaction performed in a bench-scale fluidized reactor. Mass
loss, gross calorific analyses, ultimate analyses, and proximate analyses
were applied to the final torrefied material. The experimental torrefaction
temperatures were 250, 275, 300, and 325 °C, and the experimental total
torrefaction times were 20, 35, 50, and 80 min. A significant variation of
the energy content occurred in the range of temperature between 275 and
300 °C, with the energy yield changing from 97.5% to 83.6%, respectively.
The molar ratios H:C:O for the torrefied red oak presented a behavior
independent of the experimental equipment when the temperature ranged
between 250 and 325 °C. For the torrefaction process of red oak in the
pilot rotary kiln reactor, a first-order reaction and one-step kinetic model
were fitted with a maximum error of about 7.5% at 325 °C. The observed
reaction rate constant (k) for the rotary reactor was 0.072 min= at 300 °C,
which was 71% lower than the reaction rate constant for torrefied red oak
in a bench-scale fluidized reactor. Arrhenius analysis determined an
activation energy of 20.4 kJ/mol and a frequency factor of 5.22 min=t. The
results suggest significant external heat and mass-transfer resistances in
the rotary system.
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INTRODUCTION

Woody biomass currently comprises up to 20% of the co-combustion material in
coal power plants, accounting for 0.9% of total U.S. electric power generation (Levine
2011). Furthermore, 46% of all electricity generation comes from coal power plants, in
which greenhouse gas (GHG) emissions are the most important environmental issue; the
GHG from coal combustion for power generation accounted for 81% of emissions from
electricity generation from fossil fuels (Cuellar 2012). The low level of utilization of
biomass in power plants for electric generation is due to several limitations: their low
energy density compared with fossil fuels, high grinding energy requirements, and
variability in moisture content (Bergman et al. 2005; Bridgeman et al. 2010). These
limitations decrease the efficiency and output of a power plant. Today, it is possible to
improve all these disadvantages of biomass through the torrefaction process (Prins et al.
2006a; Deng et al. 2009; Zheng et al. 2012). Torrefaction is the thermochemical treatment
of biomass in the absence of oxygen at temperatures ranging between 200 and 330 °C
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(Bergman and Kiel 2005; Prins et al. 2006a; Ciolkosz and Wallace 2011; Carrasco et al.
2013).

The decomposition of biomass during torrefaction gives off various types of
volatile species, which results in a loss of mass and chemical energy to the gas phase.
Moreover, biomass loses relatively more oxygen and hydrogen compared with carbon, and
therefore the remaining solid material possesses not only more uniform properties such as
better grindability and high hydrophobicity, but also a higher calorific value compared with
the original raw material (Prins et al. 2006b; Arias et al. 2008; Oliveira and Rousset 2009;
Almeida et al. 2010; Kim et al. 2012). It has been suggested that torrefied material can be
used as a feedstock for combustion, for pyrolysis and liquefaction, and for gasification and
co-combustion with coal in power plants (Bergman et al. 2005; Prins et al. 2006b; Deng et
al. 2009; Kleinschmidt 2011; Li et al. 2012; Zheng et al. 2012; Tiffany 2013).

Prior studies on torrefaction have used diverse experimental systems such as
thermogravimetric analyzers, ovens, and fixed bed and fluidized reactors. So far, the most
conventional system has been the thermogravimetric analyzer, in which 4 to 10 mg of
material can be processed (Prins et al. 2006a; Bridgeman et al. 2008; Chen and Kuo 2011;
Aziz et al. 2012). Ovens have also received some attention, and a larger amount of material
(40 to 70 g) can be processed in them (Almeida et al. 2010; Bridgeman et al. 2010; Fisher
et al. 2012). Fixed bed reactors have been used in some experiments, and the material to
be processed ranged from 10 g to 500 g (Prins et al. 2006b; Deng et al. 2009; Oliveira and
Rousset 2009; Kim et al. 2012). Finally, fluidized systems have been designed to study the
thermal decomposition kinetics of wood by Barooah and Long (1976), Di Blasi and Branca
(2001), Peng et al. (2012), and Carrasco et al. (2013).

Around the world, there are several universities, research institutes, and companies
that are studying the main torrefaction reactor concepts at the pilot scale and/or in a
demonstration plant. Among these reactors are a rotary drum, a multiple hearth furnace,
and screw, moving bed, and belt reactors (Alankangas 2013; Kiel 2013). There are at least
seven research institutes and companies that are focusing their studies on the rotary drum
technology. Previous research on biomass torrefaction using rotary kiln reactors was not
found.

It is important that the parameters of the thermal decomposition kinetics are known,
as they allow the determination of the time and temperature required for the torrefaction
process to achieve the desired properties of the torrefied material. For the most part,
findings on the kinetics for the thermal decomposition of wood have been published for
the pyrolysis process (which includes torrefaction). Thurner and Mann (1981), Reina et al.
(1998), Di Blasi and Branca (2001), and Ren et al. (2013) have proposed a one-step
reaction process. The authors’ main comment is that it is difficult to present a kinetic model
that is widely applicable, considering the variable composition of wood and the large
number of unknown chemical reactions during its thermal decomposition. Samuelsson et
al. (2013) presented a new methodology for modelling the kinetics of torrefaction, but
promised in a future work to apply the new kinetic methodology to the torrefaction of
biomass. Peng et al. (2012) showed that most of the research performed on the thermal
decomposition of wood incorporates first-order kinetic models to predict the behavior of
wood pyrolysis, where torrefaction may be considered the first step of the overall pyrolysis
process. Carrasco et al. (2013) presented a model for the torrefaction of red oak using a
one-step reaction mechanism, a summary of which is presented below:
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k
Wood (W) — Torrefied material (T,,,) + Volatiles (V)

The one-step reaction process can be presented as two reactions in parallel:
k

Wood (W) = Torrefied material (T,,) and
ky :

Wood (W) -  Volatiles (V),

where K is the overall reaction rate constant, k = k, + k,, , min™, k; is the reaction rate
constant for the torrefied material, min*, and ky is the reaction rate constant for the
volatiles, min™t. The elementary reaction rates for the solid wood (W) and the torrefied
material’s (T,,,) decomposition over time can be presented using the following equations:

=k Wl= =k + k) W] (1)
and

The fraction of total solids (Ar) in the system after torrefaction is,
Ars = Arg oo +axexp(—k *t), 3

where Ar; o, is the fraction of total solids when torrefaction time is sufficiently long and a
is the dimensionless kinetic parameter for a first-order reaction.

The reaction rate constant “k” can be represented by the Arrhenius equation (Eq.
4). It shows the dependence of "k" for the chemical reaction on the absolute temperature,
T, in K, E, , the activation energy, k,, the frequency or pre-exponential factor, and R, the
universal gas constant (8.314 J mol*K™).

k =k, * exp(—E,/(RT)) (4)

This kinetic model will allow the prediction of the behavior of biomass during the
torrefaction process. That is, the kinetic model will be expected to describe the changing
mass yield as a function of time and temperature.

In this research a pilot rotary kiln reactor was used to determine the apparent
torrefaction kinetics of a sample of red oak at temperatures between 250 and 325 °C, and
the results were compared with the kinetic parameters obtained for the same red oak
samples in a bench-scale fluidized reactor.

EXPERIMENTAL

Materials

Red oak was collected as wood chips (without bark) from a West Virginia sawmill.
The raw material (between 0.5 and 10 cm of length) was screened to the size of 2.0 to 9.51
mm, using sieves (No.10 to 3/8in. U.S. mesh). The moisture content of the wood chips was
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7% * 1%, and they were dried until constant weight, before the torrefaction process, using
an oven at 107 °C for 72 h.

Particle Size

Considering the large particle size utilized in the present study, it is necessary to
determine the potential kinetic limitations during the torrefaction process. These
limitations can be examined using the methodology proposed by Pyle and Zaror (1984)
and Bates (2012) through the assessment of the Biot and Pyrolysis numbers, by means of
the following equations,

hL,

k
Y= xpciiZ (6)
,_ h
"~ KpCpl ()

where L, is the particle characteristic length [m], p is the biomass particle density [kg/m?], Cp is the
biomass particle specific heat [J/kg*K], A is the external heat transfer coefficient [W/m?*K], k is the particle
conductivity [W/m*K], and K is the reaction rate constant [1/s].

The Biot Number, Bi, is a dimensionless parameter, which measures the interaction
between the thermal conduction inside a particle and the convection at its surface. Py, the
Internal Pyrolysis number, gives a measure of the relative importance of the internal
thermal conduction and the reaction rate constant. The External Pyrolysis number, Py’,
gives the ratio between heat convection rate and the reaction rate. According to Pyle and
Zaror (1984) the following table shows the controlling condition in the pyrolysis process.

Table 1. Controlling Conditions and Dimensionless Numbers

Controlling conditions Bi Py Py’
External heat transfer <1 >1 >1

Kinetics <1 >10 >10
Internal heat transfer >>50 <0.001 <<1

Torrefaction Reactor

A rotary kiln reactor located inside of a furnace with automatic temperature control
was used. The furnace was heated through electrical resistances. The reactor was a box
made of stainless steel with the following dimensions: 600 mm long, 300 mm wide, and
300 mm high. The reactor was purged with nitrogen during operation and the volatiles were
collected in a cold trap in the gas stream at the reactor exit. The furnace was equipped with
a thermocouple for precise temperature control and the reactor had another thermocouple
at its center to monitor the temperature inside the reactor (Fig. 1).

Approximately 827 + 13 g of red oak raw material was used for each experiment;
this amount corresponded to nearly 25% of the reactor volume. Nitrogen at a flow rate of
35 L/min was used as the inerting gas. A total of 16 samples of red oak were prepared for
the torrefaction experiments; details of these experiments are presented in Table 2.

The raw material was introduced into the reactor when the system was at ambient
temperature. The rotation speed of the reactor was 1 rpm. The time/temperature profiles of
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both the reactor and furnace were recorded simultaneously using thermocouples TIR-1 and

TCR, respectively (Fig. 1).
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Fig. 1. Pilot experimental system

Abbreviations:

F :Furnace

L :Liquid bath(0°C)
RK : Rotary Kiln RO : Rotameter
S :Condenser V- :Valve
TCR: Temperature Controller Recorder

TIR- : Temperature Indicator Recorder

H :Heating System
PH: Pre-heating

Table 2. Nomenclature and Parameters of Torrefied Red Oak

Name Torrefaction Torrefaction Number of runs
temperature (°C) time (min)
RO-250-20 250 20 1
RO-250-35 250 35 1
RO-250-50 250 50 1
RO-250-80 250 80 1
RO-275-20 275 20 1
RO-275-35 275 35 1
RO-275-50 275 50 1
RO-275-80 275 80 1
RO-300-20 300 20 1
RO-300-35 300 35 1
RO-300-50 300 50 1
RO-300-80 300 80 1
RO-325-20 325 20 1
RO-325-35 325 35 1
R0O-325-50 325 50 1
R0O-325-80 325 80 1

In each experiment the “heat-up” time prior to the onset of torrefaction (here
assumed to be 200 °C) from ambient temperature to 200 °C was approximately 25 min.
The subsequent total torrefaction time is composed of two components: i) a heating time
(tn) of 20 min to go from 200 °C to the desired temperature and ii) a torrefaction period at
the desired temperature (t;). Thus, the total torrefaction time is tn + t.. For example, the
experiments RO-250-20, RO-275-20, RO-300-20, and RO-325-20 considered a t; equal to
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0 min and t, = 20 min. By so doing, we can evaluate the mass loss provoked by tn. The
desired torrefaction temperature was controlled through the temperature
controller/recorder (TCR). A copper condenser (S) was used to trap the condensable gases
from the reactor; it used a cooling system consisting of an internal water-cooled coil (by
opening V-2). The emerging non-condensable torrefaction gases were vented into the hood.
When the final torrefaction time was reached, rapid quenching of the torrefied biomass was
achieved through of a cooling system consisting of a flow of fresh nitrogen (by turning off
the pre-heater, keeping V-1 open, and raising the nitrogen flow to 175 L/min); likewise, it
was necessary to open the furnace door and circulate ambient air into the reactor with a
fan.

Mass Loss
Mass loss (ML) of the samples after torrefaction was calculated using the
following formula:

ML =""2£5100 = 100 * (1 — Ary), (8)

l

Gross Calorific Value

The gross calorific value (HCy) of the raw and torrefied red oak samples was
measured using a Parr 6300 bomb calorimeter (Parr Instrument Co.; USA) following
ASTM D2015 (2000). Samples between 0.5 and 1.0 grams were used for HCi
determination. The equipment was calibrated using benzoic acid pellets each time a set of
new determinations was initiated.

Energy Yield
The energy vyields (Ey) considering different temperatures and times of torrefaction
were determined using the following relationship:

_ My HCr
Ey = 1% 3 x 100 9)

where HC;s is the gross calorific value of torrefied sample (kJkg-) and HC; is the gross
calorific value of raw material (kJkg-1).

Proximate Analysis

Proximate analysis of untreated and torrefied red oak was performed according to
ASTM D3172-07 (2007). A proximate analyzer LECO 701 (LECO Corp.; USA) was used.
Approximately two grams of material was required. The results include the determination
of moisture, volatile matter, ash, and fixed carbon.

Ultimate Analysis

Ultimate analysis of untreated and torrefied red oak was performed using a
ThermoQuest Elemental Analyzer, FLASH EA 1112 series (Thermo Scientific; USA),
according to ASTM D3176 (1989). The amount of sample required was 1 to 2.5 mg. The
elemental composition corresponds to wt% of nitrogen, carbon, sulfur, hydrogen, and
oxygen (by difference). The results reported are the average of three measurements. Before
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and after each set of measurements a standard sample was analyzed to verify the
performance of the equipment.

Kinetics

The mass loss of wood (ML) after the torrefaction experiment at a specific time and
temperature was calculated according to Eq. 8. Using this mass loss, the parameter A in
was determined at different times and temperatures (Eq. 8). The fraction of total solids at
infinite time A ., Was determined from Eq. 3.

For different experimental times (t) using known parameters Ars; and Ars o, , it
was possible to obtain the values for “a” and “k™ as functions of the torrefaction
temperature through a graphic method using Eq. 3. Finally, using the natural logarithm of
Eq. (3), it was possible to obtain a linear function with intercept In(a) and slope k.

By plotting Eqg. 4 with different reaction rate constants k as a function of the
torrefaction temperature, it was possible to determine the activation energy (E,) and pre-
exponential factor (k,).

RESULTS AND DISCUSSION

Particle Size Effects on the Kinetic Parameters

According to Bates (2012), “A kinetically controlled regime occurs for small Biot
number (<1) and large Pyrolysis numbers (>10). The particle has a uniform temperature,
equivalent to the reactor temperature, and the reactions occur uniformly throughout the
particle at a rate roughly ten times slower than the internal or external heat transfer rate.”

The Biot Number for the torrefaction of red oak in our pilot rotary kiln reactor is
equal to 0.13, and Table 3 presents the Pyrolysis Numbers for 250, 275, 300, and 325 °C.
(for details see Appendix A)

Table 3. Py, and Py’ Numbers at 250, 275, 300, and 325 °C

Temperature (°C) Py’ Py
250 4.20 33.01
275 3.39 26.68
300 2.80 22.01
325 2.40 18.86

According to the obtained Biot and Pyrolysis Numbers, Pyle and Zaror (1984) and
Bates (2012) comment that the torrefaction process presents an “external heat transfer
controlled regime”. Specifically, small Biot (<1) and large Pyrolysis numbers (>1) imply
that the temperature and reaction zone of the particle are uniform, but the particle
temperature approaches the reactor temperature.

It is important to comment that according to Basu et al. (2013) the influence of the
particle diameter (Poplar cylinder: 5 to 25 mm) on the mass and energy yield was only
about 10% (using a directly heated convective reactor, torrefaction temperature: 250°C,
and torrefaction time: 60 min); however, the length of the particle (from 8 to 65 mm) had
a different effect, because the energy yield increased by approximately 20%, but the mass
yield increased only by 10%. Likewise, Bridgeman et al. (2010) showed the influence of
diameter (Miscanthus: < 4 and > 10 mm and willow: < 10 and > 20 mm) over the mass
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yield, had a maximum change of only 3.2% (using a horizontal tube furnace, torrefaction
temperature: 230 to 290 °C, and torrefaction time: 10 to 60 min).

Therefore, considering the results presented above, it is possible to suggest that: i)
the particle has an uniform temperature and the reactions occur uniformly inside of the
material at a rate ten times slower than the internal heat transfer rate, ii) the controlling
condition in our system is the external heat transfer rate, iii) during the torrefaction of red
oak in the rotary kiln reactor, the apparent or global kinetic parameters are obtained instead
of nearly intrinsic kinetic parameters as in the fluidized bed, and iv) considering that the
torrefaction performed in this project is controlled mainly by external heat transfer,
therefore, the scale up from the fluidized bed system to the rotary kiln system is not
recommended unless further studies are performed to evaluate specifically the external
resistances.

Mass Loss of Torrefied Red Oak

The change in the torrefaction temperature from 250 to 325 °C had a much more
significant effect on the mass loss for the red oak than the change in residence time (from
20 to 80 min) at each temperature. For example, when the torrefaction time increased from
20 to 80 min at 250 °C, the mass loss increased from 13.3% to 19.7%, a difference of 6.4%
(Table 4). In contrast, for a constant residence time of 20 min and an increase in
temperature from 250 to 300 °C, the change of mass loss increased from 13.3% to 33.5%,
a difference of 20.2%. These results confirm the similar findings of Bridgeman et al.
(2010), Medic et al. (2012), and Carrasco et al. (2013); the torrefaction temperature is the
most important parameter in terms of mass loss compared with the residence time, moisture
content, and particle size.

Table 4. Mass Loss, Gross Calorific Value, and Energy Yield

Name Mass loss Gross calorific Energy Yield
(%) value (kJ/kg) (%)
Raw material n.a. 17,732 n.a.
RO-250-20 13.3 20,638 100.9
RO-250-35 16.0 21,136 100.1
RO-250-50 19.6 21,129 95.8
RO-250-80 19.7 21,199 96.0
RO-275-20 19.3 21,416 97.5
RO-275-35 25.1 n.d. n.d.
RO-275-50 26.4 21,631 89.8
RO-275-80 27.8 22,412 91.2
RO-300-20 33.5 22,307 83.6
RO-300-35 40.8 24,175 80.7
RO-300-50 44.3 24,484 76.9
RO-300-80 46.1 26,189 79.6
RO-325-20 52.9 26,592 70.7
RO-325-35 55.7 n.d. n.d.
RO-325-50 58.1 28,896 68.4
RO-325-80 57.9 28,663 68.1

n.a.: not applicable
n.d.: not determined
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The differences in terms of mass loss in the rotary kiln used in this research
compared with the fluidized reactor used in our previous research (Carrasco et al. 2013)
were assessed. Mass loss as a function of the temperature in the fluidized reactor presented
higher values than those obtained in the rotary reactor. For instance, at 330 °C and 30 min
of torrefaction the resulted mass loss was 75.8%; however, for the rotary kiln reactor at
325 °C and 80 min, the mass loss was 57.9%. This result suggests that when using the same
raw material and similar torrefaction conditions, but different size of particles, the fluidized
system presents higher reaction kinetics than the rotary kiln reactor. This is most likely
caused by the poorer mixing and higher mass and energy transfer limitations in the rotary
reactor.

Figure 2 shows the relationship between mass loss and torrefaction temperature
when the temperature was increased from 250 to 325 °C. According to the data presented
in Fig. 2, the beginning of the torrefaction temperature should be between 200 and 225 °C.
Carrasco et al. (2013), Peng et al. (2012), Prins et al. (2006a), and Bergman et al. (2005)
suggested that the torrefaction process should begin at about 200 °C.
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Fig. 2. Mass loss of red oak at different temperatures and residence times

Gross Calorific Value
Table 4 and Fig. 3 show the gross calorific values for the raw material and for the
samples after the torrefaction process.
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Fig. 3. Gross calorific value as a function of mass loss after torrefaction
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Table 4 shows that at 300 °C, the highest increment in calorific value (from 22,307
kJ/kg to 26,189 kJ/kg) was realized; this happened when the torrefaction time increased
from 20 min to 80 min and the mass loss shifted from 33.5 to 46.1%. These results are
consistent with those published by Aziz et al. (2012), Bates and Ghoniem (2012),
Bridgeman et al. (2008), and Prins et al. (2006a), who mentioned that the more intense
chemical reactions associated with the decomposition of hemicellulose, cellulose, and
lignin occur between 275 and 350 °C. However, Prins et al. (2006a) recommended a
temperature below 300 °C for industrial operation, because above this temperature the fast
thermal cracking of cellulose may cause tar formation.

Different energy values for torrefied biomass have been found between 275 and
300 °C. Bridgeman et al. (2008) published a calorific value of 22,600 kJ/kg with a mass
loss of roughly 38%; these data were obtained using a TGA at 294 °C and 45 min with
wheat straw as the raw material. Almeida et al. (2010) reported a calorific value of 21,800
kJ/kg and a mass loss about of 23% for one hour at 280 °C with Eucalyptus saligna as the
raw material. Carrasco et al. (2013) reported a gross calorific value of 21,200 kJ/kg using
a fluidized reactor with a mass loss of roughly 40%; the raw material used was red oak,
and the torrefaction process was performed at 275 °C and 10 min. In this research, Fig. 3
presents a calorific value of about 22,300 kJ/kg for a mass loss of approximately 33% at
300 °C. These results suggest that at a temperature of torrefaction between 275 and 300 °C
the highest incremental change of the gross calorific value occurs in the torrefied material;
however this temperature range depends on the different heating conditions, types of raw
materials, various experimental devices, and the particular operating conditions.

Energy Yield

The results of the calculations for the changes in energy yield are presented in Table
4 and Fig. 4. Table 4 shows that the first two values (RO-250-20 and RO-250-35) of energy
yield were greater than one hundred percent, and this represents an error in the
experimental data of roughly 0.9%. At 20 min of torrefaction time, the most important
reduction in the energy yield from 97.5% to 83.6% occurred between 275 and 300 °C. Kim
et al. (2012) suggested that the optimal condition for torrefaction was 280 °C and 30 min,
with an energy yield of 80.4%. Likewise, Almeida et al. (2010) showed that the most
important decline in energy yield occurred at 280 °C and 5 h, with an energy yield of about
77.5%.

Figure 4 presents the energy yield as a function of mass loss published by different
authors, such as Ohliger et al. (2013), Kim et al. (2012), Medic et al. (2012), Almeida et
al. (2010), and Brigdeman et al. (2010). Ohliger et al. (2013) worked with a horizontal
screw conveyor using 2,000 g of beechwood chips, with a torrefaction temperature between
270 and 300 °C. Kim et al. (2012) performed the experimental methodology using a batch
reactor with 500 g of yellow poplar and temperatures between 250 and 325 °C. Medic et
al. (2012) used a fixed bed reactor with about 300 g of corn stover and a temperature range
of 200 to 300 °C. Almeida et al. (2010) utilized an oven with 250 g of eucalyptus and
torrefaction temperatures of 220, 250, and 280 °C. Finally, Brigdeman et al. (2010) worked
with a horizontal tube furnace using 100 g of willow and mischantus and temperatures of
240 and 290 °C. It is interesting to note that all these authors used experimental devices
different from the TGA with sample sizes equal to or greater than 100 g.

Figure 4 shows an inverse relationship between energy yield and mass loss, i.e.,
when the mass loss increased from 19.3% to 58.1%, the energy yield decreased from 97.5%
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to 68.3%. Ohliger et al. (2013) presented an inverse dependence between energy yield in
the solid and mass loss. Bates and Ghoniem (2013) presented a model that satisfactorily
predicted the relationship between energy yield during torrefaction and mass loss.
Brigdeman et al. (2010) explained that, according to their experimental results, different
energy yields may be obtained from different biomass species torrefied under similar
experimental conditions. Therefore, it can be concluded that there is an inverse relationship
between energy yield and mass loss, but this relation may change mainly as a function of
the raw material and experimental system.

110

100 - L 2 3
%l + s
X .
90 4’—&4 - *
T . '$ * o
# Present work 'S X &
A Ohliger et al. (2013)
| mKim etal. (2012) @ o
® Medic et al. (2012) oo
T~ X Almeida et al. (2010)
+Bridgeman et al. (2010)

80

70

Energy Yield (%)

60

50

0 10 20 30 40 50 60 70
Mass Loss (%)

Fig. 4. Energy yield versus mass loss from different publications

Proximate Analysis

Table 5 presents the proximate analyses of the torrefied samples. The final moisture
content for the torrefied biomass was about 1.8%. This value is lower than the value
presented by Bridgeman et al. (2010). The volatile matter shows a strong change at about
275 °C; below 275 °C the variation was about 7%, while above 275 °C it was about 20%.
The ash content for the red oak used here was extremely small and was lower than that that
presented by Prins et al. (2006b) using beech, willow, and straw. Carrasco et al. (2013)
used a fluidized reactor with red oak and presented a maximum content of 43.8% fixed
carbon for operating conditions of 330 °C and 10 min; this suggests that the fluidized
reactor exhibited much faster reaction kinetics than that seen in the rotary kiln reactor.

Table 5. Proximate Analyses

Name Moisture (%) Volatile Matter (%) Ash (%) Fixed Carbon (%)
RO-250-20 2.3 73.2 0.1 24.5
RO-250-35 0.8 72.2 0.1 26.9
RO-250-50 1.2 72.5 0.1 26.3
RO-250-80 1.1 72.0 0.1 26.8
RO-275-20 2.5 68.4 0.7 28.4
RO-275-50 2.7 68.9 0.1 28.4
RO-275-80 1.0 67.5 0.1 315
RO-300-50 2.8 55.0 0.2 42.1
R0O-325-20 2.3 46.3 0.5 50.9
RO-325-50 1.8 38.6 0.3 59.9
RO-325-80 11 38.2 0.3 60.4
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Ultimate Analysis

According to Table 6, there was a difference of 0.4% between the raw material and
the torrefied biomass in terms of nitrogen. Sulfur was not detected. With respect to
hydrogen, the difference between the torrefied and raw red oak biomass was 2.4%. The
composition of carbon and oxygen in the torrefied biomass at 325 °C and 20 min were
66.6% and 26.2%, respectively. These results are similar to those found by Carrasco et al.
(2013), where they presented a composition of carbon and oxygen in the torrefied red oak
of 66.1% and 26.7% at 330 °C and 10 min.

Table 6. Elemental Composition

Name Nitrogen (%) | Carbon (%) Hydrogen (%) Sulfur (%) Oxygen (%)
Raw material 2.1 46.8 6.9 0 44.2
RO-250-20 2.1 51.6 5.9 0 40.4
RO-250-35 25 53.8 5.8 0 37.8
RO-250-50 2.2 54.6 6.0 0 37.2
RO-250-80 2.4 53.8 5.7 0 38.1
RO-275-20 2.1 54.0 5.7 0 38.1
RO-275-35 2.0 56.6 5.6 0 35.8
RO-275-50 2.0 55.1 5.8 0 37.1
RO-275-80 2.1 56.0 5.6 0 36.3
RO-300-20 2.1 57.7 6.1 0 34.1
RO-300-35 2.2 61.9 5.4 0 30.5
RO-300-50 2.0 62.2 5.2 0 30.7
RO-300-80 2.1 66.5 4.9 0 26.5
RO-325-20 2.2 66.6 5.0 0 26.2
RO-325-35 2.4 70.4 4.6 0 22.7
RO-325-50 2.3 72.2 4.6 0 20.9
RO-325-80 2.1 72.1 4.5 0 21.3

In Table 7 the molar elemental ratios are presented for the red oak before and after
the torrefaction process.

Table 7. Molar Ratio

Name H/C o/C
Raw material 1.8 0.7
R0O-250-20 1.4 0.6
R0O-250-35 1.3 0.5
RO-250-50 1.3 0.5
R0O-250-80 1.3 0.5
RO-275-20 1.3 0.5
RO-275-35 1.2 0.5
RO-275-50 1.3 0.5
RO-275-80 1.2 0.5
RO-300-20 1.3 0.4
R0O-300-35 1.1 0.4
R0O-300-50 1.0 0.4
RO-300-80 0.9 0.3
R0O-325-20 0.9 0.3
R0O-325-35 0.8 0.2
R0O-325-50 0.8 0.2
R0O-325-80 0.8 0.2

H/C: molar ratio between hydrogen and carbon; O/C: molar ratio between oxygen and carbon
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The results presented are consistent with those of other authors (Bergman et al.
2005; Bridgeman et al. 2010; Phanphanich and Mani 2011), although the torrefaction
processes were significantly different. For instance, the experimental data shown by
Carrasco et al. (2013) presented a molar ratio H/C of 1.4 and O/C of 0.6 at 230 °C and 10
min; however, in this work the same molar ratios were obtained at 250 °C and 20 min. This
suggests that the torrefied materials would present similar molar ratios H:C:O, but the
results depend on the particular method of torrefaction.

Kinetic Model for the Torrefaction of Red Oak

Figure 5 shows the experimental data for the total solid fraction A, at different
temperatures (250, 275, 300, and 325 °C) as a function of residence times (20, 35, 50, and
80 min). The total solid fraction after torrefaction presents an inverse relationship with the
temperature. For kinetic calculations, it is fundamental to know Ar. More details on the
calculation of a kinetic model are presented in Carrasco et al. (2013).
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Fig. 5. Total solid fraction as a function of time at different torrefaction temperatures
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Fig. 6. Logarithm of the volatile mass fraction versus time at different torrefaction temperatures
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An inverse linear relationship between the logarithm of the volatile mass fraction
(Ars — Arso) Versus time at different torrefaction temperatures is observed from Figure.
6; this linear relationship allows the application of Eq. 3 to determine the reaction rate
constants as a function of the torrefaction temperatures. Figure 7 was obtained using the
Arrhenius equation (Eqg. 4).

Figure 7 presents the plot of the natural log of different reaction rate constants as a
function of torrefaction temperature. The linear correlation coefficient (r) obtained is about
0.95, which represents a strong positive linear correlation between In(k) and 1/T.
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Fig. 7. Parameters of the Arrhenius equation

Therefore, the kinetic model obtained for the torrefaction process of red oak
(Quercus rubra) using a rotary kiln reactor is the following,

k = 5.22 * exp(—20382/(R * T)), (10)

where k is the reaction rate constant (min-1), R is the universal gas constant, equal to 8.314
(I mol*K1), and T is temperature (K). The frequency factor for the torrefaction process is
5.22 mint, and the activation energy is 20.38 kJ/mol.

It is important to analyze the error between the theoretical and empirical data;
Figure 8 presents the plot of the empirical total solids fraction and the theoretical fraction
of total solids obtained using Eqg. 3. The maximum error presented is roughly 7.5% at a
torrefaction temperature of 325 °C and a residence time of 20 min. The error is larger than
that obtained by Carrasco et al. (2013), where a similar kinetic model had a maximum error
of 1.3%. According to Carrasco et al. (2013), the activation energy and frequency factor
vary widely, from 18 to 173.7 kdJ/mole and 3.2 to 7.14x1013 min, respectively; these
important variations are caused by differences in heating conditions, raw materials with
varied characteristics, various experimental devices, particular operating conditions, and
different mathematical methods to fit the laboratory results.

Using the same raw material (red oak) and the same mathematical method to fit the
experimental data, the work performed here is compared with the previous work presented
by Carrasco et al. (2013). The main variations between both experiments are the particle
size and the equipment used to perform the torrefaction: a bench-scale fluidized reactor
previously, and a pilot rotary kiln reactor in the present study.
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Figure 9 presents a comparison between the apparent reaction rate constant at
temperatures of 250 °C (523.15 K), 275 °C (548.15 K), 300 °C (573.15 K), and 325 °C
(598.15 K) for the kinetic data published previously by Carrasco et al. (2013) and the
present work. The variation of the observed activation energy and frequency factor between
Carrasco et al. (2013) and this work were from 11.9 to 20.4 kJ/mol and 2.57 to 5.22 min™,
respectively. The apparent reaction rate constant (as shown in Fig. 9) determined in this
study is lower than that presented by Carrasco et al. (2013) for temperatures between 250
and 325 °C; the apparent reaction rate constant decreased by about 71%. From these results
it can be concluded that for the same raw material, different particle sizes, heating
conditions and experimental devices may promote important changes in the heat and mass
transfer characteristics, which in turn affect the apparent reaction rate constant.
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Fig. 9. Comparison of reaction rate coefficients as a function of torrefaction temperature
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This lower reaction rate is caused by the fact that the torrefaction process in a rotary
kiln reactor presents lower mass and heat-transfer coefficients than a fluidized reactor; this
is consistent with the comments presented by Li et al. (2012), who mentioned that the
torrefaction of biomass in fluidized bed reactors offers improved heating efficiency.

CONCLUSIONS

1. For the torrefaction of red oak in a pilot rotary kiln reactor, a simple one-step reaction
with first-order kinetics at a temperature between 250 and 325 °C was fit and showed
a maximum error of roughly 7.5% at 325 °C. A similar kinetic model was used for the
torrefaction of red oak in the bench-scale fluidized reactor, but the error was much less,
about 1.3% at 330 °C.

2. The observed reaction rate constant, k (min™) for the torrefaction of red oak (Quercus
rubra) using a pilot rotary kiln reactor is:

k = 5.22 x exp(—20400/(R * T)),

where R is the universal gas constant, 8.314 (Jmol*K™), and T is temperature (K). With
this rate, it is possible to determine the mass loss for red oak during the torrefaction
process in a pilot rotary kiln reactor at a temperature between 250 and 325 °C. Apparent
kinetic parameters of a similar magnitude were obtained in a fluidized reactor;
however, the reaction rate constant was 71% lower in the pilot rotary Kiln reactor,
indicating increased heat and mass-transfer resistances.

3. Asignificant incremental change of the energy content for torrefied red oak when using
a rotary kiln reactor occurred between 275 and 300 °C; the energy yield changed from
97.5% to 83.6%, respectively. These conditions however depend on the heating
conditions, the type of raw materials, the various experimental devices, and the specific
operating conditions.

4. The molar ratios H:C:O for torrefied red oak presented a behavior independent of the
experimental reactors for the temperature range between 250 and 325 °C. An inverse
relationship was found between energy yield and mass loss: when the mass loss
increased from 19.3% to 58.1%, the energy yield decreased from 97.5% to 68.3%.

5. For the torrefaction of red oak, the bench-scale fluidized reactor presented higher mass
loss than the rotary Kiln reactor; for the fluidized reactor at 330 °C and 30 min, the mass
loss was 75.8%, and for the rotary kiln reactor at 325 °C and 80 min, the mass loss was
57.9%, again indicating the significant influence of the particle size and the reactor
configuration.
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APPENDIX A: Calculations of Biot and Pyrolysis Numbers

A.1)

A.2)

A.3)

Properties of red oak
Density of red oak: 660 [kg/m3] (TenWolde et al. 1988).

Specific heat of wood: 1,670 [J/kg K] (Pyle and Zaror 1984).

Conductivity of red oak (oven dry): 0.15 [W/m K] (TenWolde et al. 1988).

Particle characteristic length/ red oak specific information

Using the biggest particle with diameter (9.51 mm) and length (100 mm) as cylinder, the
L. is equal to 2.27x103 [m]

_ volume (V) _ mril B m * (4.755%) * 100
€7 area(Ad) 2mrlL+2mr? 2% m*(4.755) %100+ 2 * 7w+ 4.7552

L _7100
¢ =3 12g 227 [mm]

External heat transfer coefficient

We may calculate h with experimental data by means of a lumped analysis since Bi <1.
The temperature of the samples inside the reactor (T') increased from ambient temperature
(15°C) to 200°C in approximately 25 minutes. Considering the temperature inside the
furnace (Tf) is equal to 250°C, the energy balance of one particle of red oak is: (same
characteristics as in the previous section)

a(pVCyT) _
Tp = hA(Tf T) Eq (A.3.1)

Boundary conditions: t, = 0 [s], T, = 288.15[K]; t; = 1,500 [s], T; = 473.15[K]

Considering constant the parameters: p,V, 4, h,and C,. Integrating of Eq (A.3.1).

T(—T
ln<( ! t)> = —:;,“é; Eq (A.3.2)

Reordering the Eq (A.3.2)

h=—

pve, ((T;—T,) _ 660+7.1x107°+1,670 ((523.15—473.15)
At, (1,-T,)) 3.128x10°3+1,500  \(523.15 — 288.15)
Then, the heat transfer coefficient obtained is equal to 2.58 [W/m? K] (T; = 250°C).

According Pyle and Zaror (1984) the value of h presented in their work lies between 8.4
and 100 [W/m2 K]. Therefore, for our evaluation we used the value of 8.4 [W/m2 K]. It
should also be noted that this value of h is quite small indicating a large thermal resistance
outside the particle.
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A.4)  Reaction rate constant

76,000
8.314+T

According Bates (2012) K = 24,800 exp (—
K (523.15K) = 6.3x107* [1/s].
According to the results of this publication K = 5.22 exp (— ;:ﬂioT) [1/min], then evaluation

at 250, 275, 300, and 325 °C: K (523.15K) = 8.0x10~* [1/s], K (548.15K) = 9.9x10~* [1/s],
K (573.15K) = 1.2x1073 [1/s], and K (598.15K) = 1.4x1073 [1/s]. We may use our
results.

) [1/s], then evaluating to 250 °C:

A.5)  Biot Number

Considering the information presented above, we can evaluate the Biot Number.

, hL 8.4%2.27x1073
Biot= <= ————— =10.13
k 0.15

A.6) Py, and Py’ Numbers at 250, 275, 300, and 325 °C

Considering the information presented from A.1 to A4, it is possible to evaluate the
Pyrolysis Number at different torrefaction temperatures, using Egs. (2) and (3).

Table 8. Py, and Py’ Numbers at 250, 275, 300, and 325 °C

Temperature (°C) Py’ Py
250 4.20 33.01
275 3.39 26.68
300 2.80 22.01
325 2.40 18.86
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