Characteristics of Corn Grains Pyrolysis in a Fixed Bed Reactor
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Corn grains pyrolysis was performed in a fixed bed reactor under carbon dioxide atmosphere, producing a
char, pyrolytic oil and incondensable gases. The distribution of these fractions was dependent on variations
in heat flux, carbon dioxide superficial velocity and grain size. A 23 factorial experiment was employed in
order to establish correlations between these factors and process dependent variables, namely char mass,
oil mass, operation time, material bed centre temperature, reactor wall temperature and volatiles
temperature. A one-stage global reaction kinetic model was selected to describe the process dynamics and
its parameters were estimated based on experimental data. The research results may provide useful data to
design, scale-up and operate the fixed bed pyrolysis reactors.
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Vegetal materials are abundant, clean and cheap sources
of renewable energy with a great potential to replace
conventional fossil fuels. They can be converted into
convenient solid, liquid and gaseous fuels by thermochemical and biological conversion technologies. The
thermo-chemical processes, such as pyrolysis, gasification
and combustion, lead to lower emissions of SO2, NOx and
soot, due to negligible content of sulphur, nitrogen and ash
of vegetal materials. Reduced amounts of CO2 are achieved
because a part of CO2 released by conversion will be
recycled into the plants by photosynthesis. Vegetal
materials resources include wood and wood wastes,
agricultural crops and their waste by-products, wastes from
food processing, aquatic plants, algae etc. They contain
cellulose, hemicellulose, lignin, starch, lipids, proteins,
simple sugars, water, ash and other compounds.
Vegetal materials pyrolysis, consisting of solid thermal
degradation without oxygen, is usually performed in
presence of a carrier gas which can be inert (nitrogen,
argon) or oxidant (carbon dioxide, steam). The pyrolysis
products are lumped into three groups: permanent gases,
a pyrolytic liquid (bio-oil/tar) and a solid residue (char), or
simply into volatiles and char. Their distribution and
composition depend on raw material properties (chemical
composition, size, shape, density), nature and flow rate of
carrier gas, heating rate, process temperature, operation
time, reactor type etc [1-16]. These products result from
both primary decomposition reactions of the solid material
and secondary degradation reactions of the condensable
volatile organic compounds into char and low molecular
weight gases, as they are transported through the reaction
environment [3,4,11]. The pyrolytic gas and bio-oil can be
employed as combustibles or raw materials sources,
whereas the char is useful as a renewable fuel, active
carbon or catalyst support.
This paper focuses on the qualitative and quantitative
characterization of fixed bed pyrolysis of corn grains, in the
presence of a carbon dioxide stream.

Experimental part
Materials
Crushed corn grains were employed as a vegetal
material. Two fractions of grain size, with a mean volume
equivalent diameter of 0.2 cm and 0.4 cm, were selected
for subsequent studies. The mean percentage composition
of a corn grain is listed in table 1.
The cross section of a corn grain shown in figure 1
reveals its main parts, i.e. hull, tip cap, germ and
endosperm. The hull and tip cap, accounting for about 68% of the grain weight, have a high content of fibers (≈ 90
%). The germ (embryo), in which most of the fats resides,
is about 10-12%. The remainder of the grain is endosperm
which consists of 85-90% starch, 8-10% proteins (gluten)
and a small amount of fats and other compounds [18]. In
endosperm the starch granules are encased in a continuous
proteins matrix. Characteristic gluten matrix of horny
endosperm is very dense and the starch particles are held
more firmly, whereas in floury endosperm the matrix is
less dense and starch granules are dispersed loosely.
Accordingly, the starch granules in floury endosperm can
be degraded easier than in horny endosperm.
Equipment and procedure
The laboratory set-up (fig. 2) used for experimental
investigation of corn grains pyrolysis is the same employed
in our previous studies [19-22]. The vegetal material is
introduced in a pyrolysis oven (PO), whose main part is a
column (1), which is made from quartz, 50 mm diameter
and 500 mm height, set into a fixed support (5) and
equipped with a cup (6) and a gasket (7). The column
wall, thermally isolated by glass fibre isolation (2) and glass
cylinder with reflectorized internal surface (3), is heated
by an electric resistance (4), which is fed by an
autotransformer (17); accordingly, the vegetal material bed
(13) is heated and thermally decomposed.
The carbon dioxide from cylinder (20), whose flow is
measured by a flow-meter (18) and regulated by a pressure

Table 1
COMPOSITION OF A CORN GRAIN [17]
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Fig. 1. Structure of a corn grain [18]
Fig. 2. Experimental set-up:
(PO) pyrolysis oven; (1) quartz column; (2) glass fibre isolation; (3) glass cylinder
with reflectorized internal surface; (4) electric resistance; (5) ceramic support; (6)
ceramic cap; (7) asbestos gasket; (8) volatiles collector; (9)-(12) thermocouples; (13)
vegetal material bed; (14) carbon dioxide feed pipe; (15) condenser; (16) electronic
balances; (17) autotransformer; (18) flow-meter; (19) pressure reducer; (20) carbon
dioxide cylinder; (21) oil collector; (22) oil; (23) drops separator; (24), (25) valves;
(26) suction pump; (27) data acquisition system

reducer (19), is introduced into the oven by a pipe (14), upflows through the material fixed bed and is evacuated by a
collector (8) with the volatiles obtained during the pyrolysis.
The mixture of gases and vapours is cooled in a condenser
(15), producing pyrolytic oil (22) and incondensable gases.
The oil is collected in a vessel (21) and the incondensable
gases are removed through the upper part of vessel (21),
passed to a drops separator (23) and then evacuated by a
suction pump (26).
The temperatures in certain zones are measured by the
thermocouples (9)-(12). Vegetal material and oil masses
are recorded on-line by the electronic balances (16). All
the data are collected by an acquisition system (27).
Experimental variables
Experimental investigation was conducted at two values
(levels) of heat flux, q, carbon dioxide superficial velocity,
w, and mean volume equivalent diameter of corn grain, d.
A set of 8 experiences were carried out according to a 23
factorial plan. Vegetal material mass, m, oil mass, moil,
bed centre temperature, tc, column wall temperature, tw,
and volatiles temperature, tv, were continuously recorded
as a function of heating time, τ. Each experience was
replicated three times to determine its reproducibility,
which was found to be good.
Results and discussion
Pyrolysis experimental curves
Process independent variables (factors) levels for the
experiences performed are summarized in table 2.
Experimental results concerning the pyrolysis dynamics
are given in figures 3 and 4. Time variation curves of vegetal
material bed mass, m/m0, and oil mass, moil/m0, illustrated
in figure 3, have the same shape of bent step. They are
correlated by cause-effect type relationship, the oil mass
increase in figure 3b being an effect of the material mass
decrease in figure a. As expected, a decrease in char yield
and an enlargement of oil production occur at high value
of heat flux.
90

Table 2
PROCESS FACTORS LEVELS

A decrease in oil mass with carbon dioxide velocity
increasing is emphasized in figure 3b. This is probably due
to a shorter residence time of the volatiles in the condenser,
producing the condensation of a smaller vapour amount.
Grain size can be an important variable that affects the
process. Accordingly, an increase in grain size may
determine temperature gradients in the particle, so the
temperature at the centre can be lower than that at the
surface, resulting an increase in solid amount and a
decrease in oil production [11,15,22]. The mass curves
presented in figure 3 reveal a slight influence of grain size
on the pyrolysis products yield. Consequently, it can be
assumed that with grains less than 0.4 cm there was no
temperature gradient, which could lead to heat transfer
problems.
Figure 4, which shows temperature dynamics of bed
centre, tc, column wall, tw, and volatiles, tv, indicates that
temperatures increase with heat flux increasing and are
almost invariant with gas velocity and grain size. Wall
temperature dynamics (fig. 4b) reveal an unsteady state
heating accompanied by endothermic decomposition
reactions of the volatile compounds. Each volatiles
temperature curve (fig. 4c) presents a maximum
temperature value and these maximum values appear
earlier at high value of heat flux.
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Fig. 3. Time variation of mass of:
a) vegetal material; b) pyrolytic oil
(♦ exp 1,  exp 2, c exp 3, – exp 4,
 exp 5,
exp 6, Δ exp 7, + exp 8)

Fig. 4. Time variation of temperature of:
a) material bed centre; b) column wall;
c) volatiles(♦ exp 1,  exp 2, c exp 3,
– exp 4,  exp 5, exp 6, Δ exp 7,
+ exp 8)

Fig. 5. Mass loss rate versus logarithmic
mean temperature
(♦ exp 1,  exp 2, c exp 3,
– exp 4,  exp 5, exp 6, Δ exp 7,
+ exp 8)

Figure 5 illustrates material mass loss rate,
depending on logarithmic mean temperature between bed
centre and column wall, tm. Each differential curve in figure
5 has two relevant peaks, emphasizing that the pyrolysis
develops intensely in two main stages. The first stage,
characterized by smaller peak amplitudes and
temperatures range between 144 and 188oC, can be
attributed to the starch degradation in floury endosperm,
REV. CHIM. (Bucharest) ♦ 62♦ No. 1 ♦ 2011

whereas the second stage, with higher peaks amplitude
and temperatures between 243 and 299oC, can be an
effect of the starch degradation in horny endosperm.
The values of maximum material loss rate,
and of corresponding logarithmic mean
temperature, (tm)peak, for the both degradation stages under
various operation conditions, are summarized in table 3.
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Table 3
MAXIMUM MATERIAL LOSS RATE AND
CORRESPONDING
PEAK TEMPERATURE

Table 4
EXPERIMENTAL MATRIX

Characteristic data of the second peak listed in table 3 show that the peak height and the corresponding temperature are
greater at high value of heat flux, in compliance with the data reported in the related literature [1,6,7,9,10,15].
Factorial experiment
Vegetal material mass, m, oil mass, moil, operation time, τ, material bed centre temperature, tc, column wall temperature,
tw, and volatiles temperature, tv, were selected as process dependent variables (responses). These variables can be linked
to the process factors by adequate equations. Factors dimensionless values were calculated depending on natural values
with the following correlations:
(1)

(2)

(3)

Factors dimensionless values as well as responses final values divided by the initial material mass, namely
and

are given in table 4. Processing the data listed in table

4 based on the procedure recommended for a factorial experiment with 2 levels [23], the following correlations were
obtained:
(4)
(5)
(6)
(7)
(8)
(9)

According to figures 3 and 4, eqs. (4)-(9) emphasize that:
-final values of solid mass, y1, are minimum and of oil mass, y2, are maximum for superior level of heat flux, x1;
-minimum final values of operation time, y3, are achieved for superior level of all factors;
-final values of bed centre temperature, y4, are maximum for superior level of heat flux, x1, as well as for inferior level
of carbon dioxide superficial velocity, x2, and grain size, x3;
-final values of column wall temperature, y5, and volatiles temperature, y6, are maximum for superior level of x1.
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Table 5
KINETIC PARAMETERS FOR THE FIRST DECOMPOSITION STAGE

Table 6
KINETIC PARAMETERS FOR THE SECOND DECOMPOSITION STAGE

Fig. 6. Comparison between
experimental (symbols) and simulated
(lines) differential conversion curves
(♦ exp 1,  exp 2, c exp 3,
– exp 4,  exp 5, exp 6, Δ exp 7,
+ exp 8)

Kinetic model
A one-stage global reaction model was adopted to
describe the conversion process from raw material to char
and volatiles [1,3,4,6-8,14,15]. For dynamic data obtained
at a constant heating rate,
, the decomposition
rate can be described by equation [8]:
(10)

where volatiles conversion is expressed as:
(11)

Taking natural logarithms on both sides of Eq. (10) yields:
(12)

The values of pre-exponential factor, A/β, and activation
energy, E, for the both decomposition stages, which are
summarized in Tables 5 and 6, were obtained from the
intercept and the slope of the straight line given by a plot of
versus 1 / Tm. Tables 5 and 6 contain also the
values of the mean heating rate, β, as well as the ranges of
temperature, tm, and conversion, α, wherein these mean
values were estimated. As can be seen, the activation
energy decreases with heat flux increasing, according to
other researches [9,21,22]. Data listed in table 5 show that
the pre-exponential factor for the second degradation stage
decreases strongly with heat flux increasing.
Figure 6 compares the differential conversion curves
predicted by estimated kinetic parameters with the
experimental results. A good agreement between
experimental and simulated data is proved (errors less than
12 %).
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Conclusions
An experimental set-up was designed and scaled-up in
order to study the fixed bed pyrolysis of corn grains. Carbon
dioxide was employed as a carrier agent and a reactant in
the pyrolysis process. A char, a pyrolytic oil and a gaseous
fraction were produced.
A process analysis by 2 n factorial programming was
performed, with the factors being heat flux (n=1), carbon
dioxide superficial velocity (n=2) and grain size (n=3).
Correlations between these factors and process dependent
variables, namely char mass, oil mass, operation time, char
bed temperature, column wall temperature and volatiles
temperature were established.
Under conditions studied, only the heat flux had a
significant effect on the process performances. It was
found that the pyrolysis develops intensely in two main
stages, attributed to the starch decomposition in floury and
horny endosperm, respectively. A one-stage global reaction
kinetic model, whose parameters were estimated based
on experimental data, was selected to simulate the process
dynamics. The model predicted well the real conditions
and it could facilitate the design, scaling-up and operation
of fixed bed pyrolysis reactors.
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Nomenclature
A/β- pre-exponential factor, 1/min
d - mean volume equivalent diameter of corn grain, cm
E - activation energy, kJ/mol
m - vegetal material mass, g
moil - pyrolytic oil mass, g
q - heat flux, W/m2
R - gas universal constant, R =8.314 J/mol K
t - temperature, 0C
T - absolute temperature, K
w - carbon dioxide superficial velocity, m/h
xi - process dimensionless factor, i=1…3
yj - process final response, j=1…6
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Greek letters

α - volatiles conversion
β - heating rate, β = dTm / dτ, K/min
τ - time, min

Subscripts
c - material bed centre
f - final
m - logarithmic mean
v - volatiles
w - column wall
0 - initial
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