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FIXED BED PYROLYSIS OF UNTREATED AND Ni (11)
IMPREGNATED CORN GRAINS: EXPERIMENT AND
MODELLING

Tanase DOBRE', Oana Cristina PARVULESCU?, Laurentiu CEATRA®, MARTA
STROESCU", Anicuta STOICA®

S-a studiat piroliza boabelor de porumb netratate si impregnate cu o solutie
de azotat de nichel intr-un reactor in strat fix, in atmosfera de dioxid de carbon. S-a
obtinut un reziduu solid, ulei pirolitic si gaze necodensabile. Distributia produsilor
depinde de fluxul termic, viteza superficiala a dioxidului de carbon si concentratia
solutiei de nichel. S-a analizat influenta acestor parametri asupra masei de reziduu
solid, masei de ulei, duratei de operare, temperaturii stratului fix §i temperaturii
peretelui reactorului. Pentru a descrie dinamica procesului s-a selectat un model
cinetic global intr-o singurd etapd, ai carui parametri au fost determinati din datele
experimetale.

Slow pyrolysis of corn grains impregnated or not with a nickel nitrate
solution was performed in a fixed bed reactor under carbon dioxide atmosphere.
This produced a char, pyrolytic oil and incondensable gases. The distribution of
these fractions was dependent on variations in heat flux, carbon dioxide superficial
velocity and nickel solution concentration. The influence of these process variables
on char mass, oil mass, operation time, material bed centre temperature and reactor
wall temperature was studied. A one-stage global reaction kinetic model was
selected to describe the process dynamics and its parameters were estimated based
on experimental data.

Keywords: pyrolysis, corn, biomass, factorial experiment, kinetic model
1. Introduction

Vegetal materials are abundant, clean and cheap sources of renewable
energy with a great potential to replace conventional fossil fuels. They can be
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converted into convenient solid, liquid and gaseous fuels by thermo-chemical and
biological conversion technologies. The thermo-chemical processes, such as
pyrolysis, gasification and combustion, lead to lower emissions of SO,, NOx and
soot, due to negligible content of sulphur, nitrogen and ash of vegetal materials.
Reduced amounts of CO, are achieved because a part of CO, 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
polysaccharides (cellulose, hemicellulose, lignin, starch), monosaccharides,
oligosaccharides, fats, proteins, ash, water and other compounds.

Vegetal materials pyrolysis, consisting of solid thermal degradation
without oxygen, is usually performed in the 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. These products result
from both primary reactions of solid material devolatilization and secondary
reactions of primary products degradation, i.e. cracking of condensable volatile
organic compounds into low molecular weight gases and char aromatization,
respectively [1-6].

Pyrolysis products distribution depends on heating rate, process
temperature, operation time, type and flow rate of carrier gas, reactor type, raw
material properties (chemical composition, size, shape, density, pretreatment) etc.
An increase in volatiles production and a decrease in char amount with heating
rate increasing were reported [6-8]. Referring to the process temperature
influence, it is obvious that an increase in operation temperature produces a
decrease in char yield as well as an enlargement of volatiles yield. At
temperatures less than 500 °C, incondensable gases and oil production increases
with temperature increasing, whereas at temperatures higher than 500 °C, gas
yield increases and oil yield decreases with temperature increasing, as effect of an
enhancement of oil vapour cracking [4,6-17]. In comparison to a stationary fixed
bed reactor, a rotary reactor increases the incondensable gases output and
decreases the oil production, respectively [6].

Raw material properties have important effects on the process dynamics.
Accordingly, an increase in grain size determines temperature gradients in the
particle, so the temperature at the centre is lower than that at the surface, resulting
an increase in solid amount and a decrease in oil production [4,6,18]. At
temperatures higher than 500 °C, smaller particles favour the oil vapour cracking
reactions with an increase in incondensable gases production, because the
volatiles residence time in the reactor is longer when smaller particles are used
[6]. Generally, particles sizes less than 1.3 mm do not affect the pyrolysis
products yield [9,18].A higher lignin content as well as a large ash amount
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contribute to a higher char yield [6,15]. A previous drying of vegetal material can
determine a decrease in pyrolytic oil production [19]. Chemical pretreatment of
vegetal structure with various activating agents, i.e. zinc chloride, sodium
carbonate, potassium carbonate, leads to a high oil yield, due to an enhancement
of intramolecular dehydration reactions in the impregnated material [10,11,14].
An important production of hydrogen-rich pyrolytic gas can be obtained starting
from a vegetal material impregnated with a nickel nitrate solution [1,5]. Some
reactions occurring during the pyrolysis of nickel nitrate impregnated biomass are
[5,20,21]:
(D breaking of vegetal structure polymer chains producing char, hydrocarbons,
carbon dioxide, water and carbon:

CoH2,0n = ChoHor2)On2 + CHy + CO»

CoH2,0n = Cii3Hyn-3)On3 + CoHy + CO2 + HO

CnH210On = Ci4Ho(no4)Ons + CH4 + 2C + CO, + 2H,0

CuH2,0, — char + hydrocarbons (C,,Hg) + CO, + H,O
(IT) reforming of generated hydrocarbons leading to syngas:

CH4 + CO, —» 2CO +2H,

CH4 + H,O — CO +3H;

C,Hs+2C0O, — 4CO + 2H,

C,Hs+ 2H,O — 2CO + 4H,

CnHi+ mCO; —» 2mCO + (k/2)H,

CnHi+ mH,0 - mCO + (m+k/2)H,
(IIT) cracking of support and hydrocarbons:

C.H»,0, —» nC + nH,0

CHs > C+2H,

C,Hy; —» 2C +2H,

CmHk —> mC + (k/2)H2
(IV) oxidation of C° to C*™:

C+CO, —»2CO

C+ Hzo — CO + H,
(V) decomposition of nickel nitrate impregnated into porous structure in nickel
oxide, nitrogen dioxide and oxygen::

NI(NO3)2 — NiO + 2NO, + 1/20,
(V1) reduction of Ni** to Ni’:

NiO + H, — Ni + H,O

NiO + CO — Ni + CO,

NiO+C —> Ni+ CO
(VII) consumption of nitrogen dioxide:

2NO; +4CO — N, +4CO,

2N02 + 4H2 —> N2 + 4H20
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2NOZ +2C—> Nz + 2C02

During pyrolysis, metallic nickel (Ni’) nanocrystallites are formed into
porous vegetal structure, as demonstrated by X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), transmission electron microscopy (TEM) and
temperature-programmed pyrolysis experiments [5]. These Ni’ nanocrystallites act
as a catalyst and activate some of the pyrolytic reactions, e.g. reforming, cracking
and nitrogen dioxide consumption.

The pyrolytic gas and bio-oil can be employed as combustibles or raw
materials sources, whereas the char is useful as a renewable fuel, activated carbon
or carbon-supported catalyst. The paper focuses on the qualitative and quantitative
characterization of fixed bed pyrolysis of corn grains impregnated or not with a
nickel nitrate solution, in the presence of a carbon dioxide stream.

2. Experimental part

2.1. Materials

Untreated and Ni (II) impregnated corn grains were employed as vegetal
material. The metallic salt used for the grains impregnation was [Ni(NO3),"6H,0].
Whole corn grains with an equivalent spherical diameter of 8 mm were stirred
with a nickel nitrate aqueous solution at a concentration of 300 g/L. Batch
impregnation was performed for 72 hours at a solid-liquid ratio of 1:5. The corn
grains were then filtered and dried in an oven at 105 °C for 72 hours. The mean
percentage composition of a corn grain is listed in Table 1 [22].

Table 1
Composition of a corn grain
Compound | Starch Proteins Fibers Fats Sugars Ash Water
% wt. 62.7 8.2 8.2 3.7 2.2 1.2 13.8

The cross section of a corn grain shown in Fig. 1 reveals its main parts, i.e.
hull, tip cap, germ and endosperm. The hull and tip cap, accounting for about 6-
8% of the grain weight, have a high content of fibers (<90%). The germ (embryo),
containing a high amount of fats, 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 [23]. 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 thermal
degraded easier than in horny endosperm.
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Fig. 1. Structure of a corn grain [23].

2.2. Equipment and procedure

The laboratory set-up used for pyrolysis process study was described in
our previous studies [20,21,24]. A 400 g sample of vegetal material is introduced
in a 50 mm diameter and 500 mm height quartz column. The column wall is
heated by an electric resistance with a preset heat flow. The carbon dioxide from a
cylinder, whose flow is measured by a flow-meter and controlled by a pressure
reducer, is fed into the column by a pipe, up-flows through the material fixed bed
and is evacuated with the volatiles obtained during the pyrolysis. The mixture of
gases and vapours is cooled in a condenser, producing pyrolytic oil and
incondensable gases. Vegetal material mass, oil mass, column wall temperature
and bed centre temperature are recorded and collected by a data acquisition
system.

The final char obtained by impregnated material pyrolysis was analysed by
means of a Bruker-AXS D8 ADVANCE X-ray diffractometer, using Cu Ka
radiation operating voltage of 40 kV and current of 40 mA. Nickel crystallite size
was calculated by Scherrer formula:

KA
ocosf )
where d is the equivalent spherical diameter of crystallite, K the shape factor
(K=0.9), 4 the X-ray wavelength (1=0.154 nm), ¢ the peak width at half peak
height and 4 the diffraction angle (10°<6<55°).

2.3. Experimental variables

Pyrolysis experimental study was conducted at two values (levels) of
process independent variables (factors), i.e. heat flux, ¢, carbon dioxide superficial
velocity, w, and nickel nitrate solution concentration, c¢. A set of 8 experiences
was carried out according to a 2% factorial plan (Table 2).
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Table 2
Process factors levels
w C
BXP- | win) | (mih) | (L)
1 2600 1 0
2 2600 2 0
3 3470 1 0
4 3470 2 0
5 2600 1 300
6 2600 2 300
7 3470 1 300
8 3470 2 300

Vegetal material mass, m, oil mass, m,;, bed centre temperature, f., and
column wall temperature, ¢, were continuously recorded as a function of heating
time, 7. Each experience was replicated three times to determine its
reproducibility, which was found to be good.

3. Results and discussion
3.1. Pyrolysis experimental curves

Time variation curves of vegetal material mass, m/my, and oil mass,
mei/my, given in Fig. 2, have the same shape of bent step. A decrease in char yield
and an enlargement of oil production occur at a high value of heat flux and in case
of impregnated material.

0 20 40 60 80 100 0 20 40 60 80 100
Time, T (min) Time, t (min)

Fig. 2. Time variation of: a) vegetal material mass; b) oil mass
(¢expl,mexp2, Aexp3,—exp4,0exp5,aexp6,/exp7, +exp8).
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Temperature dynamics of material bed centre, ¢, and column wall, ¢,,
shown in Fig. 3, prove that the temperatures increase with heat flux increasing.
The impregnation produces a sharp increase of 7. and a slight increase of ¢, until
250-350 °C, followed by a constant plateau, which is probably due to the
endothermic reactions of catalytic reforming and cracking. Characteristic curves
of mass and temperature dynamics in Figs. 2 and 3 highlight that the pyrolysis is
more rapid at high levels of all process factors.

40 60 80
Time, T (min) Time, T (Min)

Fig. 3. Time variation of: a) bed centre temperature; b) wall temperature
(¢expl,mexp2, Aexp3,—exp4,0exp5,0exp6,/exp7, +expS8).

Fig. 4 shows material mass loss rate, -d(m/mgy)/dr, depending on
logarithmic mean temperature between bed centre and column wall, #,. A slight
mass loss from ambient temperature to about 130 °C occurs due to material
moisture removal.

Each differential curve in Fig. 4a has two relevant peaks, emphasizing that
the pyrolysis of untreated material develops intensely in two main stages. The first
stage, characterized by smaller peak amplitudes (0.013-0.027 min'l) and peak
temperatures (#,)pea=186-272 %C, can be attributed to the starch degradation in
floury endosperm, whereas the second stage, with higher peak amplitudes (0.022-
0.029 min'l) and (t,)peax=245-307 OC, can be an effect of the starch degradation in
horny endosperm.

Each differential curve in Fig. 4b has a single relevant peak, emphasizing
that the pyrolysis of impregnated material develops intensely in a main stage. This
stage is characterized by peak amplitudes ranging between 0.028 min™' and 0.045
min” and peak temperatures (tm) peaic=281-288 °C. Accordingly, in contrast with
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the characteristic differential curves of untreated grains pyrolysis (Fig. 4a), which
have two relevant peaks, the curves -d(m/mgy)/dr=f(t,) in Fig. 4b have a single
relevant peak. This is in compliance with data reported in the related literature, i.e.
an increase in biomass impregnation degree reduces the distance between the
peaks and the peaks overlap at a certain value of impregnation degree [25].

The values of maximum material loss rate, [-d(m/my)/dt Jpear, and of
corresponding logarithmic mean temperature, (#,)ycar, Under various operation
conditions, are summarized in Table 3. Tabulated data 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 [18,26-30].

0.05 0.05
0.04 0.04
o <
€ £
5 0.03 =0.03
- S
2 =
£ 0.02 | g 0.02 |
E 5
5 .
0.01 A 0.01
0.00 1 T T T 0.00 n
0 100 200 300 400 500 0 100 200 300 400 500
Mean temperature, t,, (°C) Mean temperature, t,, (°C)

Fig. 4. Mass loss rate versus logarithmic mean temperature for: a) untreated material;
b) impregated material (¢ exp 1, mexp 2, A exp 3,—exp4,0exp 5, 0exp 6, A exp 7, + exp 8).

Table 3
Maximum material loss rate and corresponding peak temperature
['d(m/ m())/ d T]peak (tm)peak
(1/min) (°C)
lst 2nd lst 2nd
stage stage | stage | stage
0.016 0.022 | 233 | 271
0.013 0.022 186 | 245
0.025 0.028 | 264 | 307
0.027 0.029 | 272 | 304

Exp.

XA [N [N | |WIN[—

0.028 287
0.037 281
0.045 287
0.045 288
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3.2. Factorial experiment

Vegetal material mass, m, oil mass, m,;, operation time, 7, material bed
centre temperature, f., and column wall temperature, ¢, 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:

g-3035 5

SAVEY: 2)
w-1.5

= 3

27705 ®)
c—150

- 4

B 750 “)

Factors dimensionless values as well as responses final values divided by

Ce. . . m m,; T t.r
the initial material mass, i.e. ylzif, y oilf y f y -9 and

2= > Y3=——» V4=
m m m m
ys = fuf are given in Table 4.
mg
Table 4
Experimentation matrix

w c 3 4 5
EXp- | wit | Gy | @iy | |2 || ¥ | 2 | ming) | (T | (i)
1 2600 1 0 -1 ]1-11-1]0365|0418 | 0.261 1.040 | 1.037
2 2600 2 0 -1 11 1-1]0391 10366 | 0.251 1.036 | 1.060
3 3470 1 0 1 |-1]-1]0321]0425| 0.204 1.268 | 1.158
4 3470 2 0 1 |1 ]-1]0288 0413 | 0.188 1.309 | 1.218
5 2600 1 300 | -1]-1]11]0290 | 0432 | 0.235 1.021 | 0.959
6 2600 2 300 [ -1 ] 1] 1]0331|0412| 0.217 | 0.931 | 0.951
7 3470 1 300 | 1 |-1]11]0237 0452 | 0.194 1.303 | 1.236
8 3470 2 300 | 1| 1] 11]0275|0429 | 0.176 1.134 | 1.253

Processing the data listed in Table 4 based on the procedure recommended
for a factorial experiment with 2 levels [31], the following correlations were
obtained:

Y= 0312—0032)(?] +0.009XZ —0.029)(?3 —0.0083(?])(2 +0.005x1x3 +0.01 1)C2)C3 +0.007XIX2X3 (5)
5 =0.418+0.011x; —0.013x; +0.013x3 +0.005x,x, —0.002x7x3 +0.003x x5 — 0.005x,3,x; (6)
3= 0.216—0.025)(?] —0008)(?2 —0.010)(?3 —-0.00 ]JCIX2 +0.005.X1)C3 -0.00 ].)C2X3 +0.00 1)C]X2X3 (7)
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y4 =1.130+0.123x; —0.028x; — 0.033x3 — 0.004x;x, —0.002x,x3 —0.037x5x3 —0.016x,x,x3 ()
y5 =1.109+0.107x; +0.012x, —0.009x3 + 0.008xx, +0.037x,x3 —0.009x,x3 —0.002 505 (9)

Correlations (5)-(9), results listed in Table 4 and experimental data in Figs.
2 and 3 emphasize that:
- final values of solid mass, y;, are low at superior levels of heat flux, x;, and
nickel nitrate solution concentration, x;;
- final values of oil mass, y», are high at superior levels of x; and x; and inferior
level of gas superficial velocity, x;
- minimum final values of operation time, y3, are achieved at superior levels of
all process factors;
- final values of bed centre temperature, y,, and column wall temperature, ys,
are maximum at superior level of x;.

3.3. Kinetic model

A one-stage global reaction model was adopted to describe the conversion
process from raw material to char and volatiles [2,3,8,26-28,32]. For dynamic data
drT,,

obtained at a constant heating rate, g= — the decomposition rate can be
T
described by equation [32]:
4% _ 1 _ oy A exp-—Ly (10)
dr B RT,,
where volatiles conversion is expressed as:
a=_o=Mm (11)

my — I’Hf
Taking natural logarithms on both sides of eq. (10) yields:

ln(lda):lnA_E (12)
l-adr B RT,

The values of pre-exponential factor, 4/8, and activation energy, E,
depending on operation conditions were obtained from the intercept and the slope

of the straight line given by a plot of zn(l da) versus L.

l-adr -
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Characteristic values of kinetic parameters A4/f and E, which were
regressed based on experimental data under various operation conditions, are
summarized in Table 5. Table 5 contains also the mean values of heating rate, f,
as well as the ranges of temperature, ¢,, and conversion, a, wherein the mean
values of f were estimated. As can be seen, the pre-exponential factor and
activation energy increase with heat flux decreasing.

Table 5
Effect of process factors on kinetic parameters
.. p=dT,/dr b A/B E
Exp. | Decomposition stage (K/min) (0) a (1/min) | (kJ/mol)
1 1* 4.71 197-244 | 0.29-0.52 73 30.96
2 4.78 255-292 | 0.57-0.85 | 1095 82.97
) 1* 3.61 121-194 | 0.10-0.38 | 1879 41.70
2™ 4.77 203-271 | 0.43-0.87 | 4705 55.65
3 1 6.62 183-275 | 0.28-0.70 13 22.71
2n 10.93 289-351 | 0.75-0.88 26 24.55
4 1 7.75 216-280 | 0.36-0.61 43 28.56
2 8.04 290-344 | 0.69-0.90 | 1431 43.47
5 8.8 163-316 | 0.32-0.87 42 26.62
6 1 8.1 160-295 | 0.29-0.86 | 267 33.64
7 10.5 133-310 | 0.20-0.82 28 23.76
8 11.0 166-305 | 0.29-0.81 57 27.26

Fig. 5 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 10 %).

0.07 0.07
0.06 - 0.06 -
0.05 - 0.05 -
= 5
‘€ 0.04 - _ £0.04
2 S 4
5 0.03 - Z/ %0.03 . B
_g k]
0.02 0.02 - p.
0.01 - 0.01 -
0.00 T T T T 0.00
100 150 200 250 300 350 100 150 200 250 300 350
Mean temperature, t,, (°C) Mean temperature, t,, (°C)

Fig. 5. Comparison between experimental (symbols) and simulated (lines) differential conversion
curves (¢exp I, mexp 2, A exp3,—exp4,0exp5,0exp 6, /\exp 7, + exp 8).
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3.4. Characterization of nickel crystallites

Char XRD patterns in Fig. 6 emphasize two relevant peaks, appearing at
about 44° and 52°, which are attributed to the presence of metallic nickel. Table 6
contains values of equivalent spherical diameter of nickel nanocrystallite, which
were estimated by Scherrer formula for the highest peak, i.e. that obtained at 44°.
As can be seen, the nickel nanocrystallite size increases with heat flux and carbon

dioxide superficial velocity decreasing.

Intensity (cps)
Intensity (cps)

:ﬂim ”’\/'\“M

2 Theta (degree) 2 Theta (degree)
|l Moiz
[Mh00-004-0850 - Nickel. sym - N - Cubic - 2 352380 M oo-cxtu-0850 )~ Mkl sym - Ni - Cubie - 2 352380
c : d
) v
8 g
> -
g‘ A % ;
g. .
E. E
. 1o ‘ [\
2 Theta (degree) 2 Theta (degree)
L EE M
IMo0-004-0850 (*)- Mickel, 5ym - Ni - Cublc - 2 352580 WMMoo-004-0550 - Mkl sy - Ni - Cubic -2 352380

Fig. 6. XRD patterns of impregnated char: a) pi 1; b) pi 2; ¢) pi 3; ¢) pi 4.

Table 6

Nickel nanocrystallite size into impregnated char

Exp. | Final char code (ncrin)
5 pil 7.92
6 pi2 7.54
7 pi3 7.51
8 pi4 6.04
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4. Conclusions

An experimental set-up was designed and scaled-up in order to study the
fixed bed pyrolysis of corn grains. Slow pyrolysis of corn grains impregnated or
not with a nickel nitrate aqueous solution was conducted. 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. During pyrolysis, metallic
nickel nanocrystallites were formed into impregnated vegetal structure, as
demonstrated by XRD experiments. The impregnated char will be used as a
precursor of carbon-supported catalyst which will be tested in subsequent
hydrogenation processes.

A process analysis by 2° factorial programming was performed, with the
factors being heat flux, carbon dioxide superficial velocity and nickel nitrate
solution concentration. Correlations between these factors and process dependent
variables, namely char mass, pyrolytic oil mass, operation time, char bed
temperature and column wall temperature were established for untreated and
impregnated grains.

Under the study conditions, the heat flux and material impregnation had a
significant effect on the process performances. 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/f pre-exponential factor, 1/min

nickel nitrate solution concentration, g/L.
equivalent spherical diameter of nickel crystallite, nm
activation energy, kJ/mol

shape factor

vegetal material mass, g

pyrolytic oil mass, g

imitial vegetal material mass, g

heat flux, W/m?

gas universal constant, R=8.314 J/mol K
temperature, °C

absolute temperature, K

NSRS FIEAmAc
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w carbon dioxide superficial velocity, m/h
X process dimensionless factor, i=1...3
Vi process final response, j=1...5
Greek letters
a volatiles conversion

. dTm .
) heating rate, f = T K/min

T

0 peak width at half peak height, nm
A X-ray wavelength, nm
% diffraction angle, °
T time, min
Subscripts
c material bed centre
f final
m logarithmic mean
w column wall
0 initial
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