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ABSTRACT

PYROLYSIS AND CATALYTIC GASIFICATION
OF POPLAR SPP

By
Mark Roger Boyd

Two salts, Na2C03 and KZCO3, have been investigated to determine
their catalytic effects on pyrolysis and gasification of Poplar SPP and
char derived from Poplar SPP. A differential reactor was used with
temperatures ranging fram 550° to 700°C, space velocities of 2 to 7.25
s_l, and steam partial pressures of 45 to 100 kPa.

Pyrolysis has been found to be nondestructive to the basic cell
structure of wood, except when impregnated with an alkali salt.
Pyrolysis products are CO, COZ' and CH 4

The char gasification rate law observed from steam partial
pressure data is

. o . _ _ - moles
Gasification rate = k exp ( Ea/RI‘) szo gC - min

Preexponential factors of 10.7 and 16.4 g - moles/g C min kPa and
activation energies of 89.2 and 94.2 kJ/mole were observed for the
catalytic gasification of char using Na2CO3 and KZCO3, respectively.
Char gasification products were Hz, Co, 002, and CH 4° Rates were
compared considering methane as derived fraom carbon monoxide as
opposed to the product of direct hydrogenation of carbon.
Intraparticle diffusion becomes substantial for particles over

1.0 cm. Conversion of steam is not sensitive to mixing conditions

within a tubular flow reactor.
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NOMENCLATURE

kgL
Biot mass number, dimensionless, Tg—
e

Concentration of species i, gr - mole/cm3

Bulk diffusion coefficient of component i in j,

cm2/sec

Effective diffusivity coefficient of component i,

cm2/sec

Damkohler number, dimensionless, nk %

Dimensionless concentration

. -1
reaction rate constant, s

Length, cm
vL

D,

Peclet number, dimensionless =

Dimensionless distance within the reactor
conversion of steam

Mole fraction of component i

distance, cm

Dimensionless concentration
Dimensionless distance

Thiele modulus, dimensionless
Effectiveness factor

void fraction



INTRODUCTION

Gasification technology can be applied to biomass
to produce synthesis gas, a mixture of CO and Hz, which
can be converted to a variety of fuels and chemicals.

The objectives of this research are to determine and model
physical and chemical changes which occur during high
temperature pyrolysis and gasification of biomass. The
kinetic parameters determined by the study can be coupled
with mass transfer knowledge to describe and design the
characteristics of a biomass gasifier. The size, pore
structure, and composition of the biomass feedstock will
all have significant effects on the rate of gasification
and thus, design of commercial gasification units. Bio-
mass gasification may become an important alternative for
utilizing solar radiation for production of gaseous and
liquid hydrocarbons for fuels and chemicals.

"Biomass potential in 2000 put at 7 quads," is a
current concensus among recent estimates (l). This amounts
to 10 percent of the current energy consumption rate.
Current DOE funding was noted to amount to $26.9 million
in 1979 for biomass conversion, which is projected to grow

to $118.9 million by 1981. Most economically feasible



projects at this time are processes which produce expen-
sive chemicals. Thermochemical gasification and lique-
faction are currently important areas for study. This
study is aimed toward defining unknowns related to appli-
cation of gasification technology to biomass.

Specifically this study is concerned with moni-
toring physical and chemical.changes of Poplar SPP under
a variety of gasification conditions. Poplar SPP is a
hybrid tree which has, due to its very rapid growth, been
singled out as a likely candidate for cultivated biomass
plantations. From a few preliminary experiments it was
observed that two important processes occur in the gasi-
fication of raw biomass, pyrolysis and gasification.

From a process standpoint, gasification of raw
biomass into synthesis gas will involve several steps (15):
initial devolatilization, pyrolysis, and gasification.
Upon being subjected to a high temperature environment
(600° to 800°C) a temperature gradient begins to form,
up to 100°C, within the particle which quickly devolati-
lizes any adsorbed water and gases. As the intrapellet
temperature gradient continues to increase (100° to 500°C)
chemical degradation begins. This process of pyrolysis
is the thermal degradation of the wood components into
simpler molecules. Wood is composed predominately of

hemicellulose, cellulose, lignin, and water. Typically



the water content of green wood is 50 percent by weight.
Cellulose, hemicellulose, and lignin are polymeric in
nature. Poplar SPP is a typical hardwood which is chemi-
cally composed of 48.8 percent cellulose, 19.3 percent
lignin, and 29.7 percent hemicellulose, and 1 percent ash.
The remaining 1.2 percent is composed of extractives.
Decomposition involves first the breakdown of the polymers
into monomer units, then the further degradation of the
monomer units into an array of decomposition products.

The degree of complexity of the final products is a func-
tion of the heating conditions, the initial sample size,
porosity, and the ash content. The pyrolysis products
may also interact during the decomposition to form an even
greater variety of products. Termination of this stage
of the reaction sequence leaves a residual char composed
mainly of carbon. Further heating of char will not
produce any more gaseous or liquid components. The resi-
dual char can be gasified or reacted with steam at 500°C
and higher to produce synthesis gas. This process for
wood char gasification is similar to coal gasification,
but is somewhat different due to pore structure and ash
content. Important parameters for the steam carbon
reaction are steam partial pressure, temperature, and

catalyst impregnation.



Previous workers (17, 21, 22) have observed that
impregnation of the biomass with potassium and sodium
salts catalyzes the pyrolysis and gasification reactions.
The experimental work of this study includes pyrolysis
and gasification of nonimpregnated and salt impregnated
biomass samples. Catalyst activity was investigated to
determine effects on morphological structure during pyro-
lysis, pyrolysis rate, and gasification rate.

Pyrolysis experiments were performed at tempera-
tures ranging from 400° to 700°C. Space velocity of the
pyrolysis gas was 4 sec-l based on a sample volume of approxi-
mately 60 cm3 (five to seven grams of finely ground parti-
cles) and a volumetric reactant gas flow of 240 cm3/sec.

The final set of experiments performed were the
measurements of reaction rates of catalyzed pyrolysis char.
For these experiments, finely divided one to two mm par-
ticles of Poplar SPP were subjected to pyrolysis for 10
minutes to produce char for the gasification experiments.
The resultant char was then impregnated with a catalyst,
and gasification reaction rates of the resultant material
determined for values of steam partial pressure between
45 and 100 kPa, and steam temperatures between 550°C and
700°C. These experiments were modeled and the kinetic

constants were determined. The kinetic constants along



with estimates of mass transfer parameters were used to
model more complex reactor systems.

The original objective of this study was to gasify
raw wood and model the process. However, after a series
of preliminary experiments it was found that the liquid
products of the pyrolysis process were too difficult to
handle in a quantitative manner with our experimental
apparatus. Therefore it was decided to examine the gasi-
fication of the residual char, which is a much cleaner
process. The experimental work was done jointly with Mr.
Craig Anderson. Experiments were done on both salt
impregnated and nonimpregnated wood char samples. Results
of the nonimpregnated experiments are reported in Mr.
Anderson's thesis. This thesis reports details of gasi-
fication experiments for salt impregnated wood char and
comparisons are made with the nonimpregnated results.

This report also deals with some qualitative results of

the preliminary pyrolysis experiments.



PHYSICAL AND CHEMICAL PROPERTIES

OF POPLAR SPP

The cellular structure of poplar wood is shown in
Figure 1. The major distinquishable features are the
parallel, closely packed cells. The intracellular sub-
stance is composed predominately of amorphous lignin.
The cell walls are divided into two main parts as can be
seen in Figure 2. The primary wall (P) is an amorphous
collection of microfibrils which are essentially noncrys-
talline. The secondary wall is subdivided into the
following three parts: (a) the outer layer (S1l) which
contains a large number of cross hatched fibrils, (b) the
middle layer (S2) of the inner wall which constitutes the
largest percentage of the cell wall volume, and (c) the
inner layer of the secondary wall (S3). The S2 layer is
composed of a large number of parallel fibrillar units
oriented at a slight angle to the cell axis. The S3
layer is composed of parallel fibrils formed in a flat
helix, nearly perpendicular to the fibrils of the S2
layer.

The microfibrils are the basic physical entity in

the cell wall construction. They are thin rods



Section A

Figure 1l.--Microphotograph of Poplar at 200 magnification.
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Figure 2.--Schematic of section A in Figure 1 showing
components of cell wall structure.






approximately 5 to 10 nm in diameter. Theories from as
recently as 1970 have postulated the physical structure
of the fibrils as alternating crystalline and amorphous
regions. The highly crystalline regions are believed
to be more pure in D-glucose than the amorphous regions
which may contain high percentages of other sugar mole-
cules. The actual polymeric compositions of the three
different walls do not vary substantially. The primary
distinguishing feature of the walls is the contrasting
orientation of the microfibrils. X-ray data have shown
(21) that there must be some type of crystalline imper-
fections in the fibrils, but whether or not they are in
discrete locations or homogeneous throughout the structure
is not yet known.

The cellulosic fibrils imbedded in a matrix of
lignin and hemicellulose should provide a relatively high
permeability barrier against radial diffusion. The ratio
of axial to radial permeability of raw wood is over 100
(23). This property is important during pyrolysis and
gasification of wood in a reactor, especially during the
stages of decomposition in which the original physical
structure remains primarily intact.

As was stated previously, the polymeric composi-
tions of the three different cell walls do not vary sub-

stantially. This leads to the fact that the chemical
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nature of wood is quite uniform throughout the cellular
parts. Although uniform in distribution, the chemical
makeup of the individual polymers are quite complex.

On a dry basis, Poplar SPP is composed of 48.8

percent cellulose (C6H 19.3 percent lignin

10%5) /
(C29H36011)’ 29.7 percent hemicellulose (CSHlOOS)’ and

1 percent ash. The remaining 1.2 percent is comprised

of extractives such as resins, tannins, and other miscel-
laneous compounds. Ash content is 70 percent potassium,
calcium, and magnesium. Molecular structures of cellulose
and hemicellulose are illustrated in Figure 3.

Madorsky (9) has shown that under slow heating
conditions of 5° to 25°C per minute, less thermally stable
C-0 bonds which abound on the monomer, break with the
result of a breakdown of the individual monomer units which
yields water, carbon monoxide, carbon dioxide, and char
from the polymer. Under rapid heating conditions, above
25°C temperature rise per minute, more selective breaking
of the glycosidic bonds connecting the monomer units
occurs leading to the formation of levoglucosan, the
primary component of tar or smoke. Hemicellulose is
chemically similar to cellulose. Instead of glucose units,
xylans constitute the backbone of the polymer. Some of
the xylose units carry a single side chain of a glucuronic

acid residue. This is illustrated in Figure 3b.
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HyGOH H H,COH
0 o
0 —/oH H H o—
H
o —\QH M o0 H
OH H OH

H HZCOH

(a) Cellulose

H H
() 0
H o] H o-
- OH H
0 o 0
H H H

(b) Hemicellulose

Figure 3.--Chemical structure of (a) cellulose and (b)
hemicellulose.
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Pyrolysis products are similar to those of cellulose
except that no levoglucosan formation is possible due to
the more compact chemical structure of the monomer units.
Therefore hemicellulose does not contribute to production
of volatile products significantly. Instead, less gas
evolution occurs with a large portion of the material
being converted to char.

Lignin (Figure 4) is a polymer composed of highly
substituted propylbenzene monomer units. This is the most
stable polymer in wood, and is postulated to be the sub-
stance which bonds the other polymers together to give
wood its strength. Upon decomposition, a wide variety of
substituted phenolics are produced. Much of this material
volatilizes to tar, but a greater portion contributes to

the formation of char.
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Figure 4.--Chemical Structure of Lignin






PYROLYSIS AND GASIFICATION BACKGROUND

Pyrolysis
Several workers (2-8, 10, 12, 13) have studied

pyrolysis of wood and and wood components. Highlights

of this work are summarized in Table 1. Brenden (2)
discusses briefly the effects of rapid heating (0.5 gram
samples of wood subjected to 400° to 800°C) on wood
decomposition and found (a) weight loss can be as great
as 80 percent, and (b) achieving such weight loss provides
gaseous pyrolysis products of high heat content (2312 to
4025 cal/gram). Although no details of the heating
periods or rate of temperature increase were presented
concisely, this communication supports the fact that high
temperature isothermal conditions produce high weight
loss and yields products of complicated chemical makeup.
Much work has been done on low temperature pyrolysis in
the range of 275° to 500°C (3, 4, and 5). Roberts and
Glough (3) try to predict the behavior of wood pyrolysis
(activation energies and rate constants) over the range
275° to 435°C. Specimens in the study were 2 cm in
diameter and 15 cm in length. Experimental procedure

involved thermocouple readings at various radii, and

14
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continuous weight loss measurements. No specific conclu-
sions were reached on the physical or chemical nature of
pyrolysis. They treated their data according to first

order kinetics with respect to weight loss.

t

- '
n é?—:l%ﬁ-= -k J exp (-E/RT) dt (1)
o) o
w' = final weight of specimen
Wo = initial weight of specimen
k = rate constant

Using such sample sizes the author showed that simple
pyrolysis kinetics as shown in Equation 1 are too simple
a treatment, "since values obtained for the activation
energy and heat of reaction vary with experimental
conditions." For the early stages of pyrolysis the
activation energy was found to be 25 kcal/mole and the
rate constant equal to 9.1 x 104 minutes-l. Kanury

(4) also examined the limitations of studying pyrolysis
of large scale specimens. In-situ measurements and X-ray
density measurements were adequate for determining pyro-
lysis kinetics and a consistent activation energy along
the radius of the specimen. Significant observations
based on this data are (a) layers of solid lying deeper
from the exposed surface exhibit a progressively lower
maximum pyrolysis rate and a progressively wider range of

temperatures in which pyrolysis occurs, (b) the ratio of the
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maximum pyrolysis rate to the temperature at which it
occurs is roughly constant, (c) the rate curves near the
surface and those near the axis are smooth and regular;
those at intermediate locations however, exhibit a con-
stant rate for a certain duration, the length of which
increases with depth beneath the exposed surface and then
decreases, and (d) the rate curves fall nearly exponen-
tially with time at some radial locations close to the
axis.

Blackshear and Murty (5) performed weight loss,
and surface and internal temperature measurements on 2.54
cm diameter pressed cellulose cylinders. Accordingly,
mass and heat transfer for burning and pyrolyzing solids
are coupled with a driving force originating from the
decomposition of the cellulose within the sample. The
driving force is a function of heating history and sample
size. They state that a more elaborate treatment of the
transient pyrolysis of cellulose material would result in
some sort of size dependency. Experiments were conducted
on internal time-temperature histories. The process
their data suggests is one in which gas is evolved below
the surface first endothermically (500°C). The same
process occurs near the surface as well, but is augmented
by further heat release when vapors from lower regions

undergo a secondary pyrolysis, this time an exothermic
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one, as they pass through the hot outer char layer. Such
a picture is in agreement with the results of Roberts and
Glough. A significant conclusion in their paper states
that internal energy transport (probably in the form of
pyrolysis products) will be directly affected by diffusion
and convection of mass within the pyrolyzing solids and
must be considered when formulating a mathematical
description of the process. The chemical interaction of
the pyrolysate gases and the char should also be
considered. All previous papers (2, 3, 4, 5) point out
the significance of heating conditions, and the coupled
effects of heat and mass transfer on predicting the nature
of wood pyrolysis on a large scale.

Intrinsic phenomenon of thermal degradation of wood
and its components has also been the subject of intense
interest, especially to those involved in the studies of
flame prevention. Beall (6) observed two major features
of the aforesaid temperature phenomenon. One endothermic
peak was apparent at 375° to 400°C and a larger exothermic
peak from DTA was observed from 400° to 800°C. These
were accounted for as the thermal breakdown of the primary
material, and chemical interaction of the pyrolysis
products, respectively. Aside from a few insignificant
aspects, the thermogram of wood is largely a product of

the individual components (lignin, hemicellulose, and
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cellulose). Arseneau (7) examined the thermal breakdown
of balsam fir and its components in air from 50° to 420°C.
His conclusion states that "the differential thermogram
for balsam fir when heated in air is simply a composite
of the individual thermograms of the various components
of the wood, with little, if any, interaction between the
components."

Based on this information, data on the pyrolysis
of wood components may shed some information on wood
pyrolysis. Lipska and Parker (8) analyzed kinetics of
cellulose in the range of 250° to 298°C. Different types
of rate dependence were found for different time inter-
vals: (a) an initial period of rapid decomposition and
weight loss, (b) a range in which both the volatilization
and decomposition are of zero order, and (c) a region in
which the volatilization follows a first order rate,
leaving a char deposit which does not undergo further
pyrolysis. An additional observation states that the
degree of decomposition and volatilization occuring during
the zero order phase increases with increasing temperature.
An activation energy of 175.8 kJ/mole applies to the
decomposition rates in the zero order range. Analysis
of the remaining glucosan content shows no readily hydro-
lyzable material remaining after 75 percent weight loss.

Weight loss data show a consistent value of 15 percent
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residual material remaining. An important point to note
is the elemental compositions of the remaining char heated
at 500°C, 98 percent carbon and 2 percent hydrogen. Ele-
mental analysis was not done as a function of time, though
it might be instructive to determine the rate of oxygen
loss as compared to carbon. This information might infer
something about the process of molecular breakdown.

A majority of the weight loss observed in cellu-
lose can be explained by an observation made by Madorsky
(9) where 37 percent of a cellulose sample was converted
to levoglucosan. Madorsky accounted for this by random
scission of 1,4 glycosidic linkages to selectively

produce levoglucosan.

10957y —> 1 CgHp (05 (2)

levoglucosan

(C6H

Other workers have also reported high percentages of
levoglucosan yields (Conrad and Chatterjee, 10). Weight
loss may actually be controlled by larger morphological
influences according to ideas postulated by Golova,
Krylona, and Daklady (11). They note such influences as
degree of crystallinity, length of polymer constituents,
and other macroscopic properties in the structure of the
cell wall. Chatterjee and Conrad (10) studied the kinetics

of cellulose decomposition in the range of 270° to 310°C.
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They observed a complex reaction rate behavior up to 60
percent conversion between the temperature range of 270°
to 350°C. Beyond this a slow weight loss was observed
beginning at 360°C and lasting until 450°C. This latter
stage was considered the decomposition of the residual
material. Two activation energies were found for the
initial degradation (levoglucosan formation) of 138 kJ/
mole for adsorbent cotten, and 157 kJ/mole for ball milled
cotton. These differences also suggest that morphological
structure of the polymeric material may affect the decom-
position process. The authors make an important note
concerning their investigations as opposed to other studies.
In their technique the temperature was gradually raised
from ambient to the specified, thereby avoiding the
problem of a time lag while a temperature profile forms
within the material. The author believes that the thermal
lag inherent in isothermal experiments introduces error
in the rate data during the initial period of exposure.
It is certainly true that divorcing the aspects of kinetics
from temperature-time histories will certainly lead to
different results, since they are directly related.

As for the other components of wood, Beall (12)
observed the maximum temperatures in which lignin is
thermally stable is 450°C. Major products formed are

largely substituted phenolics from the monomer units
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comprising the polymeric lignin. Stamm (13) observed a
lower degradation temperature for hemicellulose of 260°C,
and an activation energy of 111.7 kJ/mole in a range of
110° to 220°C. He also stated that hemicellulose degrades
four times faster than wood, and lignin only one half as
fast as wood.

In any case, the decomposition of wood will be
somewhat more complex than that of cellulose. Shafizadeh
(14) presented a schematic of the general pyrolysis

reactions of cellulose.

/7 co, c’|92’ H2
(CGHIOOS) ——> levoglucosan (3)

. '

combustible volatiles

o, C

Also, very rapid high temperature heating is
responsible for the following variety of products reported

by Shafizadeh.

hemicellulose —> CO, Hz, CH3C02H, CHZO (4)

lignin —> substituted phenolics, 00,, CO, CH4, C C2H6, HCHO, CH3CHO (5)

2 2ty

As pointed out by Shafizadeh (14) "the difficult
task of extending the data obtained on cellulose to wood

and plant materials is further complicated by the paucity
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of information on the pyrolytic reactions of hemicellulose
and lignin." Beall (12) reported TGA analysis of wood
lignin and hemicelluloses over the temperature range of
25° to 1000°C at 6°C/min. This is a very slow heating
rate in terms of what might be called rapid pyrolysis
(25° to 100°C per minute). All of his curves showed 50
percent pyrolysis between 350° to 450°C and nearly
complete pyrolysis by 600°C. Fifty percent pyrolysis of
hemicellulose occurs between 250° to 300°C, with nearly
complete pyrolysis by 600°C. Also, extracted hemicellu-
lose material showed greater thermal stability. Activation
energies of lignins of 46 to 75 kJ/mole were observed to
increase with temperature. They reported that hemicel-
luloses displayed somewhat higher activation energies of
104 to 125 kJ/mole.

Many of the previous researchers have attempted
to apply some rate behavior to the pyrolysis process,
which is the complex combination of numerous reactions
and the subsequent mass transfer of the reaction products
from the reacting material. Rate determinations are
largely based on thermogravimetric data which inherently
lump both reaction and mass transfer steps together.
Describing the complex pyrolysis process by the observation
of one variable, such as weight loss, certainly masks

many less easily observable physical and chemical changes.
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A better approach would be to more discretely define
possible reaction pathways, perhaps incurred from popu-
lations of functional groups and bonds within the reacting
material, similar to the interpretation of catalytic
cracking reactions of petroleum refining, then couple
this reaction approach with plausible mass transfer
mechanisms of the pyrolysis products through the sur-
rounding medium. An improved characterization of the
overall process by fundamental chemical engineering
principles would prove far more valuable to the applica-
tion and design of biomass gasifiers, and may provide
substantial insight into the apparent diversity of infor-
mation already assembled. This fundamental approach

may possibly integrate the effects of catalyst impregna-

tion in a more readily distinguishable manner.

Gasification of Carbon and Char

Several workers (16-20) have studied gasification
of carbon and char. Important aspects of their work are
summarized in Table 2, and details are presented in the
following discussion.

Blackwood and McGrory (16) examined carbon
reactions with steam at pressures up to 5 MPa, and in the
temperature range of 750° to 830°C. A differential reac-

tor was used. Low ash content carbon was obtained by
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pyrolysis of coconut carbon and extraction with hydro-
flouric and hydrochloric acid. This procedure was neces-
sary to eliminate any ash which might catalyze the water
gas shift reaction. Although this precaution was taken,

CO, still remained in the effluent as a product gas. This

2
necessitated calculating the reaction rate from the total
oxides of carbon produced. Only a small amount of methane
was formed at atmospheric pressure, and this was thought
to be due to a side reaction between carbon and hydrogen.
However, as will be seen from our work, results indicate
this may not be true. Only uncatalyzed materials were
studied. The material had a bulk density of 0.5 g/cm3,
and a size of -7+14 B.S. sieve. Two important effects
were observed: (a) varying the space velocity from 2 to
15 sec_l showed no effect of external mass transfer
control; a slight increase in observed rate with space
velocity was explained by changing temperature conditions
in the reactor as the steam flow was increased, and (b)
the rate of gasification was found to be a function of
conversion, though not appreciably. No significant

change of reaction rate with conversion was observed up to
20 percent conversion. Maximum deviation of the rate was
5 percent after 50 percent conversion. Considering the
constant reaction rate, the authors presume that the total

number of sites in the char remained fairly constant with
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time. Carbon atoms on the edge of the cyrstal lattice
having one free orbital may combine with the oxygen to
form carbon monoxide. Subsequent removal of the carbonyl
group with reattachment of another water molecule would
account for a constancy of active sites. Figure 5 is a
possible mechanism proposed by them which is consistent
with this sequence of events. The authors contend that
the attack on carbon by this mechanism would lead to a
honeycomb effect which would preserve the original bulk
volume.

Carbon steam reactions at 1200°F were studied by
Lewis, Gilliland, and Hipkin (17). Charcoal produced
Cco

from wood and impregnated with K was reacted with pure

2773
steam and mixtures of steam with carbon monoxide, carbon
dioxide, hydrogen, and argon to determine the effect of

low temperature operation on the reaction rate and
mechanism. Adding 10 percent by weight K2C03 to the
charcoal sample yielded reaction rates at 1200°F that

were 7 to 40 times higher than were previously extrapol-
ated from data at temperatures of 1400° to 1800°F. Product
gas compositions were essentially hydrogen and carbon
dioxide, which supports the notion that the water gas

shift reaction was always at equilibrium regardless of

pressure or steam flow rate. The reactions involving

solid carbon were observed to be below equilibrium.
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HZO
1
%
~ /é\ AN /C\c‘ * /&\ P
T T I T T + CO0 + H,
H20

*Denotes active site.

Figure 5.--Reaction mechanism of char gasification.
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Equation 6 is an empirical equation for which the catalyzed
gasification rate was correlated. Partial pressures were

measured at the exit of the reactor.

Py o
o . 2 0.6
Gasification Rate = K (——) (6)

Pco Pu
It was stated that this equation applies for a constant
amount of carbon in the bed. No value of K was given nor
were units provided. Mention is made of the fact that
carbon dioxide may exert a retarding effect on the gasifi-
cation reaction, contrary to other investigators. The
authors believe that carbon dioxide may exhibit control on
the catalyst by competitive adsorbtion on the active
reaction centers.

Sterm, Logiudice, and Heinemann (18) experimentally
tested the technical feasibility of direct conversion of
cellulosic material into synthesis gas. Feed materials
were dropped continuously into a packed bed reactor at
1000°C. The effects of catalyst on pyrolysis and equili-
bration of gases was evaluated using steel wool as a hot
surface. Sugar and wood sawdust were subjected to a high
temperature short residence time reaction. The gases
formed were forced through the bed by autogenic pressure.

This procedure was compared to steam gasification of sugar
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charcoal in terms of gas production and composition.
Catalytic cracking of the primary pyrolysis products was
essential to obtain the high yield of gases produced.
Results of the experiment prove that 50/50 molar mixtures
of CO and H2 can be obtained by rapid high temperature
pyrolysis of cellulosic material on a small scale if steel
wool is used as a catalytic cracking material. Steam

gasification yielded 4 to 8 percent CO, due to the water

2
shift reaction. While results obtained using Alundum were
erratic, two important observations were apparent: (a)
gas compositions obtained over steel wool approach equili-
brium since cracking occurs very rapidly, and (b) thermal
decomposition of pyrolysis products over Alundum leads to
kinetically controlled mixtures.

Walkup and researchers (20) have investigated
gasification of biomass in the presence of multiple
catalysts such as Na2C03, K2CO3, and Na2B4O7‘lO H20.
Preliminary experiments have demonstrated the following
trends: (a) catalytic steam gasification appears
promising using alkali type catalysts. K2CO3 gives the
largest rate enhancement, while Na2B4O7-10 H20 has the
least activity of the chemicals studied, (b) increased gas

production is due to less tar formation when an alkali

carbonate catalyst is present, (c) catalyst impregnation
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is better than dry mixing, and (d) H, production is

2
enhanced at 500° to 650°C in the pressure of steam.

The thermochemical conversion of biomass will
undoubtedly require a multitude of process studies,
depending on the composition, physical structure, and
size of the raw material. R. L. Garten (19) has presented
a few positive aspects of biomass conversion. The first
reason for the utilization of biomass as an energy
resource is the very low sulfur content, 0.1 percent as
compared to coal which is typically 2 to 3 percent sulfur.
A second important aspect is the renewable nature of the
material. He also mentions two negative characteristics
of biomass. Due to its partially oxidized state, the
energy content of biomass is low compared to coal. This
is the reason for hydrogenation by steam, or by direct
contact of H2. The low bulk density also presents a
problem, since a high degree of reactivity is necessary
to reduce reactor size. The author also mentions that
wood, owing to its structure, is expected to be easier to
convert to fuel than coal.

The actual mechanism of the steam carbon gasifi-
cation reaction is still unknown, particularly in the
presence of alkali salts which may catalyze the gasifica-
tion reaction, according to the previous investigators

(16, 17, 18, 19, 20). Since the alkali salts may enhance
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other simultaneous reactions, such as direct hydrogenation
of carbon, the calculation of the gasification reaction
rate may be complicated by the interpretation of the
reactions occuring in the system. Besides affecting pos-
sible reaction pathways, a catalyst may also affect the
adsorbtion/desorbtion process thereby entirely changing
the reaction rate law dependence.

Early Pyrolysis and Gasification
Experiments

The original objective of this work was to do
experimentation and modeling of wood gasification. However,
after a series of preliminary experiments and only quali-
tative results, the objectives were modified to study
wood char gasification. These preliminary experiments
were useful in gaining more experience with taking gas
samples and handling the gas sampling procedure. Details
of the study of wood char gasification are contained in
a later section.

Uncatalyzed wood samples of approximately 5 to 7
grams, oven dried for 24 to 48 hours, were pyrolyzed in
steam at temperatures ranging from 400° to 700°C. The

pyrolyzing steam composition was always more than 95
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percent steam with the remainder being nitrogen.
Recordings of gas flow were made every 30 seconds, while
gas compositions were monitored at approximately 3 to 4
minute intervals. The following observations were made
based on 12 experiments. Six experiments involved nonim-
pregnated samples. Results are as follows:

A. Nonimpregnated samples

1. Smoke production begins within 30 seconds
after insertion of the sample into the reactor at
all temperatures. This may be explained by two
factors. A thermal lag within the material 1leads
to a time lag in the decomposition process as the
temperature profile is developed, and secondly,
there is a small lag due to the residence time of
the product gases in the gas sampling train.

2. The highest rate of gas production is
approached within approximately one minute for
all temperatures. The maximum gas evolution
occurs at a later time interval, which is a func-
tion of temperature. For 400°C the maximum occurs
at 5 to 6 minutes, while at 700°C the peak occurs
at 2 to 3 minutes.

3. Composition of the effluent gas varied
from one run to the next due to errors in gas

sampling. Approximate compositions which did not
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appear to vary significantly with temperature
were 45 percent CO and 45 percent Coz, with the
remaining 10 percent composed of varying amounts
of H2 and CH4. CH4 composition was highest near
the beginning of the runs.

4. Solid residue remaining 15 to 17 minutes
after insertion of the sample was approximately
15 percent of the original dry weight. Since all
samples were oven dried before pyrolysis, weight
loss due to desorption of water was negligible,
and the total weight loss was a reproducible
guantity. The char retained the original fibrous
structure even after 85 percent weight loss. All
uncatalyzed samples reacted in a steam environment
at 700°C lost 85.6 percent weight as volatile
gases and tars. Therefore, high temperature
reaction of dried wood with steam is essentially
pyrolysis up to about 85 percent weight loss.
Results of weight loss measurements were the same
in steam and nitrogen environments.

Salt impregnated samples

Pyrolysis by steam of wood impregnated with 12
percent by weight of K,CO5/ produced results signi-
ficantly different than similar uncatalyzed runs.

The pyrolysis steam mixture was again 95 percent
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steam and the remaining 5 percent nitrogen. Gas
flow measurements were made every 30 seconds, while
gas samples were taken every 3 to 4 minutes. Gas
composition measurements were significantly
improved due to increased experience. The
following details distinguish the results between
catalyzed and noncatalyzed runs.

1. Smoke production occurs much earlier and
is less dense than observed for noncatalyzed runs.
Most of the smoke evolution was over in 30
seconds.

2. Gas production curves peak earlier than
noncatalyzed runs. Gas production rates versus
reaction time are plotted in Figure 6 for prelim-
inary catalytic runs for three temperatures.

3. The increased hydrogen composition indi-
cates that gasification is occuring in addition
to pyrolysis. CO2 varies from 27 to 30 percent
over the temperature range, while H2 varies from
52 to 67 percent. CO is less than 1 percent for
nearly all the gas samples analyzed. CH4 was
negligible.

4. The most significant observed difference
between the catalyzed and uncatalyzed runswas the

nature of the structure of the remaining ungasified
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material. No microphotographs were taken, but

it appeared as though no original fibrous wood
structure remained after the initial reaction
period for the catalyzed samples. The remaining
char is a highly porous and brittle material,
which appeared to have had some foaming action
occuring during pyrolysis. Some of the sample

had become encrusted on the exterior of the sample
basket in the reactor.

5. For runs 12 and 13, which were performed
at temperatures of 625° and 700°C, respectively,
nearly all of the char was consumed. The
remaining material was highly porous and brittle.
A small amount in water produced a basic solution.

It appeared to be some form of potassium oxide.

Experimental data on simultaneous pyrolysis and
gasification of wood is difficult to analyze. Some quan-
titative information on product gas composition and gas
production flow rates was obtained, however smoke and tar
production were not determined quantitatively. The
original objective of this study of the gasification of
the wood, was redefined to overcome problems related to
production of tars and other liquid products which could

not be determined quantitatively and plugged the reactor
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exit several times. Also some products, CO and CO were

2I
common to both pyrolysis of raw wood and gasification,
thus interpretations of results were complicated. For

these reasons gasification of pyrolyzed wood char was

investigated.




EXPERIMENTAL CONDITIONS

Introduction

Char samples were prepared from dried samples of
Poplar SPP. Char samples were impregnated with NaZCO3
and K2CO3 and gasified at various temperatures, steam
partial pressures, and space velocities. The following
range of experimental conditions were used to study the
kinetics of pyrolysis and gasification of char: (a)
steam partial pressure of 45 to 100 kPa, (b) space velocity
range of 2 to 7.25 sec-l, and (c) temperature range of
500° to 700°C. These experiments were conducted in a
differential fixed bed reactor. Small sample size of 1
to 2 mm in diameter was chosen to maintain temperature
and concentration gradients to a minimum. High gas
velocities of 10 to 35 cm per second were chosen to mini-
mize reaction of product gases with the reacting char due
to the short contact times involved. By observing gas
flow, gas composition, temperature, and total sample
weight loss, evaluation of the kinetic parameters for the
system was accomplished. Additional information was also
observed on the effects of 12 percent by weight of Na,CO

2773

and K2C03 on the gasification rates.

39
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Reactant Gas Production

Figure 7 is a schematic diagram of the reactor
system. A large water reservoir (A) is suspended six
feet over the reactor assembly. A needle valve provides
a constant supply of feed water between 0 and 12 cm3 per
minute and is mixed with a set flow of nitrogen. The
nitrogen is controlled by a tank regulator, valve, and
flow meter arrangement (C). Combined nitrogen and water
stream is then fed to a vaporizing furnace (E), where
water is vaporized and the gases are heated to high temper-
atures before entering the reactor. The water and
nitrogen stream is heated in the gas fired furnace by
flowing through a stainless steel cylinder (D) 130 mm
long and 51 mm in diameter, with combustion gases impinging
on the outside. The hot gases flow out of a vaporizing
heater into a 6.35 mm O0.D. heavily insulated stainless
steel tube that delivers th<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>