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(ABSTRACT)

The activation energy of Douglas fir wood char gasified in carbon dioxide was determined. Acti-
vation energies were found for chars that had been pyrolyzed in nitrogen at 600, 750, and 900°C.
A thermogravimetric analyzer provided the weight versus temperature data used to obtain the ac-
tivation energies. The Coats-Redfern integral method of kinetic analysis was used to extract the
activation energies from the data. This method can be used to obtain an activation energy from a
single weight versus temperature trace for a constant heating rate. An overall apparent activation
energy of 723 + 60 kJ/mole and a natural log of the preexponential factor of 68.8 + 6.2 was de-
termined from the data collected for all three chars. The different char preparation temperatures

did not appear to affect the activation energy.
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1.0 Introduction

1.1 Wood as Fuel

Wood as an alternative energy source has become an increasingly popular concept in recent years.
Wood is used by many homeowners for home heating, and the wood products industry has long
used production residues for power and process steam. Wood and other biomass resources such
as agricultural and wood industry residues and solid organic municipal waste (“garbage” without
metal or glass) have become attractive principally due to their renewability and low cost. This in-
terest has increased because traditional energy sources - coal, oil, and natural gas - have all begun

to show their shortcomings in recent years.

Coal and oil both currently present large scale environmental concerns as air pollution becomes
more of a problem in large cities as well as on a global scale. In recent decades, dependence on oil
has been demonstrated to be a political liability. Natural gas, the most environmentally attractive
of the three, is currently abundant, but will inevitably experience availability problems similar to

those of oil. It is becoming apparent that these economic, political, and environmental concerns
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will require industry and government to develop a diversified energy portfolio, which will probably

include wood and biomass resources.

That wood is renewable is obvious, since trees can be grown as long as there is land, water, and
sunlight available. Coal, natural gas, and oil are not renewable resources, since when they are col-
lected and used they are gone forever. Wood, if the growth and collection of trees is managed
properly, can become a lasting energy resource. To accomplish this, schemes for more intensive
forestry are being developed. Limiting this potential is the availability of land. Every year more
forest land is being lost as the population and size of urban areas increase. Also, other demands
on wood, especially the need for furniture and building products, will increase greatly as the popu-
lation increases (Tillman, 1978). Balancing these demands will present a challenge in the future as

the population grows and wood is developed as an energy source.

Wood’s potential for being a low emission energy source has been well documented. Table 1
presents ultimate analysis data for several coals and Douglas fir wood and bark (Reed, 1981).
Though the wood has a lower heating value than coal, it has markedly lower amounts of nitrogen,
sulfur, and ash, which would result in lower NO,, SO,, and particulate emissions than coal if
properly burned (Tillman et al., 1981). In solid form, however, biomass fuels are difficult and ex-
pensive to transport, store, and burn cleanly on an industrial scale. In order to make the energy
accessible and cost-effective, a gasification process is used to convert solid fuel to gaseous or liquid
fuels. In gaseous or liquid form fuel can be easily piped or stored and, when burned, the flame can

be controlled for reduced emissions.

Despite their merits, biomass fuels have not been industrially important in the recent past. Con-
sequently, investigations into the thermochemical behavior of these fuels have focused on fire safety
rather than energy production. In the late 19th and early 20th centuries local “gasworks” pyrolyzed
biomass and coal to produce manufactured gases, but the installation of large natural gas pipelines
in the 1930’s led to the closing of nearly all of these regional gas producers (Reed, 1981). These

extensive natural gas pipelines are supplied by underground deposits often found on top of or near
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Table 1. Ultimate analysis data for coals and Douglas fir (Reed, 1981).

Material C H N S 0 Ash | Higher Heating
(%) | (%) | (%) | (%) | (%) | (%) | Value (Btu/lb)
Pittsburgh seam coal 75.5 5.0 1.2 3.1 4.9 10.3 13,650
West Kentucky No. 11 coal | 74.4 5.1 1.5 3.8 7.9 7.3 13,460
Utah coal 77.9 6.0 1.5 0.6 9.9 4.1 14,170
Wyoming Elkol coal 71.5 5.3 1.2 0.9 16.9 4.2 12,710
Douglas fir 52.3 6.3 0.1 0.0 | 40.5 0.8 9,050
Douglas fir bark 56.2 5.9 0.0 0.0 | 36.7 1.2 9,500
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oil deposits. Converting this system to deliver another gas would be expensive because the fixtures
are designed specifically for use with natural gas. Still, interest in using wood to produce fuels is
increasing, and the small volume of thermochemical biomass knowledge (when compared to the
extensive database of information on coal and oil) must be expanded for wood to be developed as
a viable energy resource. This thesis addresses one phenomenon which occurs during wood

gasification.

1.2 Gasification

The gasification of wood or other biomass can produce various “manufactured” gases which contain
varying amounts of hydrogen, carbon monoxide, carbon dioxide, methane, heavier hydrocarbons,
and usually nitrogen (Antal, 1979). In the gasification process, wood is dried and then pyrolyzed,
which releases gases and tars, leaving a carbonaceous residue called char (Sekiguchi et al., 1983).
This char is gasified by several heterogeneous reactions involving carbon dioxide, steam, and hy-
drogen to produce synthesis gas (carbon monoxide and hydrogen) which is collected for use as fuel
or further processing to produce other fuels. The gasification process is divided into four zones as
shown in Figure 1: drying, pyrolysis, reduction, and oxidation (Reed, 1981). An updraft gasifier

is shown in Figure I.

In the lowest zone, char is oxidized by introduced oxygen or air with (or without) steam which
produces heat for processes above it. The next zone up is the reduction zone where char is gasified
by the CO, and steam produced (water is generally introduced with the air blast) in the oxidation
zone below. The high temperature of the reduction zone favors the highly endothermic Boudouard
(C + CO; < 2CO) and water-gas (C + H,0 <> CO + H,) reactions that produce CO and H;
gases which rise into the upper zones. In the pyrolysis zone, the rising hot gases come in contact

with the solid feedstock of processed wood or biomass and produce char, tars, CO, CO;, H,,
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Figure 1. Updraft gasifier processes and temperatures: (Reed, 1981).
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H;O, and CHs. This feedstock is introduced to the gasifier in the drying zone, where the material

is heated and dried by the rising heat from the pyrolysis zone below.

1.3 Present Study

This thesis deals with one of the reactions in a gasifier’s reduction zone, namely the gasification of
char with carbon dioxide. The thermochemical behavior of wood char in this zone is of interest
because it is a rate-limiting step in the overall gasification process and 30-40% of the wood’s ori-
ginal chemical energy remains after pyrolysis (DeGroot et al., 1988). This reaction is also of con-
cern in the study of any high temperature wood burning application such as wood stoves or boilers
where carbon dioxide reduction serves as an oxygen transport mechanism in the combustion of

wood char. This reaction must be isolated in order to be studied.

The dilemma presented by a reaction that occurs at a high temperature and high heating rate, is to
accurately represent the reaction in a laboratory setting while remaining within the equipment’s
capabilities. Beyond this, differences in laboratory equipment and analysis methods can lead to
significant differences in parameters determined for the same reaction. International round-robin
testing of biomass materials is being performed in order to provide reliable and useful information
to researchers and industry (Chum et al., 1992). The activation energies of the reactions of wood
and wood char and methods used to obtain them are part of this information. Widely available

and easy to reproduce methods would facilitate the development of standards.

The intention of this study is to add to this database of biomass material testing and information.
The study’s goal is the determination of some kinetic parameters for the gasification of wood char

in carbon dioxide using thermogravimetry, a widely used technique, and an integral method of
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kinetic analysis. Also the effect of char pyrolysis temperature on the activation energy will be in-

vestigated.

Experimentation was done using high temperature treated Douglas fir wood char prepared by
pyrolysis under flowing nitrogen at three different treatment temperatures. A thermogravimetric
balance was used to prepare the char as well as to gather the activation energy data. Dynamic

thermogravimetric analysis (TGA) was used to analyze the data and obtain the activation energy.

The next chapter presents a brief history of research on wood char reactions and the carbon-carbon
dioxide reaction in particular. The following chapter provides the details of the actual experimental
equipment used and procedures followed. The thermogravimetric data and kinetic analysis are
presented along with the activation energies in the fourth chapter, and finally, some conclusions are

presented in the last chapter.
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2.0 Literature Review

2.1 The Boudouard Reaction

Carbon is a major constituent of virtually all fuels of industrial importance. During the industrial
revolution of the 19th century many processes involving combustion were studied in order to im-
prove them or make them more efficient. During this time, because of its significant role in these
processes, the combustion of carbon, generally in the form of graphite, began to receive attention
from the scientific community. Carbon combustion continues to be an area of importance and

study to this day.

The reaction CO, + C(s) <« 2CO was originally confirmed to be reversible by H. Sainte-Claire
Deville in 1864 and is sometimes called the “Boudouard reaction” after O. Boudouard, who studied
its equilibrium at different temperatures around the turn of the century (Rhead and Wheeler, 1910).
In 1910, Rhead and Wheeler apparently were the first to apply Le Chatelier’s equilibrium principle
to the reaction (Timnat, 1982). In a later paper, they concluded that neither carbon monoxide nor
carbon dioxide was the sole product of the combustion of carbon, rather, that they were both

produced simultaneously (Rhead and Wheeler, 1913). In the years preceding and following World
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War I, many noted scientists were involved in developing theories, conducting experiments, and

constructing mathematical models related to carbon combustion (Tu et al., 1934).

In a paper published in the Proceedings of the International Conference on Bituminous Coal in
1932, Burke and Schumann described a “modified double-film theory” as shown in Figure 2. This
theory described a mechanism in which practically all oxygen reaching the carbon particle surface
was in the form of carbon dioxide made from supplied oxygen reacting with carbon monoxide from
the carbon particle. The carbon dioxide reaching the carbon particle surface creates the carbon
monoxide by the Boudouard reaction which diffuses out to react with the oxygen, creating more
carbon dioxide {Fendell, 1969). This theory was confirmed by Hougen and Watson in 1947, who
also determined that the reaction was most significant at temperatures around 900°C {Avedesian
and Davidson, 1973). This prompted experiments to find the activation energy of the carbon-
carbon dioxide reaction at high temperatures (Wicke, 1955; Khitrin, 1956; Golovina and
Khaustovich, 1960; and Gray and Kimber, 1967). In 1959, Walker, Rusinko, and Austin published
their “Gas Reactions of Carbon,” a review which became the standard reference for kinetics of

carbon reactions and listed the activation energy of the Boudouard reaction as 170.8 kJ/mole.

Interest in applying advances in carbon combustion to coal combustion began to develop in earnest
in the 1960’s and became widespread in the 1970’s due to the energy crisis early in that decade.
To design more efficient coal-fired power plants and gasifiers, more information was needed con-
cerning the kinetics of coal combustion and the effects of temperature, pressure, environment, and
type of coal on the kinetic rates (Essenhigh, 1977). The high temperatures involved in these newly
developed processes made it necessary to find the activation energies of various reactions, such as
the reduction of coals, coal chars, and coke in a carbon dioxide atmosphere (Dutta et al., 1977;

Laurendeau, 1978; Kasuoka et al., 1985; Huttinger and Nill, 1990).

To develop working systems of wood and biomass gasification, a knowledge of activation energies
and other kinetic parameters is needed in the same way that it was needed for coal. Wood and other

biomass chars are quite similar to coal and coal char in composition, and both experience similar
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Figure 2. Modified double-film theory: (Fendell, 1969).
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reactions when gasified. Other biomass materials and their chars have been and are still being in-
vestigated to determine their kinetics, emissions, and general potential as an energy source. These
materials include: agricultural residues (DeGroot et al., 1990), wood industry wastes such as black
liquor (Frederick et al., 1992) and bark (Clements and McMahon, 1980), and lignin, hemicellulose,
and cellulose - the constituent materials of wood (Sadakata et al., 1987; DeGroot and Richards,
1989). Some of the chars of these materials have been gasified in carbon dioxide and had activation
energies determined for the reaction. A study of the gasification of black liquor char (pyrolyzed in
nitrogen at temperatures of 600 to 900°C) in carbon dioxide, reports an activation energy of 204
kJ/mole (Frederick et al., 1992). Another study reports an activation energy of 51 kJ/mole for
coconut shell char (pyrolyzed in nitrogen at 1000°C) gasified in carbon dioxide at temperatures of

760, 900, 1090, and 1290°C (Van Deventer and Renter, 1989).

Only a few studies concerning the gasification of wood char in carbon dioxide are known to the
author, and all have occurred since the middle 1980°s. One study (Nandi and Onischak, 1985) used
chars of maple and jack pine prepared at temperatures between 649 and 927°C. These chars were
gasified at elevated and reduced pressures in atmospheres containing CO;, hydrogen, and steam at
temperatures between 649 and 927°C . A thermobalance was used to obtain sample weights at
certain times during the gasification process. The weight loss fractions were then used to determine
overall rate constants, which then gave activation energies. No tests were done using only CO; as
the gasifier, and no activation energies were given for tests using CO, mixed with steam and hy-
drogen. The activation energy given for stabilized (no more weight loss observed at pyrolysis
temperature) jack pine char gasified in a half-steam, half-nitrogen atmosphere was 170.5 kJ/mole.

The addition of 5% hydrogen raised the activation energy to 177.9 kJ/mole.

The Wood Chemistry Laboratory at the University of Montana performed a series of studies that
used only carbon dioxide to gasify chars of both Douglas fir and cottonwood chars. The ultimate
goal was to investigate the effect of catalysts on the kinetics of gasification of wood chars by carbon
dioxide. The chars were prepared under nitrogen at a constant temperature of 1000°C. These chars

were gasified by CO; at temperatures between 600 and 900°C. Gasification rates were determined
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using evolved gas analysis (EGA), a method which detects the amount of H, and CO produced
during a reaction, but does not differentiate between the two. The rates of production of CO (in
the case of gasification of char) were correlated to the rates of sample weight loss, which were an-
alyzed to give apparent activation energies. The kinetic parameters reported for Douglas fir char
were an activation energy of 221.1 4+ 11.7 kJ/mole and a natural log of the preexponential factor
of 21.4 + 1.3. This study led to investigations into the influence of natural and added catalysts on
chars gasified by CO, (DeGroot and Shafizadeh, 1985; DeGroot et al.,, 1988; DeGroot and
Richards, 1988; Van Deventer and Renter, 1989).

The same laboratory later studied the relative rates of carbon gasification in oxygen, steam, and
carbon dioxide. The carbon used was produced by pyrolyzing filter papers (100% cellulose) at
1000°C in nitrogen. The char samples gasified by carbon dioxide were carried out at a reactant gas
pressure of 0.1 atm and a mixture of 10% in helium. The gases from the reaction were swept into
a combustible gas detector based on a zirconium oxide oxygen sensor. This sensor was used to
determine the quantity of oxygen used to combust the combustible gases produced by the
gasification reaction. The amount of oxygen depletion was equivalent to the extent of carbon
gasification, which gives the rate of gasification. The kinetic parameters reported for the gasification
of carbon by carbon dioxide were an activation energy of 280 kJ/mole and a natural log of the
preexponential factor of 22.5. The activation energy for carbon gasified by steam was 160 kJ/mole
and the natural log of the preexponential factor was 12.0. For the reaction of carbon and oxygen,
the activation energy was 117 kJ/mole and the natural log of the preexponential factor was 14.0

(DeGroot and Richards, 1989).

The University of Montana study is the only study known to the author which has reported the
activation energy of wood char gasified solely by carbon dioxide. The University of Montana study
differs from this study in its use of evolved gas detection rather than TGA. An EGA system has
advantages over a TGA system in several areas. Pyrolysis reactions that take place concurrently
with gasification can be readily detected by EGA, whereas this is much more difficult when using

TGA. Also, EGA systems are generally more sensitive, less noisy, and generally have a smaller
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furnace tube, which allows for quicker changes of atmosphere. TGA systems however are more
widely available and can be purchased whole, while EGA systems must be built using purchased
and laboratory built components. This can result in an apparatus that only the actual builders can

use successfully (DeGroot, 1992).

International round-robin testing of biomass materials (including wood char) is proceeding using a
variety of procedures, equipment, and analysis methods towards establishing standards (Chum et
al., 1992). This ongoing effort should result in a survey of test methods and values that has been

lacking for biomass materials.

The study described here presents the activation energy and preexponential constant of Douglas fir
wood char gasified in carbon dioxide at 900°C. A common piece of laboratory equipment, a TGA,
was used to obtain weight loss versus temperature data from which the desired kinetic parameters
were found using an integral method of kinetic analysis. Samples were pyrolyzed at temperatures

of 600, 750, and 900°C in order to investigate the effect on activation energy.

2.2 Analysis of Thermogravimetric Data

2.2.1 Coats-Redfern Method

The various methods of kinetic analysis can be divided into five categories (Flynn and Wall, 1966):
(1) “Integral” methods utilizing weight loss versus temperature data directly, (2) "Differential”
methods utilizing the rate of weight loss, (3) “Difference-Differential” methods involving differences

in rate, (4) Methods specially applicable to initial rates and (5) Nonlinear or cyclic rate methods.
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The method developed by Coats and Redfern is an integral method, and is well suited for obtaining

activation energies from data gathered by a thermogravimetric analyzer (TGA).

A TGA basically consists of a microbalance and a controllable furnace. While the microbalance
measures the instantaneous weight of the sample, the furnace maintains a constant temperature or
heating rate, which is monitored by a thermocouple placed close to the sample. By recording the
output of both the microbalance and the thermocouple, a curve of the changing weight of the

sample versus the temperature of the sample is obtained.

Most kinetic analysis methods begin by postulating the following form for the rate of weight loss

of a solid involved in a reaction:
do
= k f(x) [2.2.1]

where « is the fraction of solid decomposed at time ¢, & is the rate constant, and fla) is the con-
version function which describes the rate at which the solid disappears. The rate constant is given

by
k= Ae EIRT [2.2.2]

where A is the preexponential factor, E is the activation energy, R is the universal gas constant, and
T is the absolute temperature {Coats and Redfern, 1964). By analogy to simple cases in homoge-

neous reaction kinetics, the conversion function can be expressed by
f@)=(1-a" [2.2.3]

where n is the order of the reaction (Flynn and Wall, 1966).

For a linear heating rate of a degrees per minute,

a=-4T [2.2.4]
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Equations 2.2.1-2.2.4 can be combined to give

do _ , ~EJRT ;1 _ \n
ad%=de (1-a) [2.2.5]
Rearranging and integrating gives
o T
J' —de __4 f e~EIRT 4T [2.2.6]
0o (1—a) a4 Jy

Performing the integration and taking the log (base ten) of both sides,

R AR 2RT E
log{ T2(1 " }=log{ o [1—- I3 ]}-— 3ART [2.2.7]

for all values of n except n= 1 in which case Equation 2.2.6 after integrating and taking logs (base

ten) becomes

—log(l—a) | AR 2RT E
10g|: = ] = log{ o [1 -=F ] ~3aRT [2.2.8]
Equations 2.2.7 and 2.2.8 are both linear equations of the form y = mx + b where
1-(1-a)'~"
y=log (2 2) (n# 1) [2.2.9]
T°(1-=n)
or
—log(1l —
y= log{ ——°§%——f)— } (n=1) [2.2.10]
T
x=- [2.2.11]
T
e
m=>37 [2.2.12]
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b=log{ AR [1 - AL ]} [2.2.13]

Thus a plot of y versus x should give a straight line of slope m for the correct value of n since it can
be shown that b is reasonably constant over the temperature range in which most reactions gener-

ally occur (Coats and Redfern, 1964).

To calculate x and y only a set of decomposed weight fractions, «, and temperatures, 7', are needed
over a specified range of «. The value of 7» must be chosen based on the assumption that the re-
action order remains constant throughout the reaction (Fritsky, 1991). Coats and Redfern (1964)
stated that there was theoretical justification for orders of reaction of 0, 1/2, 2/3, and 1 in solid-state
kinetics. This study will assume the order of the Boudouard reaction to be one, as has been done
in the past for global reactions such as this (Wicke, 1955; Khitrin, 1956; Khaustovich, 1968; Dutta
et al., 1977; Laurendeau, 1978). Reaction orders of 2/3 and 1/2 will also be used to determine their

effect on the results.

2.2.2 Limitations of Kinetic Parameters Obtained from TGA Curves

Activation energies can be obtained from weight loss versus temperature curves generated by a
TGA by several methods; the Coats-Redfern method is employed in this study. All methods, in-
cluding Coats-Redfern, have drawbacks associated with them that must be understood both when
obtaining and using the parameters found by means of these methods. There are three factors re-
ported by Sestak (1966) which influence the error of computed kinetic data: the accuracy of de-
termining directly measured data, the accuracy of maintaining controlled conditions during the

reaction, and the accuracy of mathematical evaluation of experimental curves.

The first factor is dependent on the quality of the apparatus used and the placement of the

thermocouple relative to the sample. Sestak reports differences between measured and correct
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temperatures ranging from 5 to 20 K using a thermocouple placed only 2 mm from the crucible.
The most significant effects of the second type involve the heat and mass transfer. A furnace is used
to heat the sample at a desired rate to a given temperature. The thermal properties and geometry
of the furnace used, the atmosphere in the furnace around the sample, and the non-infinite thermal
conductivity of the sample itself all cause temperature gradients. These gradients can be limited by
using a low heating rate (between 3 and 6 K/min is recommended by Sestak), and using a thin
sample layer in the crucible. Mass transfer effects involve the diffusion of the gas to the sample and
the influence of the environment on the sample. The former is addressed by keeping the sample
in a thin layer, and the latter by maintaining an adequate flow of constant composition gas. The
third source of error, the accuracy of the mathematical evaluation of curves, was examined by
Sestak using theoretical thermogravimetric curves and six different methods: one differential, three
integral, and two approximate. The activation energies computed by the various methods were all
within 10% of the originally chosen value, and the Coats-Redfern method was deemed more ac-
curate, but considerably more time consuming (Sestak, 1966). While it does provide a simple
method for calculating apparent activation energies and preexponential factors from
thermogravimetric data, the method loses some of the physics of the reaction and becomes difficult

to interpret.

Evaluation of kinetic parameters still has inherent limitations even after all possible precautions
have been taken. In fact, parameters obtained in this way are strictly only good for describing the
- reaction in exactly the conditions that they were obtained, and are sometimes referred to as “ap-
parent” kinetic parameters (Fritsky, 1991). Experimentally determined parameters will always be
affected by the heating rates used, the extent of conversion of sample, and the general method em-

ployed (DeGroot and Richards, 1989).
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3.0 Materials and Methods

This chapter will present details of the experimental apparatus and materials used in obtaining the
desired kinetic parameters. Sources of error in the apparatus will be identified and their magnitudes

estimated. A general overview of the procedure will be presented at the end of the chapter.

3.1 Experimental Apparatus

The testing of the char was performed on a Seiko TG/DTA 200 TGA and the data was stored by
a Seiko SSC5000 Series TA Disk Station. The TGA data gathering system, shown in Figure 3, is
comprised of a microbalance which measures the sample weight using a horizontal differential bal-
ance mechanism, and a thermocouple to measure the temperature of the sample in the furnace.
Sample weight changes are measured by a sample balance beam and a reference balance beam, each
independently supported by a driving coil/pivot, and each with sample pans at one end and optical
position sensors at the other. Movement in either the sample or reference balance is detected by
the optical sensors, which provide a feedback current to the driving coil so that the balance beams

return to the balanced position. The currents running to the driving coils are detected and con-
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verted to weight signals. The platinum-platinum rhodium 13% (R type) thermocouple is incor-

porated in the alumina tube balance beam and welded to the sample pan holder.

The balance reads 19.995 mg when a supplied 20.00 mg mass is placed on the measuring arm. The
balance can be read to the nearest 1 ug when the weight is under 9.999 mg, but due to noise it can
practically only be read to the nearest 2 or 3 ug. Any buoyancy effects the gas flow would introduce
are compensated for by the design of the TGA. Since both the sample and reference balance beams
are in the furnace tube together, they experience the same buoyant force, thus negating any bias.

Any potential errors caused by thermal effects on the balance arm are prevented in the same way.

The temperature controller precision was tested by measuring the time for a given temperature
change while the TGA furnace was heating at a programmed rate of 3°C/min. The programmed
temperature rise was from 600°C to 900°C, and ten measured intervals were taken from one run.
The intervals were six minutes each with two minutes between intervals starting at 618°C and
ending at ~852°C. Dividing the observed temperature rise by the time it takes for the rise gives the
actual heating rate. Ten runs were made, resulting in an experimental heating rate of 2.96 +

0.04°C/min using the “student’s t” distribution for a 95% confidence interval.

In order to have an ultimate (carbon-hydrogen-oxygen-nitrogen-sulfur) analysis performed on the
char, larger amounts of char than could be made in the TGA were needed (~2 g). Therefore, a large
tube furnace was used to char ~6 g of sample for each of the three heat treatment temperatures
(HTT’s) used (600, 750, and 900°C). These temperatures were selected because they cover the

range of temperatures that typically occur in a biomass gasifier (Section 1.2).

Each sample was heated to the desired HTT while being monitored with a K type thermocouple.
The two alumina sample boats used to pyrolyze the wood were ~1 cm deep and were packed tightly
with the sample. To eliminate top to bottom differences in the sample, the sample was left at the
HTT for 30 minutes to ensure that the entire sample was equally charred. Nitrogen was contin-

uously fed through the tube furnace while the char was made, and after cooling the char was stored
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in glass jars under nitrogen until the analysis was performed. The results of the ultimate analysis
are presented in Table 2 along with analyses from other studies of similar substances all pyrolyzed
under nitrogen (DeGroot and Shafizadeh, 1984; Nandi and Onischak, 1985; Richard et al., 1985;
DeGroot and Richards, 1989). Char made in this manner was not used for the kinetic analysis
because it would have resulted in char being exposed to air for long periods of time while the proper
sample weight was established. The chars that were gasified for the kinetic analysis were pyrolyzed

in the TGA immediately before gasification.

Thus, the conditions under which the chars for ultimate analysis were produced were slightly dif-
ferent. The larger tube furnace heating system increased the temperature at a decreasing rate until
reaching the HTT and then remained at that temperature for 30 minutes. The tube furnace heating
rate varied from an initial rate of ~30°C/min to a rate of ~2°C/min upon reaching the HTT. The
chars made in the TGA experienced a constant temperature increase of 20°C/min to the HTT after

which they were ramped at 50°C/min to the gasification temperature of 900°C.

As expected, the chars are principally composed of carbon with higher HTT’s having larger per-
centages of carbon. All other constituents decrease with increasing HTT except for nitrogen which
experiences an enrichment as the treatment temperature rises. The analyses of the Douglas fir

samples of this study are consistent with those of the other studies listed in Table 2.

3.2 Experimental Procedure

Samples for the tests were taken from a single Douglas fir 4X4 avoiding visible knots and concen-
trations of sap. The wood was cut up and then ground in a Wiley mill and the 14/28 mesh fraction

was retained for analysis. The ground wood samples were stored in an airtight glass container.
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Table 2. Ultimate analysis of sample chars.

Substance Char HTIT C H N S 0] Ash | Source
(°C) (%) | (%) | (%) | (%) | (%) | (%)

Douglas fir 600 92.95 | 2.31 0.67 | 0.01 3.54 | 0.52 | This study
v 750 9592 | 0.95 | 0.95 | 0.00 1.66 | 0.52 S
v 900 97.09 | 0.32 1.19 | 0.00 | 092 | 0.48 S
o 1000 94.7 0.6 3.8 0.9 a

Fir 800-920 90 1.2 0.3 6.0 2.5 b

Cellulose 1000 96.12 | 0.58 1.58 0.6 c

Jack pine 732 94.10 | 1.09 4.041 0.77 d

v 774 95.00 | 0.97 2.841 1.19 d
v 816 95.20 | 0.82 2.88¢ 1.10 d
v 871 95.80 | 0.71 241! 1.08 d
v 927 95.20 | 0.60 2.58¢ 1.62 d

! These are the combined percentages of O, N, and S.

a DeGroot and Shafizadeh, 1984.
b Richard et al., 1985.
¢ DeGroot and Richards, 1989.

d Nandi and Onischak, 1985.
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Before the test could be started, the balance had to be zeroed and allowed an hour to reach steady
state, then rezeroed if any drift had occurred. A small amount of sample (~8 mg) was placed in
the platinum sample pan (used for temperatures over 600°C) on the sample pan holder in the fur-
nace tube of the TGA. To purge the system and allow the sample weight to stabilize, a nitrogen
flow of 100m!/min was passed through the furnace tube at ambient temperature (~30°C) until the
weight reached steady state (around two hours or more). This was done to ensure that there was
no oxygen in the tube or on the sample which would cause direct oxidation, and to provide an

accurate initial weight.

The pyrolysis phase was begun by heating the sample at a rate of 20°C/min to 110°C and holding
it at that temperature for two minutes to allow all of the moisture in the sample to evaporate. The
nitrogen flow rate was 100 ml/min throughout the pyrolysis phase. After the moisture was driven
off, the pyrolysis was continued by heating at the same rate of 20°C/min to the desired HTT. Upon
reaching HTT’s of 600 and 750°C, the sample was heated at a rate of 50°C/min to 900°C at which
time the gasification was begun. For an HTT of 900°C, the gasification was begun immediately
upon reaching 900°C. The highest available heating rate was used between the lower HTT’s and
the initial gasification temperature in an attempt to bring the char to the 900°C gasification tem-
perature as quickly as possible. Despite this there was a short period of time (six minutes for 600°C
HTT chars and 3 minutes for 750°C HTT chars) during which the char continued to pyrolyze under

nitrogen at temperatures higher than the HTT.

The gasification was begun when the temperature reached 900°C, provided the weight remaining
was consistent with past pyrolysis runs (10 to 20% of the original sample weight). The initial char
weight before gasification was recorded for calculating weight percentages. The CO, (99.999%
pure, 2 ppm O;) was switched on (a flow rate of 100 ml/min was used) and the nitrogen was
switched off while the sample was heated from 900°C to 1000°C at a rate of 3°C/min. The flow
rate of CO, filled the furnace tube in approximately one minute, which resulted in a complete
CO; atmosphere surrounding the sample by the time the temperature reached =~904°C. The low

heating rate was necessary to provide a range of temperatures and decomposed weight fractions
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while ensuring accurate and uniform heating of the sample. If gasification of the sample was
complete (no more weight loss was occurring, meaning only ash remained) before the temperature
reached 1000°C, the test was ended in order to conserve the high purity CO,. Between runs the

sample pan was cleaned using a propane torch.
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4.0 Results and Discussion

This chapter presents results from tests performed on the Douglas fir wood char using a TGA.
The thermogravimetric data from the pyrolysis of the wood and the gasification of the resultant char
are presented and analyzed. Following this is the presentation and analysis of the kinetic parame-

ters.

4.1 Thermogravimetric Results and Analysis

4.1.1 Pyrolysis of Douglas Fir.

Data from a thermogravimetric analyzer is generally presented as weight (or weight percentage)
versus time or temperature (for a constant heating rate). A typical weight and temperature versus
time curve of the pyrolysis of a sample at an HTT of 900°C and its subsequent gasification is shown

in Figure 4. The weight loss and temperature versus time curves are all presented in Appendix A.
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Figure 4. Thermogravimetric plot of Run 23: HTT 900°C.
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Wood samples were pyrolyzed at HTT’s of 600, 750, and 900°C to provide the char for the

gasification tests.

The first weight loss is the result of the moisture in the wood chips being vaporized and driven off
until the sample has been heated to above 100°C. The weight then remains constant until the
temperature reaches ~300°C where the devolatilization of the wood begins. This devolatilization
continues until ~400°C where the slope of the weight loss curve changes. At this point, most of
the volatiles have been driven off, leaving only carbon, ash, and some trace nitrogen, hydrogen, and
oxygen. After this point, the carbon itself is slowly driven off. After reaching the treatment tem-
perature the charred sample is generally between 10 and 20% of the initial sample weight, the av-
erage being around 16%. The curves resulting from HTT’s of 600 and 750°C are all similar in
shape to the 900°C HTT runs, with the lower HTT’s taking a shorter time. The final region of

weight loss is the gasification region which is discussed in detail in the following section.

4.1.2 Gasification of Douglas Fir Char

Weight percent versus temperature plots of 14 gasification tests are shown in Figure 5 through
Figure 7. The first shows gasifications of four chars pyrolyzed under nitrogen at an HTT of 600°C,
the second of four chars made at an HTT of 750°C, and the final plot of six chars made at an HTT
of 900°C. The initial weight of the char samples used for gasification was controlled by using a
constant initial sample weight and a constant pyrolysis treatment method. The initial sample
weights were 8028 + 83 ug, which resulted in initial char weights of 1282 + 139 ug for an average
char yield of 16.1% of the initial sample weight. This char yield is of the same order as the value
of 11.7% given in the University of Montana study using Douglas fir pyrolyzed in nitrogen at an
HTT of 1000°C (DeGroot and Shafizadeh, 1984). There is no apparent correlation between char

yield and activation energy.
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Figure 5. Gasification of Douglas fir HTT 600°C char: Runs 18-21.

4.0 Results and Discussion 28 -



100

80

60

Weight %

40

20

o ) I L L L
900 920 940 960 980 1000
Temp. (°C)

Figure 6. Gasification of Douglas fir HTT 750°C char: Runs 13, 15-17.
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Figure 7. Gasification of Douglas fir HTT 900°C char: Runs 9-11, 22-24.
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The gasification plots are all similar in shape, irrespective of char treatment temperature. Imme-
diately after the carbon dioxide is introduced the weight sometimes increases slightly as the gas
adsorbs onto the char. The phenomenon of weight increase after introduction of carbon dioxide
has been observed in another investigation, but no mention was made of its consistency from run
to run (Frederick et al., 1992). This could be due to the different surface conditions of the char at
the introduction of carbon dioxide, some of which would greatly favor the adsorption of carbon
dioxide over the gasification reaction at first. During the first few minutes of gasification the rate
of weight loss increases as the carbon dioxide replaces the nitrogen and the temperature increases.
After this period the rate of weight loss becomes steady, resulting in a constant slope. This constant
slope continues until 30-40% of the char remains when the slope begins to fluctuate and then flat-
ten out to a lower rate of weight loss. The fluctuation and final flattening of the slope occurs due
to the depletion of carbon causing the reaction to become diffusion limited. The gasification ends

abruptly when the gas has reacted with all the carbon it can reach.

The amount of sample left after the reaction has stopped varies considerably from run to run. The
“ash” left in the sample pan was generally grey and/or black in color. Ideally, only the ash would
be left at the end, which, based on the ultimate analysis, would be around 0.5%. Based on the
average initial char weight of the samples, the ash left after the gasification should weigh ~6 ug.
The average measured final sample weight was ~145 ug, and the weight percentage of initial char

was between 2 and 32%. This could be attributed to a number of possibilities.

One possibility is an offset error in the balance which would cause all of the measured weights to
be higher by a fixed amount, thus making the final weight appear higher than it really is. Another
explanation for the higher final weight samples could be that the sample contained large pieces of
wood that gasified to ash on the outside, effectively coating the char particle with nonreactive ash
which the carbon dioxide could not penetrate. Any of these effects would result in higher than

expected final weights as seen in the actual experiments.
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It should be mentioned that a total of 24 runs were made. The 14 runs presented here are all rel-
atively consistent in appearance. The initial eight runs were used to develop a workable and ade-
quate heating and gas-switching scheme. The initial two runs (9 and 10) at an HTT of 900°C are
shown in Figure 7 with the other runs using the same HTT. Although these two runs had identical
pyrolysis and gasification conditions as the other runs, both exhibited markedly higher gasification
rates. These very steep weight-loss curves give apparent activation energies of 3410 and 1667
kJ/mole, respectively, much higher than all the other runs. These runs were excluded from the
average apparent activation energies and preexponential factors presented based on the fact that the
rest of the runs were comparatively consistent and were closer to the expected range. Runs 12 and
14 were also excluded from the averages: Run 12 used a heating rate of 6°C/min (as opposed to

3°C/min for all the other runs) and Run 14 had to be aborted.

4.2 Apparent Activation Energies

4.2.1 Kinetic Analysis

The Coats-Redfern integral method of kinetic analysis is used to determine the activation energy
of the three chars. Each weight versus temperature plot gives an activation energy. Four plots of
each of the three chars were obtained using approximately the same initial char weights and iden-

tical heating programs.

The only information needed for a Coats-Redfern analysis is a series of devolatilized weight frac-
tions and their corresponding temperatures over a range of steadily increasing temperatures. Five
evenly spaced data points are taken from each plot between devolatilized weight fractions of 0.1 and

0.6. This range was chosen because it is the region with the most constant rate of weight loss in
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all cases, indicating that a relatively constant process is occurring. The slope in the region before
the 0.1 devolatilized weight fraction was not constant because of the presence of nitrogen and the
still changing heating rate. The introduction of the carbon dioxide either began the gasification
immediately which is shown by a steadily increasing rate of weight loss, or initially began adsorbing
onto the char as shown by curves that increase before showing the expected weight loss. After the
0.6 devolatilized weight fraction, the slope began to waver due to the reduced amount of carbon
present in the sample which resulted in a lower surface area. This lower surface area reduced the
available sites for the gasification to occur, and began to limit the diffusion of the gas to reaction

sites.

A representative Coats-Redfern kinetic plot is shown in Figure 8, and the remaining kinetic plots
for the other 13 runs are shown in Appendix B. The plotted points are obtained from the five data
points taken from the constant-slope region of the gasification curve using the Coats-Redfern
method as described in Section 2.2.1, assuming a reaction order of one. A linear regression is per-
formed on these five plotted points using a least-squares fit, and an apparent activation energy is
calculated from the resultant slope then the preexponential factor is calculated from the activation
energy and the y-intercept. A sample calculation and the data used as well as the apparent acti-

vation energies and preexponential factors are presented in Appendix C.

The points on the Coats-Redfern plots all exhibit a consistent curvature relative to the line calcu-
lated to best fit those points. The slope of the line fit through the data is an average slope over that
portion of the data, which gives average kinetic parameters. The curvature of the data shows that
the higher temperatures (lower x values) later in the conversion of the sample give a slope that
approaches zero which would result in lower activation energies, and that that lower temperatures
early in the conversion of the sample give steeper slopes approaching one which would give higher
activation energies. This shows the dependence of the kinetic parameters on conversion of the
sample as suggested in one of the University of Montana studies (DeGroot and Richards, 1989).
The same curvature was shown in Coats-Redfern plots of data computed using reaction orders of

2/3 and 1/2 (typical plots are shown in Appendix D).
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A variance of ten percent in the slope of the linear fit results in a ten percent variance in the acti-
vation energy due to their direct proportionality (Equation 2.2.12). Variation in the natural log of
the preexponential factor is more complex due to its dependence on the y-intercept of the line as
well as the slope through the activation energy (Equation 2.2.13). The preexponential value in-
creases by 11% for a ten percent increase in the slope, while a decrease of the same amount results
in a decrease of 25% in the preexponential factor. These values come from recalculating the y-
intercept based on the varied slope and using the average x and p values for that particular set of

data.

The average apparent activation energies found are 733.6 4+ 192.0 kJ/mole for an HTT of 900°C,
716.3 + 198.0 kJ/mole for an HTT of 750°C, and 719.3 + 72.8 kJ/mole for an HTT of 600°C.
The values for each of the HTT chars are shown in Figure 9. The natural log of the preexponential
factors found are 70.0 + 20.0 for an HTT of 900°C, 67.9 + 20.5 for an HTT of 750°C, and 68.5
+ 7.5 for an HTT of 600°C. The average values are consistent between the chars, the overall av-
erage apparent activation energy is 723.1 £+ 59.7 kJ/mole and the natural log of the preexponential
factor is 68.8 + 6.2. This can be compared to an apparent activation energy of 221.1 + 11.7
kJ/mole from an EGA study of the gasification of Douglas fir char in carbon dioxide (DeGroot and
Shafizadeh, 1984). This value is of the same order as those found in this study but considerably
lower and with less scatter. Comparison of the thermogravimetric curves and the resulting apparent

activation energies suggests that the slower the reaction, the lower the activation energy.

There is no indication of a dependence of the activation energy on the char’'s HTT. The only ob-
vious difference between the chars is the reduced scatter associated with the 600°C HTT chars when

compared to the wider and similar scatter of both the 750 and 900°C HTT chars.

4.0 Results and Discussion 35



1000
900
™ >
©
E >
5
=< 800- >
>
o >
© 3%
c
w P
S 700
2 >
© PS4
= >
°
<
600 =
<
500 T T T
600 750 900

Heat Treatment Temperature (°C)

Figure 9. Activation energies for three chars.

4.0 Results and Discussion

36



4.2.2 Uncertainty in the Apparent Activation Energies

The uncertainty intervals that accompany the average values are the two-tailed “student’s t” dis-
tribution at 95% confidence level. The “student’s t” distribution accounts for the random error that
is inherent in repeated measurements, but a proper uncertainty interval should also have a com-
ponent that accounts for any systematic error, or bias, associated with the measurements. Most
biases are eliminated by calibration of equipment and by using a consistent procedure and envi-
ronment for each measurement. However, not all biases can be eliminated. The chief way to ob-
tain a value for a bias error is to compare measurements with values obtained elsewhere using the

same substance (Abernethy et al., 1973).

A sample of Monterey pine was obtained from NREL (National Renewable Energy Laboratory)
in order to have some basis for comparison. These Monterey pine samples were among the
biomass materials used in the round-robin testing. Four runs were performed using the Monterey
pine charred under nitrogen at an HTT of 900°C. The exact same procedure was used for the
Monterey pine as had been used for the Douglas fir. The thermogravimetric curves are shown in
Appendix A, the Coats-Redfern kinetic plots are shown in Appendix B, and the data used are
shown in Appendix C. The four runs performed gave an average apparent activation energy of 1724
+ 102.7 kJ/mole and an average natural log of the preexponential factor of 172 + 10.5. Again, the
uncertainty was estimated using the “student’s t” distribution at a 95% confidence interval. These
values are more than double the average values found for Douglas fir char, and are closer in value

and appearance to the earlier runs (Runs 9 and 10) performed using Douglas fir.

The results of the Monterey pine runs shed new light on the earlier, faster reacting runs. It could
be that the earlier runs and the Monterey pine runs are valid and the slower later Douglas fir runs
are showing some unanticipated and unexpected effect. However, no changes were made in pro-
cedure or equipment between these runs to suggest a reason for the existence of two distinct data

sets.

4.0 Results and Discussion 37



Along with the Monterey pine, a thermogram of its pyrolysis under nitrogen was obtained from
another laboratory to check for any discrepancies caused by the TGA itself. The thermogram from
the Colorado School of Mines and one from the apparatus of this study are shown in Appendix
E. No significant differences between TGA's that could help explain the high apparent activation

energies are apparent from the plots.

The kinetic parameters found for Douglas fir char were checked to determine their sensitivity to
changes in the input variables. An offset in the weight of +50 ug resulted in only a +1.1% change
in activation energy and a +1.2% change in the natural log of the preexponential factor. A five
degree offset in temperature, both negative and positive, resulted in a +0.84% change in activation
energy and a +0.45% change in the natural log of the preexponential factor. These low sensitivities
further suggest that the data from the TGA 1is not responsible for the high apparent activation en-

ergies found.

The apparent activation energy values are all positive and large, which indicates an endothermic
reaction. A lower, or even negative, activation energy would suggest an exothermic reaction. The
values obtained are all an order of magnitude above the diffusion-limited region (=~ 40 kJ/mole and
below), assuring that the experiments measured the kinetics of the reaction and not the rate of dif-
fusion of carbon dioxide to the carbon in the char. Of course, this assumes that the kinetic analysis

results are accurate,

Since the data from the TGA does not show any discrepancies with similar data from other studies,
the search for an explanation for the larger-than-expected apparent activation energies included a
closer look at the kinetic method. This prompted the development of another analysis method that
could make use of the existing data. The method developed was an approximate one from the
differential form of the Arrhenius equation used by the Coats-Redfern method. The development
of the approximate method and the results are shown in Appendix F. The apparent activation
energies that resulted from this method are all lower than those from the Coats-Redfern method

by an average of 49%. While the values were lower (an average of 568.7 kJ/mole as opposed to
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723.1 kJ/mole for the C-R method), the scatter was much larger (187.1 kJ/mole as opposed to 59.7
kJ/mole for the C-R method) due to the approximate nature of the method. However, these results
do show that the Coats-Redfern method may not be accurately predicting the apparent activation
energy of the reaction. The approximate method also continued to predict higher activation ener-

gies for quicker reactions, the same trend shown by the Coats-Redfern method.

The choice or reaction order in the kinetic analysis was investigated. The linear regression used to
obtain the slope of the Coats-Redfern plot showed that the selection of a reaction order of one was
a good one. The linear correlation coefficient is a value between one and negative one which ex-
presses to what extent a set of points supports a linear relation between x and y. The closer the
coefficient is to one or negative one, the closer the points lie to a straight line. The closer the value
is to zero the more uncorrelated the points are (Taylor, 1982). The worst linear correlation coeffi-
cient from the twelve regressions performed is 0.98 suggesting that the points do indeed have a linear

relation, which in turn confirms the choice of one as the reaction order.

When reaction orders of two-thirds and one half were used the activation energy and natural log
of the preexponential factor both dropped. For a reaction order of two-thirds, the activation energy
was ~6.3% lower and the natural log of the preexponential was =~5.7% lower. A reaction order
of one-half resulted in values that were ~9.3% and ~8.9% lower, respectively. However, the linear
correlation coefficient was also slightly lower for both, indicating a worse fit to the data. For a re-
action order of two-thirds, the coefficient fell by ~0.0035, and by ~0.0054 for one-half. The com-

plete results are shown in Appendix D.
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5.0 Conclusions

The activation energies of Douglas fir char gasified in carbon dioxide using chars pyrolyzed at three
temperatures have been presented. The activation energies were obtained from thermogravimetric
data using the integral Coats-Redfern method of kinetic analysis. A method of pyrolyzing wood
was developed to provide a consistent wood char sample for the gasification. The char samples
were made and gasified consecutively in a thermogravimetric analyzer. The weight versus temper-
ature data obtained as the char was gasified was used to determine the activation energies by the
Coats-Redfern integral method of kinetic analysis. A total of 14 samples were gasified, four of two

chars and six of another.

The apparent activation energies show that using different temperatures to produce the char had
little effect on its activation energy. This is most likely due to the relatively consistent composition
of chars prepared at temperatures greater than 400°C, as evidenced by the ultimate analysis. The
activation energy values found were high enough to represent the carbon-carbon dioxide gasification
reaction and not the result of the pores of the char particles limiting the diffusion of the gas to the
carbon. The range of values, while consistent, did show scatter larger than that reported in other

studies.
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To the author’s knowledge activation energies of char gasified in carbon dioxide have not been
previously determined using this method of kinetic analysis. However, kinetic parameters can be
compared to studies using a different method. In general, the activation energy reported for the
gasification of carbon or chars in carbon dioxide is around 200 kJ/mole, ranging from 51 kJ/mole

to 221 kJ/mole, while this study found it to be around 720 kJ/mole.

The average activation energy found for Douglas fir char is approximately three and a half times
the generally reported value of ~200 kJ/mole. It is likely that a systematic error exists in the kinetic
analysis. The consistency and favorable agreement with published data of the pyrolysis process and
the chars indicate that the problem does not lie with the sample or the preparation of the sample.
The only unusual effect associated with the samples are the two different rates of gasification. The
first two runs using Douglas fir rapidly gasified the carbon in the sample, while later runs did so
more slowly. When using Monterey pine, the gasification rate appeared to agree more closer with
the faster Douglas fir runs. This could suggest that the slower runs are diffusion limited, despite the
dubiously high activation energies predicted by the Coats-Redfern analysis. The TGA used in this
study was checked by comparing a thermogram to that produced at another lab. The thermograms
did not show any significant discrepancies. This leaves the analysis method as the probable source

of the problem.

The Coats-Redfern analysis method has given, from data obtained using reliable equipment, ap-
parent activation energies that are much higher than expected. It also predicts lower activation
energies for runs that take longer to convert the carbon. However, the activation energies and
preexponential factors found wusing the Coats-Redfern method predict relative reaction

ratesconsistent with the data.

The approximate method developed to check the Coats-Redfern method gave lower apparent ac-
tivation energies, but showed the same unexpected trend that faster reactions resulted in higher ac-
tivation energies. This approximate method showed that there could be a problem with the

Coats-Redfern method or with integral methods in general.
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tivation energies. This approximate method showed that there could be a problem with the

Coats-Redfern method or with integral methods in general.

Future work should include a new method that uses constant temperature gasification and a new
kinetic analysis method to use with the constant-temperature data. The Monterey pine samples
should be used in order to facilitate comparison to other labs participating in the round-robin
testing effort. Once the data is collected, a multiple regression analysis should be used to determine
the activation energy that gives a best fit to the data. A greater volume of data and a more reliable
test method may also lead to an explanation for the different rates of conversion shown by the data
in this study. Once a new procedure and analysis method are established, then work can proceed

into the effects of varied pyrolysis temperatures as well as other areas of interest.
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Appendix A. Thermogravimetric Plots

This appendix presents the weight loss versus time curves for Runs 9-11, 13, 15-24, and Al-A4.
The curves with an “A” were done using the Monterey pine instead of Douglas fir. The time,
temperature, and weight of the initial and final states, the beginning and end of pyrolysis, and the

start of gasification are all marked on for each run.
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TG/DTA <Sample> <Comment> <Temp.pragram(C] (C/min] I[min]>
Doug. fir chips HTT 800 1« 30.0- 110.0 20.00 2.00
<Name> 8.007T mg  ~m=memmmmmmee—- 2+ 110.0- 900.0 20.00 0.00
0as9.900 { 8.007 mg) ~—~==m—mmm—e—-- 3+ 900.0- 900.0 3.00 0.00
<Date> <Reference> =  ===m;ececcecaa- 4+ 900.0- 937.0 3.00 0.00
92/04/08 20:54  mmmemmmmmmmmmee mmmeeeececee- <Gas>
0.000 mg <Sampling> n2 100.0 mi/min
1.0 sec co2 100.0 m1/min
}100{ i 106 P+ T i L 1 3
1000 205 ¢ { 8000
o g; g\n v 16.48 min b
300} 8003 ug 7853 ug : 7200
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r p
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) > r ]
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r ]
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Figure 10. Thermogravimetric plot of Run 9: HTT 900°C.
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TG/DTA <Sampie> <Comment> <Temp.program(C1 [C/min] [min1>
Doug. fir chips HTT 900 1+ 30.0- 110.0 20.00 2.00
<Name> 8.043 mg  —-m~--mmmo--m-- 2+« 110.0- 900.0 20.00 0.00
0as10.900 ( 8.043 mg) -—~—==---—-e=ee- 3+ 900.0- 900.0 3.00 0.00
<Date> <AReference>» = =  —=memmmecmeeem-- 4+ 300.0- 935.0 3.00 0.00
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0.000 mg <Sampling> n2 100.0 mi/min
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1000¢ < 1699 Bin 1 8000
0 v 7856 ug
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7001 {1 5E00
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Figure 11.
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6 ug

TG/DTA <Sample> <Comment> <Temp.program(C] {C/min] ([minD
: Doug. fir chips HTT 900 1+ 30.0-110.0 20.00 2.00
<Name> 7.908 mg  —--—=mmmmmm—-e- 2+ 110.0- 800.0 20.00 0.00
gas11.900 { 7.908 mg) —m=mmmm———————a 3+ 900.0- 3800.0 3.00 0.00
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Figure 12. Thermogravimetric plot of Run 11:
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TG/DTA <Sample> <Comment> <Temp.programi(C] {(C/min] IminD>

Doug. fir chips HTT 750 1« 30.0- 110.0 20.00 2.00
<Name> 8.087 m@g  -mmmmmmmm—mmm—— 2+ 110.0- 750.0 20.00 0.00
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Figure 13. Thermogravimetric plot of Run 13: HTT 750°C.
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<Sampie> <Comment> <Temp.program{C] [C/min] (minD>

TG/DTA Doug. fir chips HTT 750 1+ 30.0- 110.0 20.00 2.00
<Name> g.186 mg = ~mmmmmmmm—m—eee 2+ 110.0- 750.0 20.00 0.00
03s15.750 { 8.186 mg} ~-~-==-emm—eme=- 3+ 750.0- 900.0 50.00 0.00
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Figure 14. Thermogravimetric plot of Run 15: HTT 750°C.
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TG/DTA <Sample> <Comment> <Temp.pragram(C1 [C/min] I[minD>
Doug. fir chips HTT 750 1+« 30.0- 110.0 20.00 2.00
<Name> 7.984 Mg —m=m=mmmm-mmse- 2+ 110.0- 750.0 20.00 0.00
gas!6.750 { 7.984 mg) ~-==-===-=-=m-- 3+ 750.0- 900.0 50.00 0.00
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Figure 15. Thermogravimetric plot of Run 16: HTT 750°C.
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TG/DTA <Sample> <Comment> <Temp.program{C] (C/min] I[min]>
Doug. fir chips HTT 750 1+ 30.0- 110.0 20.00 2.00
<Name> 8.066 mg = -------—-------- 2+« 110.0- 750.0 20.00 0.00
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Figure 16. Thermogravimetric plot of Run 17:
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< le> < > <T . i i
TG/DTA Sample Comment emp.program(C] (C/min)l [minD>

Doug. fir chips HTT 600 1+« 30.0- 110.0 20.00 2.00
<Name> 8.009 mg  -------mmmomo-- 2+« 110.0- 600.0 20.00 0.00
g3s18.600 ( 8.009 mg) ==m==c-m—-—-—--- 3+ 600.0- 900.0 50.00 0.00
<Date> <Reference> = =  mmmmmmmceeen-o- 4» 900.0- 975.0 3.00 0.00
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Figure 17. Thermogravimetric plot of Run 18: HTT 600°C.

Appendix A. Thermogravimetric Plots 54



<Sampie> <Comment> <Temp.pragramiC1 [C/min] [minD>

TG/DTA Doug. fir chips HTT 800 1+ 30.0- 110.0 20.00 2.00
<Name> 7.940 Mg  —m==---memmmme- 2+ 110.0- 600.0 20.00 0.00
-gas19.600 ( 7.940 mg) -=====-------a- 3+ 600.0- 900.0 50.00 0.00
<Date> <Reference>  =====-----m-oe- 4+ 900.0- 985.0 3.00 0.00
92/04/16 16:56  =m==m-m=mecmmme  mmmmme e <Gas>
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Figure 18. Thermogravimetric plot of Run 19: HTT 600°C.
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TG/DTA <Sampie> <Comment> <Temp.program(C] (C/min] [min)}>
Doug. fir chips HTT 600 1+ 30.0- 110.0 20.00 2.00
<Name> 7.918 mg  —==mm—mmmmm—mee- 2+ 110.0- 600.0 20.00 0.00
98520.600 ( 7.918 mg) —==—==mmmo————- 3+ 600.0- 800.0 50.00 0.00
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92/04/17 01:34  ~=—-mmmmmmmmmen mmmmeee e <BGas>
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Figure 19. Thermogravimetric plot of Run 20:
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IminD>

TG/DTA <Sample> <Comment> <Temp.program(C] [C/min]
Doug. fir chips HTT 600 1+ 30.0- 110.0 20.00 2.00
<Name> 7.985 mg  —mmmmmmmmmeee—- 2+« 110.0- 600.0 20.00 0.00
gas21.600 ( 7.985 mg) ——===~m—m—emm——- 3+ 600.0- 900.0 50.00 0.00
<Date> <Reference> =  ===memmmmseee-oo 4+ 900.0-1000.0 3.00 0.00
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Figure 20. Thermogravimetric plot of Run 21
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<Sample> <Comment> <Temp.programiC! (C/min) [minD>
TG/DTA e P.ores

Doug. fir chips HTT 600 1+« 30.0- 110.0 20.00 2.00
<Name> 8.032 mg  ~mmmmmmmmmm——e- 2+ 110.0- 900.0 20.00 0.00
gas22.900 { 8.032 mg) —===-mmm——----- 3+ 900.0- 900.0 50.00 0.00
<Date> <Reference> = =  ~—===mmmseooo-- 4+ 900.0- 973.0 3.00 0.00
92/04/18 01:23  ==mcmmmcmmeemes cmmememmeeeeee <Gas>
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Seiko Instruments Inc.

Figure 21. Thermogravimetric plot of Run 22: HTT 900°C.
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<Samplie> <Comment> <Temp.programi(C!
TG/DTA Doug. fir chips HTT 600 1+ 30.0- 110.0
<Name> g8.160 mg  —-~==---mmmem-e- 2+ 110.0- 900.0
0as23.900 ( 8.160 mg) ~---=--==-==-~--- 3+ 900.0- 900.0
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Figure 22. Thermogravimetric plot of Run 23: HTT 900°C.
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< 1e> <Comment> <Temp.programI[C] [C/min] [min]>
TG/DTA Sample Comme p.prog

Doug. fir chips HTT 900 i+ 31.0- 110.0 20.00 2.00
<Name> 8.072 mg  —==~=——=-—=mm-es 2+ 110.0- 900.0 20.00 0.00
gas24.900 { 8.072 mg) -—~-==-=—=m==---- 3+ 900.0- 900.0 50.00 0.00
<Date> <Reference>  ====mcmeeece--- 4+« 900.0- 980.0 3.00 0.00
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- S a00r 1 3200°
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Seiko Instruments Inc. TIME min

Figure 23. Thermogravimetric plot of Run 24: HTT 900°C.

Appendix A. Thermogravimetric Plots 60



TG/DTA <Sample> <Comment> <Temp.pragram(C! {C/min] (min]>
pinus radliata  -~~---msssecomee- 1= 30.0- 110.0 20.00 2.00
<Name> 7.913 mg  -mmmmmmmmemee- 2+ 110.0- 800.0 20.00 0.00
after.! ( 7.913 mg) ~=mmmmm——m————e 3+ 900.0- 950.0 3.00 0.00
<Date> <Reference> =  -=-==m-=—=-—--n 4+ 950.0-1000.0 20.00 0.00
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Seiko Instruments Inc. TIME min
Figure 24. Thermogravimetric plot of Run A1: HTT 900°C.
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< 1e> <Comment> <Temp.program[(C]1 {C/min] I[min)>
T6/0TA Sampie Comme p.prog n

pinus radiata Monterey pine te 30.0- 110.0 20.00 2.00
<Name> 9.132 mg  —-m=mmm—mmmmeme 2+ 110.0- 800.0 20.00 0.00
after.2 ( 8.132 mg) —~==-rm==-emmm—e—- 3+ 900.0- 950.0 3.00 0.00
<Date> <Referencey =  —=====ccomme-o-- 4+ 950.0-1000.0 20.00 0.00
82/06/23 15:51  s~emcmceccmmcees emmmcceceeeee- <Gas>»
0.000 mg <Sampiing> n2 100.0 mi/min
1.0 sec co2 100.0 mi/min
10007 35 Frr 3 3300
1
34 .91 . i 8000
| 28¢ \ 15.54 min ]
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34 .64} ] s660
34 55¢ i 4300
[ > " i ﬁ
N > 34 dst 1 4000 2
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Seiko Instruments Inc. TIME min

Figure 25. Thermogravimetric plot of Run A2: HTT 900°C.
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<Sample> <Comment> <Temp.program{C] (C/min] (IminD>

TG/DTA pinus radiata  Monterey pine  1e 30.0- 110.0 20.00 2.00
<Name> 8.042 Mg  mmmmmmmmmm————- 2+ 110.0- 800.0 20.00 0.00
after.3 ( 8.042 mg) ——m==-mmm——maa- 3+ 900.0- 950.0 3.00 0.00
<Date> <Referencey  —-mec-ccemece--—- 4+ 950.0-1000.0 20.00 0.00
92/06/24 1441  ~mmmemecmceemee mcmccmcmcmeee- <Gas>

0.000 mg <Samplitng> n2 100.0 m1/min
1.0 sec co2 100.0 m1/min
1000¢ 2 0 v T 3300
1991 1 8000
= 283 C 4
r 2rc IR E gs min .
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g b
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= = L ]

w - b (4

= S 19 36+ 1 3200"

r 400 C 5
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19 i8t 1 1600
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; 19 .09t 45 .88 min 56.13 min 1 800
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Seika Instruments Inc. TIME min

Figure 26. Thermogravimetric plot of Run A3: HTT 900°C.
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T6/DTA <Sample> <Comment> <Temp.pragram{C1! [C/min] ([(minD
pinus radiata Manterey pine T« 30.0- 110.0 20.00 2.00

<Name> 7.978 mg  ~mmmmmmmmmeeae- 2+ 110.0- 900.0 20.00 0.00
after.4 ( 7.978 mg) ——-~=—=m-mmm—ome- 3+ 900.0- 950.0 3.00 0.00
<Date> <Reference> =  =mm=mccccccea-- 4+ 950.0-1000.0 20.00 0.00
92/06/24 20:31  —mmmcmmmmeoc-es mmemeeceemeeee <Gas>
0.000 mg <Sampling> n2 100.0 mi/min
1.0 sec c¢o2 100.0 mi/min
1000( 35 P T 7 3000
T oessc :
: 27T C \ ]
3491} 9,00 min 3730 ug" i 1213
34 .32¢ 1 8545
34 T3f ] 533
34 Bit ] 503
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o > i
© 3 34 a5} 1 36362
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i 20.33 mtn 3
34 27 2066 g ] 2132
34 13 1455
34 03} B39 C sisran ] T2
45.82 mt :
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Seiko Instruments Inc.

Figure 27. Thermogravimetric plot of Run A4: HTT 900°C.
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Appendix B. Coats-Redfern Kinetic Plots

This appendix presents the Coats-Redfern kinetic plots for Runs 9-11, 13, 15-22, 24, and Al-A4
from which the slope and y-intercept was used to calculate the activation energies and preexpo-
nential constants. The curves with an “A” are runs that used Monterey pine instead of Douglas fir.

They are all presented over the same range of values for comparison.
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Figure 28. Coats-Redfern kinetic plot of Run 9: HTT 900°C.

Appendix B. Coats-Redfern Kinetic Plots

66



-6.5 é\

-6.6

-6.7

ol E
| 1\

-7.1

-7.2 \

log((-log(1-alpha))/T ~ 2)

> 73 \
-7.4 X
7.5 , — r ‘ = o
0.8 0.81 0.82 0.83 0.84 0.
1000/T

All Temperatures
are in Kelvins

Figure 29. Coats-Redfern kinetic plot of Run 10: HTT 900°C.
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Figure 30. Coats-Redfern kinetic plot of Run 11: HTT 900°C.
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Figure 31. Coats-Redfern kinetic plot of Run 13: HTT 750°C.
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Figure 32. Coats-Redfern kinetic plot of Run 15: HTT 750°C.
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Figure 33. Coats-Redfern kinetic plot of Run 16:
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Figure 34. Coats-Redfern kinetic plot of Run 17: HTT 750°C.
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Figure 35. Coats-Redfern kinetic plot of Run 18: HTT 600°C.
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Figure 36. Coats-Redfern kinetic plot of Run 19: HTT 600°C.
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Figure 37. Coats-Redfern kinetic plot of Run 20: HTT 600°C.
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Figure 38. Coats-Redfern Kinetic plot of Run 21: HTT s00°C.
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Figure 39. Coats-Redfern kinetic plot of Run 22: HTT 900°C.

Appendix B. Coats-Redfern Kinetic Plots 77



-6.5

-6.6 -\
A

o .

-6.9

-7.1

-7.2 \

log((-log(1-alpha))/T "~ 2)

> 7.3 \
-7.4 <
||
'7.5 T 1 — 1 T
0.8 0.81 0.82 0.83 0.84 0.85

1000/T
All Temperatures

are in Kelvins

Figure 40. Coats-Redfern Kinetic plot of Run 24: HTT 900°C.
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Figure 41. Coats-Redfern kinetic plot of Run A1: HTT 900°C.
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Figure 42. Coats-Redfern kinetic plot of Run A2: HTT 900°C.
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Figure 44. Coats-Redfern kinetic plot of Run A4: HTT 900°C.
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Appendix C. Numerical Data

This appendix contains the data obtained from each run and used to calculate apparent activation
energies. At the end of the data are four runs labeled with an “A,” which used Monterey pine in-
stead of Douglas fir. A sample calculation of the apparent activation energy and preexponential

factor for one run follows the data.

Char HTT 600°C

Run # Weight Fraction Temperature Activation Energy InA
Decomposed (K) (kJ/mole)
18 0.0994 1180
0.2248 1189
0.3494 1198
0.4748 1206
0.59%4 1214 721.2 69.0
19 0.0999 1195
0.2262 1205
0.3509 1213
0.4764 1221
0.5995 1229 748.6 70.8
20 0.0992 1179
0.2240 1187
0.3512 1195
0.4760 1204
0.5992 1211 753.3 724
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Char HTT 600°C (cont.)

Run # Weight Fraction
Decomposed

21 0.1009
0.2257
0.3505
0.4739
0.5980

Char HTT 750°C

13 0.0993
0.2245
0.3510
0.4750
0.6009

15 0.0992
0.2263
0.3490
0.4761
0.6005

16 0.1011
0.2253
0.3503
0.4745
0.5995

17 0.1001
0.2260
0.3503
0.4746
0.5997

Char HTT 990°C

9 0.1001
0.2265
0.3506
0.5019
0.6005

10 0.1002
0.2258
0.3506
0.4736
0.5993

Appendix C. Numerical Data

Temperature
(K)

1185
1196
1206
1214
1223

Activation Energy
(kJ/mole)

654.0

562.4

800.7

669.8

8324

3410

1667

In A

61.7

51.8

77.0

63.3

79.6

345

166
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Char HTT 900°C (cont.)

Run #

11

22

23

24

Al

A2

A3

Ad

Weight Fraction
Decomposed

0.1001
0.2238
0.3494
0.4744
0.6008

0.0991
0.2254
0.3510
0.4743
0.6006

0.0996
0.2249
0.3510
0.4756
0.6017

0.1001
0.2264
0.3489
0.4752
0.5996

0.0999
0.2242
0.3485
0.4752
0.5995

0.1006
0.2230
0.3514
0.4745
0.5999

0.0998
0.2245
0.3515
0.4747
0.5994

0.1006
0.2248
0.3501
0.4764
0.5996
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Temperature
(K)

1183
1190
1197
1205
1211

1184
1192
1200
1208
1216

1188
1201
1212
1221
1230

1181
1191
1200
1209
1217

1181
1184
1188
1192
1195

1182
1187
1191
1194
1197

1184
1188
1192
1195
1198

1181
1186
1190
1192
1195

Activation Energy
(kJ/mole)

882.7

769.3

601.8

680.5

1682

1658

1764

1793

In A

85.5

73.7

56.2

64.7

167

165

176

179

85



What follows is a sample calculation of the activation energy and preexponential factor for Run 24
using the temperature and weight fraction decomposed data given above. First, the data must be

changed to x and y coordinates using the equations from the Coats-Redfern analysis method,

y= 1og{ —PCY } (n=1) [22.10]
T
1
x= [2.2.11]

where « is the weight fraction decomposed , T is the temperature, and 7 is the reaction order (1 for
all cases in this study). These points are assumed to lie along a line described by y =mx + b. A

least-squares fit to a line is used to find the slope () and the y-intercept (b), where

N Zxﬂ’t - thzvt
m= A

[C.1]

b=

[C.2]

inz Z.Vi - inzxﬂ’t

where N is the number of data points (5 for all cases in this study), and

A= Nzxf - I:Zx,:r [C.3]

Calculating the needed values from the x and y values,

> x,= 0.004169
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Zx,? =3.48x107°
> y=—3477

> xpy=—0.029
A=1994x10"°

Using these values to calculate the slope and y-intercept of a line that fits the points using Equations
C.l and C.2.

m=—35582.3
b=22.712

In order to determine how well the x and y values fit a straight line, the linear correlation coefficient,

r, can be found,

> =D - 7)
\/ Z(x;—f)zzo«—m’

where X and y are the mean values. The closer the linear correlation coefficient is to one or negative

r=

one, the better the fit. In this case 7 is found to be 0.987, which indicates a good fit.

Now the apparent activation energy and preexponential factor can be calculated. The apparent

activation energy is given by:
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m=—= [2.2.12]

where F is the activation energy and R is the universal gas constant (8.315 kJ/kmol K in this study).

Solving for the activation energy,
=—23mR

and substituting the known values gives an apparent activation energy of 680.5 kJ/mole. The pre-

exponential factor, 4 is given by

b=1og{if£—[1—%]} [22.13]

where a is the rate of temperature increase (3°C/min in this study), and 7 is the average of the

temperature range in Kelvins. Solving this for 4,
4 10%E

N 2RT
R[l 7 ]

and substituting, gives a preexponential factor of 1.26 x 10%. For ease of reporting it is customary

to present the natural log of the preexponential factor, which in this case is 64.7.
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Appendix D. Effect of Reaction Order on Kinetic

Parameters

This appendix presents the effect of changing the assumed reaction order on the activation energy
and natural log of the preexponential factor. The parameters were calculated using a reaction order
of 2/3 and 1/2 in the same manner as those using a reaction order of one, as shown in Appendix
C. However, the y values for the kinetic analysis were calculated using Equation 2.2.9 (for reaction
orders other than one) instead of Equation 2.2.10 (for reaction orders of one). Typical Coats-

Redfern plots for reaction orders of 2/3 and 1/2 are also presented.
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Table 3. Effect of Reaction Order on Kinetic Parameters.

E (kJ/mole) In A
Reaction Order Reaction Order
Run # 1 2/3 1/2 1 2/3 1/2
9 3410 3193 3089 345 323 313
10 1667 1564 1515 166 156 151
11 883 827 801 85 81 78
13 562 527 509 52 49 47
15 801 750 726 77 73 70
16 670 627 607 63 60 58
17 832 780 755 80 75 72
18 721 676 654 69 65 63
19 749 702 679 71 67 65
20 753 706 683 72 68 66
21 654 612 593 62 58 56
22 769 721 697 74 70 67
23 602 564 546 56 53 51
24 680 638 617 65 61 59
% Change: -6.28 -5.66 -9.31 -8.91
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Figure 45. Coats-Redfern plot of Run 23 (reaction order of 2/3): HTT 900°C.
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Figure 46. Coats-Redfern plot of Run 23 (reaction order of 1/2): HTT 900°C.
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Appendix E. Verification of TGA

This appendix presents the thermograms of the pyrolysis of Monterey pine under nitrogen per-
formed by another laboratory and using the TGA of this study. The thermogram from Dr. T.B.
Reed’s laboratory at the Colorado School of Mines is shown in Figure 47, and the thermogram
from the TGA used in this study is shown in Figure 48. The difference in weight percent remaining
when the initial pyrolysis begins is probably a result of different amounts of moisture initially

present in the sample.
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Figure 47. Pyrolysis of Monterey pine: (Colorado School of Mines).
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Appendix F. Approximate Kinetic Analysis

This appendix presents the approximate kinetic analysis method used for comparison with the
Coats-Redfern kinetic analysis method. The approximate method is derived from the Arrhenius
equation as is the Coats-Redfern method. Starting with Equation 2.2.5, using a reaction order (n)
of one, and substituting § (the weight fraction of sample remaining at a particular temperature) for

the expression (1 - «) gives
d
—a 4 e EIRT g [F.1]

Rearranging results in

dln -
_ _d_Tﬂ=% ¢~EIRT [F2]
Taking the natural log of both sides,
dinf 1 _E A4
m[— — |=- E+u(4) [F.3]

This results in an equation of the form y=mx+ b. The derivative on the left-hand side of

Equation F.3 can be approximated by
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Alnp
ln[ - =7 [F.4]

Taking the natural log of local slopes from a plot of Inf versus temperature gives the y values and
the inverse of the temperature (1/7, in Kelvins) gives the x values for two lines which have the same
slope (m) and y-intercept (b). Subtracting the two linear equations and rearranging leaves the slope
as the only unknown:

Y=
m=-—-————

o= [F.5]

From Equation F.3, the slope is the negative activation energy (E) divided by the universal gas

constant (R = 8.315 kJ/kmole K), which can be rearranged to give the activation energy explicitly

E=— mR [F.6]

From a plot of f§ versus temperature, two pairs of points two degrees apart, one set around § =
0.9 and the other around g = 0.4, were selected. The natural log of each point was taken and then

the slope between both pairs of points was found by

Ing,—Ing,

T,=T, [F.7]

The natural log of the negative of these slopes gives the y values and the inverse of the average
temperature between the points gives the x values used to find the slope (/) of Equation F.5. This
slope is then used to calculate the approximate apparent activation energy using Equation F.6.
The apparent activation energies found using both the Coats-Redfern and the approximate method

and the percentage difference are shown in Table 4.
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Table 4. Comparison of Apparent Activation Energies from Approximate
and C-R Analysis Methods.

E (kJ/mole)

Run # C-R Approx. % Change
9 3410 531 -84
10 1667 966 -42
11 883 516 -42
13 562 140 -75
15 801 374 -53
16 670 370 -45
17 832 402 -52
18 721 179 -75
19 749 474 -37
20 753 353 -53
21 654 325 -50
22 769 315 -59
23 602 420 -30
24 681 354 -48
Al 1682 661 -61
A2 1658 1276 -23
A3 1764 1248 -29
A4 1793 1333 -26

Average -49
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