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Abstract approved:

Pyrolysis of cellulose was studied by electrically heating in
helium, at atmospheric pressure, 20-25 mg of powdered cellulose
sample supported inside a folded-wire screen heating element. The
screen was mounted and heated within a sealed vessel. The samples
were heated to peak temperatures between 300-1100°C using different
heating rates. The heating rates studied were 100, 500 and 1000°C/s.
The holding time at peak temperature varied between 0-20 seconds.

The final products—--char, tar and gases—-were quantitated for ex-
periments carried out at 1000°C/s and zero holding time. The gas-
eous products formed were analyzed to determine the amounts of CO,

co C.H, and C.H, formed. At heating rates of 100 and 500°C/s

20 CHys CoH, 26
(zero and non-zero holding times) and 1000°C/s (non-zero holding
times), only the amounts of char (and hence total volatiles) formed

were determined.

The non-isothermal temperature-time history, to which the sample



was subjected, was recorded by a chromel-alumel thermocouple on a
fast response strip chart recorder. This temperature~time history,

along with the final yields of total volatiles, was used to obtain

" the kinetic parameters described by a single reaction, first-order

decomposition model. The kinetic parameters obtained for overall
devolatilization varied widely for the different heating rates
studied suggesting a difference in reaction mechanism. The values
obtained for activation energy and pre-exponential factor for the
different heating rates were: 15.60 kcal/mole and 0.413 x 105
sec_l for 100°C/s; 22.27 kcal/mole and 64.01 x 105 sec_l for 500°C/s;
23.26 keal/mole and 46.5 x 10° sec - for 1000°C/s.

Use of a multiple reaction model based on a set of independent
parallel first~order reactions represented by Gaussian distribution
of activation energy was also investigated. The values obtained for
1000°C/s, zero holding time, were: pre-exponential factor of 45.08
X 105 sec_l, activation energy of 23.61 kcal/mole and a standard
deviation of 0.034 kcal/mole. Comparison of these values, to those
shown above for 1000°C/s, along with the low value of standard de-
viation, indicates that the single reaction first-order decomposi-
tion model suffices to correlate the data.

The main conclusions reached from this study were that both

temperature and solids residence times play an important role in

the rate of formation, yield and composition of the product gases,



char and tar. The reaction mechanism appears to be significantly
different at the various heating rates studied. And finally,
secondary cracking of tar at high temperatures results in the for-

mation of CO, CH,, C,H, and C_H, .
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KINETICS OF CELLULOSE PYROLYSIS
UNDER HIGH HEATING RATES
I

INTRODUCTION

Substantial increases in the price of crude oil in the last
few years, as well as concern over the ultimate availability of
fossil fuels, has prompted a growing interest in using biomass as
a renewable resource for chemical feedstocks. Wood and other cellu-
lose materials form a large portion of urban wastes. Pyrolysis of
these solid wastes offers a promise for commercially producing fuel
gases and liquids suitable for replacing petroleum-based products.

Pyrolysis of wood, cellulose and other forms of renewable
materials is a complex process not yet fully understood. It pro-
duces a host of chemical species and is influenced by a variety of
factors such as the chemical and physical characteristics of the
cellulosic material, heating rate, temperature, pressure, and the
residence times of both the solids and vapor products. Fairly minor
changes in any of these factors may affect not only the yield and
rate of production of pyrolysis gases, liquids and char, but also
the actual course of the reaction mechanism. The design of optimum
incineration or pyrolysis process therefore requires am improved
fundamental understanding of the mechanism of cellulose degradation
under severe thermal treatment. Furthermore, pyrolytic decomposi-
tion supplies the volatiles to sustain flaming combustion of most

polymeric materials and is thus of interest in the areas of fire



research, fabric flammability and explosion phenomena. Cellulosic
materials are of special interest because of their widespread utili-
zation in fibers, textiles and comstruction materials and in the
fabrication of temperature~resistant materials.

The objective of the present study was to focus on the effects
of temperature, heating rate and solids residence time, on yield,
composition and rates of formation of products from the rapid pyro-
lysis of cellulose at atmospheric pressure. A descriptive model of
the process was determined from the results. To obtain a clear
picture of only the kinetics of the process, the effects of heat
transfer, mass transfer and secondary chemical reactions were eli-
minated or minimized.

The cellulose studied was powdered, purified wood cellulose.
An electric grid apparatus was used to subject small amounts (20-25
mg) of captive cellulose sample to different heating rates, peak
temperatures and solids residence times. The temperature-time
history to which the sample was subjected, was recorded. Peak temper-
atures in the range 300-1100°C were achieved using heating rates of
approximately 100, 500 and 1000°C/s. The holding times at these
peak temperatures varied from 0-20 seconds. For heating rate of
1000°C/s and zero holding time, the end products of pyrolysis,
namely char, tar and gases were quantitated. The gases were sub-

jected to further amalysis by gas chromatography to determine their



composition and yields of each species formed. For other heating
rates, and holding times, only the char formed (and hence the total
volatiles) was measured. The kinetic parameters, obtained by fit-
ting data to single step first-order reaction model, showed signi-
ficant differences in values for the different heating rates, in-

dicating difference in reaction mechanism.
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LITERATURE REVIEW

Techniques Used in Studying Pyrolysis

The literature on the thermal degradation of cellulosic materi-
als is extensive and several reviews have appeared in the past few
years (1,2,3). Pyrolysis mechanism is extremely complicated, and
in order to simplify the analysis and evaluation of pyrolysis it
has been a common practice to make either of the two following

assumptions:

1) Reaction is controlled by chemical kinetics and the physics of
heat transfer is unimportant and may be accounted for by lumping
these considerations into an apparent activation energy and

frequency factor.

2) Reaction is controlled by heat transfer considerations and the
chemical kinetics are of less importance and may be accounted
for by lumping the chemical kinetics into an effective thermal

conductivity.

Based on the broad assumptions made above, several investiga-
tors have utilized different experimental techniques to study the
pyrolysis of pure cellulose (6,7,8), cottons (5,9), cellulosic
derivatives (10), and wood (4,11,12,13), in atmospheres ranging

from vacuum and inert gases to air. A lot of these studies were



related to the phenomena of fire and combustion. In more recent
times, investigators have studied cellulose pyrolysis as an alter-
native source of fuel gases and chemical feedstock.

Shafizadeh (3) proposed a general reaction scheme for pyrolysis
and combustion of cellulose; heating at lower temperatures favors
dehydration and charring reactions. Formation of levoglucosan
takes place at temperatures above 250°C and leads to further decom-
position reactions. Heating at higher temperatures favors the gen-
eration of combustible volatiles. Figure 1 proposed by Maa (4) de-
scribes the physical and chemical processes interacting in pyroly-
sis and combustion.

One of the most commonly used techniques to study cellulose
pyrolysis has been the thermogravimetric analysis or TGA. The TGA
technique can be utilized to study reaction kinetics by isothermal
and non-isothermal methods. The isothermal (static) method in-
volves determination of the sample weight as a function of time at
constant temperature. The disadvantages of this method are: (a)
it cannot be used to study the effect of heating rate; (b) it re-
quires many experimental runs in order to complete a data set; and
(c) there is a time lapse before sample attains required tempera-
ture, during which the reaction has already proceeded to a certain
extent, The non-isothermal (dynamic) TGA method requires determi-

nation of weight change as a function of time, while temperature
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increases linearly; the disadvantages being that the reaction
mechanism cannot be studied.

Another experimental technique used is the differential thermal
analysis or DTA. This method measures the change in enthalpy as a
function of temperature involving measuring the temperature differ-
ence between that of the sample under study and a chosen standard.
This method is not widely used because the results depend on the
kinetics as well as the energetics of the reaction and are, there-
fore, more difficult to interpret. Also, there are too many para-
meters which could affect the DTA curve, such as sample size,
characteristics of the sample, composition of the atmosphere used
and nature of the reaction being studied. The results from these
studies vary widely. Studies by Tang and Neill (14) showed an
endothermic heat of reaction (-90 cal/gm) for cellulose pyrolysis.
However, studies conducted by Roberts and Clough (15) on large
samples of wood in an inert atmosphere yielded a value of 420
cal/gm (exothermic).

Flow techniques using fluidized bed (12) has also been em~
Ployed to study pyrolysis. Maa and Bailie (16) utilized fluidized
bed along with TGA to conduct pyrolysis of wood samples in the
temperature range 400-1200°C. A mathematical model based on the
shrinking core model was used to correlate data, and the parameters
derived from TGA experiments were used in the model to predict the

experimental results in the fluidized bed.



Calvin et al. (17) utilized a COZ- laser radiation source to

study wood pyrolysis at fire level surface heat flux. Investiga-

tions through the measurement of decomposition rates, solid temper-

“atures and thermal properties, pyrolysis gas composition and crack

formation, showed that wood pyrolysis process is dependent upon the
external heating rate, the total time of heating, and the aniso-
tropic properties of wood and char relative to the internal flow of
heat and gas.

Studies conducted by Kanury (8) involved simultaneous measure-
ment of density, by x-rays, and temperature profiles, by thermo-
couples imbedded in the pyrolyzing solid which, when combined,
yielded the kinetics. The findings concluded that a first-order
Arrhenius-type rate equation satisfactorily described the pyrolysis
of o-cellulose. A recent study by Thurner and Uzimann (13) of wood
pyrolysis in the temperature range 300-400°C at atmospheric pres-
sure, using TGA, interpreted their data by three competitive paral-
lel first-order reactions, as suggested by Shafizadeh and Chin (18).

Most of the above studies were characterized by long heat-up
times, with periods at final temperatures extending to severalv/ru
hours (6) or days (19). In some work, volatile products were
separated and then subjected to further chemical characterization
(20). Rapid heating of cellulosic materials has been employed in

a few studies. Radiative heating of thin samples was used to obtain



heating rates estimated to approach 60°C/s with cellulose in air
(21) and 300-1500°C/s for treated and untreated cottons in helium
(22) . One investigation achieved very rapid rates estimated to ex-
ceed 20000°C/s by flash heating optically black material embedded
in a matrix of untreated cellulose (23). The resulting degradation,
however, probably reflects predominantly heterogenous decomposition
at the absorbing sites rather than the true pyrolysis of the
cellulose.

An electrically heated grid system developed to study rapid
pyrolysis of coal (24) was recently used to study cellulose pyroly-
sis by Lewellen et al. (25) and Peters et al. (20). The use of this
method allows great flexibility in varying heating rate, tempera-
ture and solids residence time of the sample subjected to pyrolysis.
The captive products formed--namely, gas char and tar~-can be sub-
jected to detail analysis relative to composition and yield. The
non-linear temperature—~time history to which the sample is sub-
jected is recorded, and along with the product yield can be used to
obtain not only the kinetics of the reaction, but offers an insight
into its mechanism. This technique has been used in the present
study.

Kinetic data on the pyrolysis of cellulosic materials has been
obtained, usually as Arrhenius constants for an assumed single-step

first-order decomposition. The values of the kinetic parameters
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obtained have been found to vary over a wide range, with variations
of several factors of 10 in the rate constant over the temperature
range 200-1100°C, while activation energies range widely from 4.0
kcal/mole to more than 70.0 kcal/mole. These large discrepancies
can probably be attributed to the differences in sample sizes, as
well as their physical and chemical characteristics. Also, pyro-
lysis samples generally have low thermal conductivity. Since the
tests were carried out under transient conditions, significant tem-
perature non-uniformity might have existed within the samples, the
extent of non-uniformity depending on sample size and heating rate.
Tables 1 and 2 list the feedstock and experimental techniques
used by various workers and the kinetic parameters obtained from

their studies.

Chemistyy of Pyrolysis

Cellulose (C is a high molecular weight (between

6H1005)n
250,000 and 1,000,000) polysaccharide. It consists of at least

1500 units of C H, O The structure of each unit is as shown below:

610°5°

H

\

0




TABLE 1, FEEDSTOCK AND EXPERIMENTAL CONDITIONS OF PYROLYSIS

Technique Temperature Sample: Size
Author Used Atmosphere Range °C Material or Weight
Browne & Tang (1962) Static TGA Nitrogen & 130-400 Wood: Ponderosa 250-500 mg.
vacuum Pine
Chatterjee (1966) Isothermal TGA Helium 270-300 Ball-milled 100 mg.
Cellulose
Chatterjee (1966) Isothermal TGA Hlelium 270-310 Cotton 100 mg.
Lipska & Parke (1966) Fluidized bath Nitrogen 250300 a- Cellulose 173-191 mg.
Mark & Donaldson (1967) DsScC Nitrogen 300-450 Cotton 13-17 mg.
Akita & Kase (1967) Dynamic TGA Air and Room temp. a~ Cellulose 100-260 mg.
nitrogen ~500 Modified cellulose
Kanury (1972) Radiography Nitrogen 300-400 a-Cellulose Cylinder: 1.75 cm.
rad.
Barooah & Long (1976) Fluidized bed Nitrogen 150-400 Wood 40 mg.
Min (1977) Vapor phase Nitrogen 300-450 Filter paper 6 cm x 6 cm
therm. analy.
“ Lewellen et al. (1977) Electric grid Helium 250~1000 Filter paper .75 cm x 2.5 cm;
.01 cm thickness
Maa (1978) TGA NZ’ air & CO2 400-1200 Birch wood Cylinder: 3.8 cm x
0.5 cm dia.
Peters et al. (1980) Electric grid Helium 300-1100 Filter paper 2 cm X 6 cm}
0.01 cm thickness
Thurner et al. (1981) Dynamic TGA Nitrogen 300-400 Wood Mean gize: 1 mm.

11



TABLE 2. KINETIC PARAMETERS OBTAINED BY VARIOUS WORKERS

Reaction Activation Energy, Pre-exponential
Author Material Order kcal/mol. Factor, s~
Brown & Tang (1962) Wood: Ponderosa pseudo 1 35.8
Pine
Chatterjee (1966) Ball-milled before 40%: 0 75.0
Cellulose after 40%: 1 37.1
Chatterjee (1966) Cotton before 40%: O 54.3
after 407%: 1 33.0
Lipska & Parke (1966) o~ Cellulose 3 stages: Ini. 42.0
Per., 0 & then 1
Mark & Donaldsomn (1967) Cotton 1 41.2
Akita & Kase (1967) a - Cellulose 1 53.5 1.05 x 107/
Modified Cellulose 32.0 1.67 x 10
Kanury (1972) a - Cellulose 1 19.0 1.70 x 10°
Barcoah & Long (1976) Wood Pri. decomp. 1 4.3 (<330°Q) 0.05 4
Sec. decomp. 2 20.1 (>330°C) 2.30 x 10
Min (1977) Filter paper 1 54.3 3.00 x 106
Lewellen et al. (1977)  Filter paper 1 33.4 6.79 x 10°
Maa (1978) Birch wood Shrinking core model 7.5 0.10 cm/sec
Douglas fir 3.5 0.028 cm/sec
Peters et al. (1980) Filter paper 1 31.79 2.00 x 108
Thurner et al. (1981) Wood 3 parallel first- 21.1 14.35 x 10:
order reactions 26.9 41.20 x 105
25.4 7.40 x 10

45
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The thermal decomposition behavior of such a structurally
complex compound might well be expected to defy simple descriptiom.
A mechanism suggested by Martin (27) describes that when cellulose
is heated, the weaker oxygen-carbon bonds may break to form frag-
ments Re, the fragments can be stabilized by attracting hydrogen in
other molecules or fragments to form either gas or liquid depending
on the size of R*. The fragments can be broken down further to

smaller molecules and free radicals such as CHé, C,He, C2H§, CHO-,

2
C2H§, etc., these small free radicals being very reactive, can re-
act with hydrogen to form gases. The size of R* is dependent on the
rate of heating. The amount of further degradation is dependent on
the vapor phase residence time. High temperature promotes rapid
heating and favors the formation of small molecules or carbonaceous
gas and less char, whereas low temperature promotes slower heating
and favors the formation of larger volatile molecules and more char.
The above description, in terms of the reactions taking place, is

summarized below:

Cellulose heaE Re

] ]
HO-?-H + Re - HO—?- + RH (liquid or gas)
] !
'?-OH + Re > C=0+ R'H (liquid or gas)
!

R* = R'+ + CH3 and so on.
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A more adequate and likely pathway contributing to weight loss,
and consistent with much of the pertinent literature, has been sug-
gested by Lewellen et al. (25) as shown in Figure 2. Cellulose
could decompose rapidly to an intermediate identified as levoglu-
cosan. The levoglucosan may then (1) be transferred from the cel-
lulose matrix to give a product tar; (2) repolymerize, crack or be
cross-linked to yield char; (3) be pyrolyzed to lighter volatile

products including CO, CO,, fixed gases, organic acids, ketomes,

92
esters, aldehydes and free radicals, some of which could (4) inhi-
bit char formation or (5) autocatalyze step 3. Lighter stable pro-
ducts could also (6) escape the matrix to yield volatiles.

This mechanism would explain the increased tar yields
under vacuum as opposed to atmospheric pressure (10), because of
reduced time available for primary volatile products to undergo
secondary reactions such as cracking and repolymerization. It
would also explain the differences in yields and compositions
observed when heating rate, temperature, sample size and residence
are varied. For thin or small-sized samples subjected to high
heating rates and high temperatures, step 3 would be dominant along
with 1, 4, and 6, resulting in less char and tar. For similar
samples, low temperatures and heating rates, step 1l would be domi-

nant, resulting in greater tar formation. For larger samples sub-

jected to low heating rates and temperatures, the primary products
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formed would have a longer residence time within the pyrolyzing
matrix and step 2 would dominate resulting in large char yields

(6,19).
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II1

APPARATUS AND PROCEDURE

Selection of Apparatus

The techniques used by previous investigators and the draw-
backs of these methods have been discussed in the previous chapter.
A thermogravimetric analysis system, with an ability to heat and
track weight losses at heating rates up to 5000°C/s, and up to
1100°C, does not exist. Also, to understand the reaction mechanism,
it is necessary to know the yield and composition of the gases
evolved at different temperatures. The time lag in gas analysis,
using TGA, would make this analysis difficult.

The apparatus selected for the present work is a modified ver-
sion of the electric grid system used by Suuberg (24) to study
rapid coal pyrolysis and by Lewellen et al. (25) and Peters et al.
(20) to study rapid pyrolysis of cellulose. The advantages of this
system are:

a) independent control of heating rate, peak temperature and

holding times,

b) good heat transfer characteristics,

c) ability to measure the temperature-time history accurately,

d) near-~zero residence time of volatiles in the region of the

heated cellulose sample.

This method, unlike TGA which yields differential data, yields
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integral data.

Apparatus Description

A schematic of the experimental apparatus used is shown in
Figure 3. It consists of three components: the reactor which was
designed to contain a cellulose sample in a gaseous environment of
known pressure and composition; the electric grid system, which con-
trols the temperature-time history to which the sample was subjected;
and the temperature recording system. The product gases were ana-
lyzed by gas chromatography.

The reactor consists of a pyrex glass dome, 25.4 cm internal
diameter and 1.27 cm wall thickness, which was blind flanged by a
1.27 cm thick stainless steel plate having gas inlet and outlet
ports and the electrical feed-throughs. The cellulose sample was
held and heated by a folded strip of stainless steel screen stretched
between massive brass electrodes, as shown in Figure 4. All tubing
was standard wall 0.32 cm stainless steel, with compression type
fittings.

The screen used to hold the sample was 325 mesh, type 316 stain-
less steel cut to 14 cm x 4 cm. Itwas folded over onto itself to
form a "sandwich" 14 cm x 2 cm. Of this, only 6 cm x 2 cm of the
screen held the cellulose sample to be heated. The small size

of the screen was dictated by the desire to obtain uniform temperature
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across its surface. Attempts with larger screen sizes showed signi-
ficant differences in temperature along the length of the screen.
Each run was carried out with a new screen. Before loading with

the sample, the screen was pre~heated toa high temperature to ensure
cleanliness and stable screen weight during and after the run.

A small motor and fan (operated by a 3.0V battery) arrangement
within the reactor was used to mix the product gases after completion
of each run and before withdrawing a known volume of these gases
for analysis.

The electrical system consists of two 12-volt automobile stor-
age batteries connected in series to the brass electrodes, through
variable resistors and timer-operated relay switches, to achieve de-
sired heating of the screen and sample. This electrical system,
shown in Figure 5, permits heating rates between 100-5000°C/s, final
temperatures between 100-1100°C and holding times of up to 30 seconds.
Because of the high current being drawn to heat the screen, three
variable resistors (each 3.0 ohms) in parallel were used to vary the
resistance in the primary heating stage circuit. Heavy duty, 50
amp. relay switches (two in parallel) were used to handle the large
currents being drawn.

The temperature~time history of the sample being heated was
recorded by a chromel-alumel thermocouple, 0.025 mm wire diameter

and approximately 75 pym bead diameter, placed between the screen
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and connected to a fast response strip chart recorder. The fine
wires of the thermocouple were protected by passing them through a
0.8 mm 0.D., double-bored alumina sleeve, which in turn was fixed to
a thermocouple connector. The connector rests on a brass plate,
level with the screen and extending from one of the clamps on the
electrode. The details are shown in Figure 4. The thermocouple
bead extends about 0.3 mm beyond beyond the free end of the alumina
sleeve.

Tests condgcted, with and without the thermocouple bead touch-
ing the hot screen surface, showed a difference of nearly 100°C in
the temperature recorded at the same point on the screen. At the
heating rates of interest in this study, this would result in an in-
accurate recording of the temperature-time history of the sample.
Hence, carewas taken to ensure that the thermocouple bead touched
the screen surface during each run. Some typical temperature-time
profiles recorded are shown in Figure 6. The quenching of the
sample, after power cut-off, occurs by natural cooling: radiation,
convection and conduction. The cooling part of the temperature-
time profile varies from run to run, depending on the peak tempera-
ture achieved.

The volatiles formed were contained within the reactor. After
completion of the run the gases were mixed by operating the fan. A

known volume of the gas mixture was then withdrawn through the
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rubber septum by means of an air-tight gas sampling syringe. The
pyrolysis gas sample was then analyzed by gas chromatography. The
tar, present as a mist in the reactor, was prevented from entering
the gas syringe by surrounding the tip of the syringe needle with
glass wool. Within the reactor, char was completely retained on the
screen. Tar was collected on filter paper held firmly at the outlet
port. Tar that deposits on the surfaces within the reactor was
collected by a solvent (CHZClZ’ reagent grade) wash.

The pyrolysis gases were analyzed on a Hewlett-Packard, Model
5840A, gas chromatograph with dual thermal conductivity detectors.
The column used for analysis was 2 m length by 0.32 mm 0.D., stain-
less steel, packed with 80/100 mesh Spherocarb. The chromatograph
was temperature programmed from 35°C to 350°C at a rate of 16°C/min.
with an initial isothermal holding time of 5 minutes at 35°C. To
make up a calibration gas mixture the following procedure was used;
the reactor was cleaned, vaccumed and flushed several times with
helium. After setting it at atmospheric pressure, known volumes of
pure gases were injected into the reactor and mixed thoroughly. The

reactor volume was measured to be 4690 cm3 + 20 cm?.

Run Procedure

Approximately 20-25 mg. of powdered cellulose sample was spread

in a layer one or two. particles deep on a preweighed screen which
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wasreweighed and stretched taut between the brass electrodes after
inserting the thermocouple junction between the folds of the screen.
Care was taken to ensure that the thermocouple bead touched the
screen surface. The reactor was vacuumed several times and then
flushed continuously with helium for 6-7 mins., after which it was
set at atmospheric pressure. The sample temperature wWas then réised
to a desired peak temperature at a desired heating rate. The peak
temperature was then maintained for a particular time interval or
the circuit was immediately broken. Sample cooling then occurred but
wasnot rapid enough to prevent significant weight loss during this
period.

After completion of the run, the pyrolysis gases were mixed by
operating the fan for 20-30 sec. A known volume of this gas mix-
ture waswithdrawn and analyzed by gas chromatography. A slow
vacuum was then applied to the reactor and tar was trapped on the
filter paper at the outlet port. Tar that condensed on the surfaces
within the reactor was collected by wiping with methylene chloride-
soaked filter paper. The tar from both these collections was deter-
mined gravimetrically by dissolving it in methylene chloride and
then evaporating the solvent over a water bath. The char remaining
on the screen was also determined gravimetrically. The analysis
of the gases produced during pyrolysis permitted components up to

0.1 percent of the cellulose sample weight to be quantitated.
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The cellulose used in this study was purified wood cellulose,
brand named SOLKA-FLOC, obtained from Brown Co., Berlin, New Hamp-
shire. The general characteristics and analysis of this sample are

shown in Table 3. SOLKA~FLOC grade BNB-20 was used.

Experimental Error Analysis

The weight of screen and cellulose was determined to within
* 0.01 mg and hence the uncertainty of the total weight loss measure-
ment was about 0.1 percent by weight of cellulose. Calibration un-
certainties, errors in the volume of gas withdrawn for analysis and
other factors would introduce uncertainties of up to 5 percent of the
species quantitated chromatographically. Water measurements were
troublesome because of changes in moisture content of cellulose dur-
ing or before an experiment. In order to overcome this problem, the
cellulose sample was dried in a desiccator for a week and then exposed
to atmosphere. The absorbed moisture content was determined gravi-
metrically to be between 5-7 percent which is in agreement with the
analysis of the sample, as shown in Table 3. Chromatographic ana-
lysis of water in the product gases also presented problems because
of excessive tailing of the water peak and moisture present in the
carrier gas helium. Water and other unidentifiable organics in
this study were therefore lumped together and determined by differ-
ence; char, tar and other gases formed being known. The uncertain-
ty of the thermocouple measurements was * 10°C over the present tem-

perature range.



28

TABLE 3. GENERAL CHARACTERISTICS AND ANALYSIS OF CELLULOSE SAMPLE

Grand name: SOLKA-FLOC, Brown Co., Berlin, N.H.

Grade: BNB-20

Approximate Screen Analysis:

% on 40 mesh 20
% through 100 mesh 48
% through 200 mesh 33

Proximate Analysis:

Ash 7% 1.7
Volatile 7 83.0
Charcoal % 15.3
Ultimate Analysis
Carbon % 45.8
Hydrogen 7% 6.2
Nitrogen 7 0.07
Oxygen 7 42.8
Approximate Moisture % 5-7
Iron % 0.05
Sulphur 7% 0.0
Chloride 7 0.0

Lignin 7 8.0
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PYROLYSIS MODELS

Due to the fact that it is impossible to identify all the ele-
mentary reactions which occur when cellulosic materials are thermal-
ly decomposed, most reported kinetics are based on either the weight
of the feedstock or the decomposable weight. Stamm (28) proposed

single first-order reaction with respect to the fraction of weight

loss, WL:

dWL
it - k(1-WL)
This equation implies an equilibrium state of complete weight
loss, therefore it is not likely to be valid at high values of con-

version. Maa (16) used the unreacted shrinking core model with the

assumption of first order kinetics:

drc
= - kpo exp(~-E/RT)
where drc is the shrinking core rate, cm/s.
dt
kp is the apparent frequency factor, cm/s.
o

E is the apparent activation energy, cal/mole.
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Tran (29) assumed the apparent activation energy of pyrolysis

to be a linear function of conversion:

where, Wo is the initial weight of feedstock, W is the weight of
residue at time t and Eo is the apparent activation energy at zero
conversion. An nEE-order kinetic equation was used to describe the

rate of weight loss as:

-1 4w

n
W, at k exp(-E/RT) £ (W)

W
o

of the above equation at any specific heating rate gives:

+ax
1 dw} _ _ | o W
1in [: —wo ——dt] = [ERT }+ 1n ko 4+ n ln [W—o]

Some investigators divided the pyrolysis process into two

where, f(W) is assumed to be (jl> . The logarithimic expression

stages (5,12) or three parallel competitive first-order reactions
(13). The values for kinetic parameters obtained by various workers
are shown in Table 2. The activation energies range from 4.3 kcal/
- mole to over 70.0 kcal/mole and the pre-exponential factor varies

17 -1
s

between 0.05 s—l to 1.05 x 10 . There is, however, a general
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consensus amongst the various studies that the pyrolysis step fol-

lows a first-order or pseudo first-order kinetics with respect to the

weight of the residue.

Single-Step First-Order Reaction Model

A simplified modelling approach that has proved useful in the
past for correlating similar data on the rapid pyrolysis of coal
(24) and cellulose (20,25) has been used in this study. As a first
test of this approach, the appearance of product "i" is modelled
as a reaction first order in the amount of "i" yet to be produced.
Thus for the reaction,

k,
Cellulose —= Product "i"

the assumed first-order reaction rate equation written in the

Arrhenius formalism is given by,

= koi (vi Vi)e @8]

where, koi is the pre-exponential factor, Ei is the activation

energy for reaction "i'", Vi is the amount of product "i" produced
*

up to time ¢, Vi is the amount of product "i" which could potenti-

ally be produced (i.e., at t = ©), T is the absolute temperature
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and R the universal gas constant. The analytical treatment of
Equation (1) for pyrolysis of cellulose conducted under a non-linear
temperature-time history has been dealt with by Kayihan (30). The
approximate analytical solution is as follows:

Integration of Equation (1) at any time t is given by,
% t —Ei/RI
vV, = - - 2
i Vi 1‘ exp( koi of e dt) (2)

Since temperature, T, is a non-linear function of time, t, for

experiments conducted in this study, it becomes necessary to con-

sider time increments of Atl,Atz,.

= At, + At
1

..tn, and discrete points in
n

.t At .. Then the

time: t =0, t, = At = X .
o n  J3=1 73

1 1°% 20"

integral in Equation (2) can be written as the summation of inte-

grals between two successive times tj_1 and tj'
* n tj —Ei/RI
v, =V [l - exp(--km.L jél tj.. e dt)] 3
j-1
For convenience, define at time tj’
t. -E,/RT
¢ () = fIe b at (%)
i ] t.
j-1

If T(tj) = T(tj_l), then Equation (4) becomes,

—Ei/RI(tj)

¢i(tj) = Atj e (5)
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For non-isothermal conditions, assuming Atj is small enough to
approximate straight temperature profile, the following approximate

relation for ¢i can be obtained:

-E, /RT(t.)
N R 2 _ 2RT(tj i j
%4 = g5y ['r () [ e b
2RT(t, )} =-E,/RT(t, .)
-2, ) [1“—12] e * J—IJ (6)
j=-1 Ei
T(t)-T(t, )
where, S(tj) = JAt, -1 and T(tj) %=T(tj_l)
Equation (3) becomes,
N n
Vi(tn) =V {l - exp(--koi jél ¢i(tj)?] (N

where ¢i(tj) is given by Equation (5) and/or Equation (6).

Multiple Reaction Model

The multiple reacfion model, to study coal pyrolysis (24)
and cellulose pyrolysis (25) was used to further test the validity
of the single reaction model. This model is based on the concept
that thermal decomposition of a complex compound or compounds
consists of a large number of independent parallel first-order de-

compositions. The rate equation of each may be represented by the



34

usual Arrhenius Equation 1, having the integrated form shown
above in Equation (2). These reactibns are further assumed to
have identical pre-exponential factors, ko, and a continuous dis-
tribution of activation energies represented by the Gaussian dis-

tribution function,
_ 1 _ (mop 22 2
f(E) = S7/om SXP | (E Eo) /20 ] (8)

where, Eo is the mean activation energy (cal/mole) and 0 is the

standard deviation (cal/mole), with
of‘—” £(E)dE = 1 (9)

f(E)dE represents the fraction of reactions having activation
*
energies between E and E+dE. Then Vi becomes a differential

part of the total volatiles and may be written as,
* *
dv = V £(E)dE (10)

The total amount of volatiles yet unreleased is obtained by summing
the contribution from each reaction or by integrating Equation (3)
over all the values of E using Equation (10). Thus the fractional

unaccomplished devolatilization is given by,
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*
v ov2m o] €XP [ko o/ exp(gpde-(E-E ) /ZGJ dE (11)

recognizing the negligible effect of altering the lower limit of
the integral, on the left side, from 0 to —=. For mathematical
tractability, the limits on this integral were set from Eo-Zc to
Eo+20 which includes 95.5 percent éf the reaction set.

The experimental data for yields of specific products and
total volatiles were fitted to the above models with a finite
difference, Levenberg-Marquardt algorithm for solving this non-
linear least squares problem, Listings of the computer programs

used are included in the Appendix.
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RESULTS AND DISCUSSION

Effect of Temperature

The commonly used method to represent data obtained by using
the electric grid apparatus has been to plot volatile yields as a
function of temperature, irrespective of the heating rate, thus
not accounting nor representing the differences along the time
axis. Secondly, at lower peak temperatures and for the rapid heat-
ing rates studied, over 50 percent of the volatilization taking place,
occurs in the initial 1-2 seconds of the cooling curve and not dur-
ing heat-up. Thus a plot of volatiles versus temperature would be
misleading and incorrect. In the present study, data have been
presented in the form of Tables 4 and 5, indicating the experimen-
tal conditions; namely, temperature, heating rate, holding time
and yields of individual species or total volatiles obtained at the
"so-called" peak temperatures. All yields are expressed as weight
percent of the initial cellulose sample.

Keeping the above points in mind, it is seen from Table 4,
for conditions mentioned therein, that appreciable decomposition
of cellulose begins between 350-400°C. The extent of decomposition
increases with temperature until approximately 88 percent of the
cellulose is converted to volatiles between 750~800°C. Most of the
weight loss appears to take place between 500°C and 650°C. At tem-

peratures above 650°C an asymptotic value, between 87-89 percent,



TABLE 4.

ACCEPTED PYROLYSIS RUNS FOR CELLULOSE

Approximate Heating Rate

Holding Time = 0 sec.

1000°C/sec.

All yields expressed as weight % of initial cellulose sample.

Peak Temp. Total H0 + He*

Run # °c Volatiles Char co o, CH, CoH, CyHg TAR (by aiff)

1 1052 91.77 8.23 14.33  7.26 1.12 0.58 0.09 22.31 46.08

2 1039 89.28 10.72 15.07  7.96 1.09 0.62 0.15 23.26 41.13

3 992 88.89 11.11 - - - - - - -

4 986 87.65 12.35 13.03  7.62 1.00 0.42 0.16 23.00 42.42

5 985 89.10 10.90 13.81  7.94 1.11 0.50 0.13 23.50 42.21

6 956 88.73 11.27 12.94 8.09 0.95 0.56 0.10 23.50 42.51

7 943 88.07 11.93 - - - - - - -

8 914 88.35 11.65 13.92  7.74 1.16 0.59 0.16 23.40 41.38°

9 899 88.00 12.00 - - - - - - -

10 886 87.20 12.80 11.67 8.10 0.97 0.44 0.16 21.31 44.55
11 844 88.50 11.50 12.31  7.20 0.95 0.61 0.10 24.00 43.33
12 830 87.31 12.69 8.98 7.39 0.69 0.30 0.09 22.50 47.36
13 796 88.47 11.53 10.76  8.32 0.81 0.38 0.10 24.91 43.19
14 756 86.48 13.52 9.00 7.34 0.60 0.24 0.12 22.20 46.98
15 752 87.98 12.02 - - - - - - -
16 667 86.12 13.88 5.83  7.10 0.32 0.14 0.00 21.00 51.73
17 652 84 .48 15.52 - - - - - - -
18 619 81.22 18.78 3.42  6.12 0.00 0.00 0.00 18.00 53.68
19 618 84.60 15.40 - - - - - - -
20 617 84.95 15.05 4.56 6.80 0.00 0.00 0.00 21.09 52.50
21 606 78.44 21.56 - - - - - - -
22 590 78.19 21.81 - - - - - - -
23 590 73.11 26.89 2.84 6.10 0.00 0.00 0.00 17.00 47.17
24 546 45.35 54.65 0.50 3.33 0.00 0.00 0.00 13.85 27.67
25 522 47.40 52.60 - - - - - - -

LE



TABLE 4, Continued

Peak Temp. Total Ho +nc*
Run # °c Volatiles Char co co, CH, C,1, C,He TAR  (By diff)
26 519 32.63 67.317 - - - - - - -
27 516 41.40 58.60 - - - - - - -
28 449 8.88 91.12 0.00 0.59 0.00 0.00 0.00 10.25 0.00
29 440 9.67 90.38 - - - - - - -
30 432 9.48 90.52 - - - - - - -
31 426 8.26 91.74 - - - - - - -
32 406 7.87 92.13 - - - - - - -
i3 384 8.11 91.89 - - - - - - -
34 345 3.56 96 .44 ~ - - - - - -
35 292 3.50 96.50 - - - - - - -

*
HC: Hydrocarbouns.

8¢
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TABLE 5. ACCEPTED PYROLYSIS RUNS

Approximate Heating Rate = 1000°C/s

Holding time = 10 sec. Holding time = 20 sec.
Approx. Peak Total Volatiles  Approx. Peak Total Volatiles
Temperature °C wt 7 Temperature °C wt 7
862 . 90.72 951 92.00
782 89.51 900 90.42
702 87.93 816 88.95
602 85.70 697 87.66
522 83.34 603 86.49
420 71.82 491 81.90
317 8.87 408 66 .35
298 8.32

Approximate Heating Rate = 500°C/s

Holding time = 0 sec. Holding time = 15 sec.
Peak Tempera- Total Volatiles  Approx. Peak Total Volatiles
ture °C wt 72 Temperature °C wt %
1017 90.08 998 92.01
880 88.54 856 91.43
820 88.13 795 89.44
700 86.40 715 88.00
595 84.30 587 86.33
446 46 .39 500 83.30
390 13.15 425 72.11

Approximate Heating Rate = 100°C/s

Holding time = 0 sec. Holding time = 20 sec.
Peak Tempera- Total Volatiles - Approx. Peak Total Volatiles
ture °C wt 7% Temperature °C wt 7%

974 90.92 680 86.65

890 92.21 594 85.62

821 87.71 573 85.27

699 86.15 504 81.30

607 85.11 494 84.01

515 82.78 387 73.43

388 31.29
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is reached for the total volatiles produced. At temperatures above
990°C, zero holding time, there appears to be a slight increase in
total volatiles produced. This increase is due to very fine (soot-
like) carbon particles being carried away from the hot screen by the
evolved gases. This carbon was deposited on the roof of the reac-
tor dome. This is purely a physical transportation process rather
than any further chemical change in the pyrolysis mechanism at
these elevated temperatures.

At temperatures above 600°C, both CO and CO, formed show an

2

increasing trend, the difference being, CO, reaches an asymptotic

2
value of approximately 7.7 percent around 750°C, while CO keeps
increasing to approximately 1l4.5 percent at 1050°C and does not
show any trend towards achieving an asymptotic value.

Methane and ethylene start forming above 650°C, while ethane
forms at 750°C and above. The quantities of these gases formed is
4 £ 0.6 percent for C2H4 and

Methane formed increases with temperature

small, being < 1 percent for CH
< 0.15 percent for C2H6.
and reaches an asymptotic value of approximately 1.0 percent at
about 850°C., Ethylene shows a more gradual increase with tempera-
ture, reaching an asymptotic value of approximately 0.6 percent
around 900°C. Because of minute quantities formed, the scatter in
values of C2H6 formed is more pronounced, arising probably from

errors in gas chromatograph analysis.



41

The method and difficulty in collecting tar and determining
it gravimetrically makes its measurements subject to greater
errors. At temperatures as low as 450°C, tar formation dominates
over all the other products formed, being approximately 10 percent,
and then increases to a value of approximately 22 percent at 750°C.
Beyond 750°C, tar yields reach an asymptotic value of 23 percent.
This pattern observed in tar formation may be explained on the basis
that at low temperatures tar formation is favored, but not its
cracking to lighter gases and other hydrocrabomns. Because of the
high heating rate, tar formed does not have a chance to escape from
the hot cellulose matrix where it is formed, and at high tempera-
tures undergoes secondary cracking. This is verified by the fact
that CHA’ C2H4, and C2H6 start forming at 650°C and above.

Water and other unidentifiable products formed are lumped to-
gether and determined solely by difference. These products start
forming around 400°C, go through a maximum at approximately 600°C
and then decrease to an asymptotic value of approximately 43 per-
cent with any further increase in temperature. The temperature at
which the maximm occurs, coincides with the temperature at which tar
formed, reaches an asymptotic value of 23 percent. It also coin-
cides with increases in CO and CO2 formation. All this appears to

indicate that at temperatures below 600°C, tar formation (along with

possibly liquid products) is favored. Another fact that has not
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been looked into nor discussed is the possibility, at high heating
rates, of absorbed moisture interreacting with organic compounds
formed within the hot cellulose matrix to yield hydrolyzed products.

Thus, for heating rates of approximately 1000°C/s and zero
holding time, most of the decomposition is achieved at or above
750°C during the heat-up period itself. Tar which was formed and
could not escape from the hot cellulose matrix undergoes secondary
4° CZHA’ and CZHG and a

marked increase in CO and CO2 formation. This seems to suggest

that a dominant portion of the gases formed comes from secondary

cracking resulting in the formation of CH

cracking of tar rather than from the primary decomposition of
cellulose.

The kinetic parameters obtained for individual products CO,
COZ’ CHA’ CZHA’ C2H6 and tar, by fitting the data to a first-order
reaction model, are listed in Table 6. This reaction model, which
lays stress on V: (yield of product "i" at t = «®) could not be
applied to the data obtained for water plus other organic compounds
since these products go through a maxima before reaching an asymp-
totic value at higher temperatures.

The values obtained for activation energy and pre-exponential
factors, for the above products, are much lower than the values for
typical organic decomposition reactions (24). The probable reason

is that when a single first-order reaction is used to model



TABLE 6. SUMMARY OF BEST-FIT KINETIC PARAMETERS FOR SINGLE-ORDER REACTION MODEL
OF CELLULOSE RAPID PYROLYSIS

Heating Tate = 1000°C/s
Holding Time = 0 sec.

Product Ei' kcal/mole koi,s—l V*, wt %
Carbon Monoxide 16.46 7.3 x 10} 14.06
Carbon Dioxide 20.97 7.02 x 106 7.70
Methane 28.80 3.71 x 107 1.06
Ethylene ) 32.90 2.58 x 107 0.54
Ethane 31.77 1.8 x 103 0.13
Tar 9.58 0.55 x 10 23.29

Product: Total Volatiles

Heating Holding Time -1 *

Rate °C/s sec. E , kcal/mole ko,sec vV, w2
1000 0 23.47 44,51 x 102 88.39
1000 0,10,20 23.26 46.5 x 105 87.87
500 0 22.25 62.51 x 105 87.54
500 0,15 22,27 64.01 x 105 86.91
100 0 15.53 0.41 x 105 87.87
100 0.20 15.60 0.43 x 105 86.68
100,500,1000 0 14.96 0.21 x 105 88.80
100,500, 1000 0,10,15,20 20.25 6.97 x 105 87.71
500,1000 0,10,15,20 21.12 11.90 x 10 87.80

KINETIC PARAMETERS OBTAINED FOR MULTIPLE REACTION MODEL USING GAUSSIAN DISTRIBUTION
OF ACTIVATION ENERGY:

Heating Rate = 1000°C/s
Holding Time = 0 sec.
ko = 45.08 x 105 sec_1
Eo = 23.61 kcal/mole (mean activation energy)

g = 0.034 kcal/mole (standard deviation)

1%
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cellulose pyrolysis, the activation energy and pre-exponential fac-
tor are forced to be very low in order to fit the overall tempera-
ture dependence that actually results from the occurrence of differ-
ent reactions in different temperature intervals. It is also impor-
tant to emphasize that these kinetic parameters serve only as a
useful means of correlating the experimental data and in no way do
they reflect the detail chemistry of the complex decomposition pro-
cess of cellulose.

Figures 7 through 12 show the comparison of calculated and ex-
perimental fractional weights of products formed at a heating rate
of 1000°C/s, zero holding time, and over the temperature range
300-1100°C; best fit being the 45° line. The first-order reaction
model, though not a true representation, shows good fits for CO,
COz, CHA’ and tar. The large scatter observed for CZH4’ and CZHG’
as mentioned earlier, is probably due to errors introduced during
analysis.

Comparison of the kinetic parameters for overall volatiliza-
tion at 1000°C/s, obtained using the single reaction model and
multiple reaction mode, shows nearly identical values for activa-
tion energy, 23.47 kcal/mole and 23.61 kcal/mole, identical values
for pre—exponential factor 4.47 x 106 sec’l, and a very low value

of 0.034 kcal/mole for ¢ (standard deviation for the distributiomn

function). These values indicate that the single reaction is
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adequate over the temperature range 300-~1100°C to correlate the

data.

Effect of Heating Rate

Heating rates of approximately 100, 500 and 1000°C/s were
studied to obtain peak temperatures in the raﬁge 300-1100°C to study
cellulose pyrolysis. At a given peak temperature and zero holding
time, more volatilization takes place for sample heated at 100°C/s
than for those heated at 500°C/s or 1000°C/s. This expected re~
sult arises because at lower heating rates, more time is available
for conversion during the heat-up period. As an example, values
from Tables 4 and 5 indicate that for a peak temperature of approxi-
mately 400°C the total volatiles obtained for different heating
rates are as follows: 7.87 percent at 1000°C/s; 13.15 percent at
500°C/s; and 32 percent at 100°C/s. Amounts of tar and other pro-
ducts formed at 100°C/s and 500°C/s were not determined and, hence,
no comments can be made on the mechanism of the process at these
heating rates. Once again, values of 90 percent and higher for
total volatiles, exhibited at high temperature, are due to very
fine carbon particles being carried away from the hot screen by the
gases evolved.

The kinetic parameters for the above-mentioned heating rates

and zero holding time are listed in Table 6. Plots of experimental
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versus calculated values in Figure 13, 15 and 17, show good fits

to the data using the single reaction model. An interesting fact
that emerged was the significant differences in kinetic parameters
obtained for different heating rates. Attempts at obtaining a fit
for all the heating rates combined resulted in a poorer fit of data
to the single reaction model, as seen in Figure 19. The possible

reasons for this are discussed later in this chapter.

Effects of Solids Residence Time

With the electric grid apparatus used, solids residence time
or holding time is defined as the total period, including heat-up
time and the time for which the solid sample is maintained at a de-
sired peak temperature before letting the sample cool down. The
effect of holding times on the overall volatilization is shown in
Tables 4 and 5 for different heating rates. The magnitude of the
effect of holding time at lower temperatures is more pronounced.
This is due to the fact that at lower peak temperatures and zero
holding time pyrolysis of cellulose is essentially incomplete. Any
holding time provided at these temperatures shows a significant in-
crease in the yields of volatiles produced. At higher temperatures,
with zero holding time, the reaction is rapid enough to yield the
maximum volatiles obtainable at that temperature and above, during

the heat-up period itself, providing holding times at these
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temperatures show no further change in the total volatiles yielded.

The kinetic parameters obtained for the different heating rates
and for zero and non-zero holding times are shown in Table 6. Plots
of experimental versus calculated values are shown in Figures 14,
16 and 18. For a particular heating rate, the kinetic parameters
obtained are nearly identical for zero holding time and for com—
bined zero and non-zero holding times. This seems to indicate that
the reaction mechanism is the same during heat up and the isothermal
holding period, though perplexingly different for each heating rate.

The V* values obtained lie between 86.7-88.8 percent. Approxi-
mate analysis indicates volatile matter (VM) to be equal to 83 per-
cent. The greater—than-one ratio of V*/VM is reasonable since char
formation is inhibited at high heating rates and temperatures.

A possible explanation for the difference in kinetic para-
meters obtained at various heating rates could be the presence of
a heat transfer resistance between the cellulose particle and the
screen being heated. This heat transfer resistance would play an
important role as the heating rate is increased tenfold from 100°C/s
to 1000°C/s. It is, therefore, possible that the sample does not see
the same temperature~time history as the screen, there being a sig-
nificant time lag. Since the temperature time history plays an im-
portant role in fitting data to the pyrolysis model, any errors in

it would introduce significant errors in the kinetic parameters
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obtained. This, in turn, would question the ability and limits of
the electric grid system regarding heating rates and sample sizes
permissible.

Another possible explanation could be that the reaction
mechanism is truly different at different heating rates, resulting
in the wide variation in kinetic parameters. The difference in
mechanism could be arising due to competition between mass transfer
and secondary cracking, but the small particle size precludes that
possibility.

The third explanation questions the experiments carried out at
low temperatures with zero holding time, since at low temperatures,
most of the volatilization takes place during the initial period of
the cooling curve (where the cooling rate is approximately 100°C/s)
and not during heat up where the heating rate is 100, 500 or 1000°C/s.
The kinetic parameters shown for each heating rate would therefore
be a misrepresentation. An improvement in experimental method
would involve carrying out experiments at different heating rates,

but having large holding times at lower peak temperatures till
further increments in holding times show no changes in volatile
yield. This would eliminate or minimize the effects of the cooling
curve where the initial cooling rate varies from 100°C/s for a peak
temperature of 400°C, to about 300°C/s for a peak temperature of

1000°C/s. The amount of volatilization taking place in the initial
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part of the cooling curve, for low peak temperatures, is verified by
simulating volatile formation as a function of time for different
heating rates and their respective kinetic parameters. The cooling
portion of the temperature-time profiles used for simulation were
similar to those observed during experimental runs for different
peak temperatures. Figures 22, 23 and 24 show the effects of zero
and non-zero holding time.

Figures 20 and 21 show the poor fits obtained when an attempt
was made at grouping the different heating rates together. The
kinetic values appear to be an average for the combination of all
heating rates, there being a greater bias towards the kinetic para-
meters obtained for 1000°C/s alone. The reason for this bias is due
to the fact that 50 experiments were conducted at 1000°C/s, whereas
only 14 experiments were conducted at 500°C/s and 100°C/s, respec-
tively. The logarithmic plots of rate comnstant versus reciprocal
absolute temperature, and simulated volatile formation as function
of time are shown in Figures 25 and 26. The differences in kinetic

values then become apparent.
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CONCLUSIONS

Results from this study indicate the important role played by
temperature on the yields and composition of the product gases.
Lower temperatures favor tar and char formation along with small
quantities of CO and COZ' Higher temperatures favor secondary
cracking of tar yielding more CO and resulting in the formation of
CHA’ C2H4

pronounced at lower temperatures. Thus, for a fixed solids resi-

, and C2H6. The effect of solids residence time is more

dence time, volatile yields always increase with an increase in
temperature until some asymptotic value is attained. Therefore,
the possibility of an optimum temperature and residence time of
solids to obtain maximum rate of volatilization exists; the asymp-
totic values achieved by the different products further strengthens
this belief.

For the heating rate of approximately 1000°C/s and zero hold-
ing time, appreciable decomposition of cellulose begins between 350-
400°C, tar and char formation being most dominant. There is a
"step~like" change in volatile yield occurring between 500°C and
650°C until an asymptotic value of approximately 88 percent is
reached at temperatures above 650°C. CO starts forming at about
550°C while CO, formation occurs around 450°C. Both these products

2

increase with increase in temperature, CO, reaching an asymptotic

2
value of 7.7 percent at 750°C while CO keeps increasing to 14.5
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percent till a temperature of 1000°C is reached. Tar, which is one
of the main products at low temperatures, increases with temperature
reaching an asymptotic value of 23 percent at 750°C. Water along
with the other unidentified products, formed, goes through a maxima
of approximately 52 percent at 600°C and then decreases to an
asymptotic value of 43 percent with any further increase in tempera-
ture. CH4 and C2H4 start forming at 650°C, while C2H6 does not
start forming till a temperature of 750°C is reached. The amounts
of these gases formed is small, showing asymptotic values at higher

temperatures; approximate amounts being 1 percent for CH,, 0.6 per-

4’
cent for C,H,, and 0.16 percent for C.,H,.
274 276

The difference in kinetic parameters obtained for sets of ex-
periments carried out at different heating rates suggests either a
difference in devolatilization mechanism or the presence of heat
transfer resistance between the particles and the screen being
heated. This heat transfer resistance would become significant as

heating rate is increased, thus setting a limit on the particle

size and range of heating rates that can be studied by this method.
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RECOMMENDATIONS

The kinetic parameters obtained in this study do not repre-
sent the reaction mechanism but serve only as a useful tool to cor-

relate the data. Also, in this method of study a captive sample

1" 1

is subjected and forced to "see'" a particular heating rate. The
question arises: What happens when cellulosic materials are sud-
denly introduced into an inert atmosphere heated to a particular
temperature? The heating rate observed by the sample would then

be controlled by the following factors: (a) temperature of the
inert atmosphere surrounding the particle; (b) particle size; (c)
the change in particle size and its physical characteristics as
reaction proceeds; (d) properties, such as specific heat and ther-
mal conductivity of the solids and the gaseous surrounding; (e) the
heat of reaction; and (f) the anisotropic properties exhibited by
various cellulosic materials. The usefulness of the different
heating rates between 10°C/min-10000°C/s, studied by various workers,
becomes questionable for practical application to process design.
Before covering a wide range of heating rates mentioned above, a
means of predicting the rate at which the temperature (namely, the
heating rate) of the particle surface changes when suddenly intro-

duced into a uniformly hot inert atmosphere, needs to be investi-

gated. Different temperatures and particle sizes need to be studied.
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This, then, would narrow down the range of heating rates that would
be of practical interest.

A representative and practical study of cellulose pyrolysis
should involve the combined effects of heat transfer, mass transfer
and reaction kinetics without having to make drastic assumptions
that either one or more of these factors is unimportant. A contin-
uous reactor, such as a fluidized bed, free fall or entrained flow
reactor, would serve the purpose. Wide ranges of operating vari-
ables, such as temperature, solids residence time, gas flow rate,
pressure and sample sizes, need to be covered to study their
effects on the rate of devolatilization and the yield and composi-
tion of the product gases. Effects of other gases, such as nitro-
gen, hydrogen, carbon dioxide, etc., or a combination of these
gases, need to be investigated also. If all these factors are
taken into consideration, there is no doubt that the model will be-
come more complex, but it would be more accurate in predicting the

results.
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APPEND A

Listing of Computer Programs used for Data Analysis

PROGRAM CELLU(DATA3,QUTPUT, TAPES=DATAT, TAPES=0UTPUT)

INSL ROUTINE "7XSSQ" MININIZES THE SUM OF SQUARES OF M

FUNCTIONS IN N VARIABLES USING & FINITE DIFFRENCE LEVENBERG-
MARGUARDT ALGORITHN. \

SUBROUTINE DIFF: EVALUATES THE RESIDUAL VECTOR F(1),F{2)...,F(H)
FOR GIVEN PARANETER VALUES A(1),A(2)..... AN,

SUBROUTINE ZINTG: EVALUATES SUM OF INTEGRALS QVER LINEAR SEGMENTS
OF THE RECORDED TEMPERATURE-TIME WISTORY.

EXTERNAL DIFF

INTESER M,N,IXJAC,NSIG,NAXFN,10PT,I,INFER,

TER,L(85) KK .

REAL PARM{4),A(3),F(17),XJACC17,3),XJTJ(4)  HORK(SS),

v EPS,DELTA,558,XJTJ, TENP(20,25),5L0PE(20,2D),

YOLA(20,2%),6(25),PHIC2S), THETA(2S),B(2D)

COMMON/CY/TEMP,SLOPE,L,R

COMMON/C3/UOLA,LG,KK,B

NUMBER OF EXPERIMENTAL DATA SETS TO BE READ IS #..

H=17

R=1.9872

YOLA: X OF EACH VOLATILE SPECIES FORNED

READ(S,15) ({VOLACI, ), I=1,7) J=1.1)

FORNAT(2X,7F10.5)

READ(S,20) (L(K),K=1,H)

FORMAT(2YX,414/2X.516/2X,518)

10 55 K=1,M

=LK

READ(S,25) (TEMP{I,K),SLOPE(I,K),I=1,NN)
FORNAT(IX,F7.2,3X,F11.4)

CONTINUE

SELECT VOLATILE SPECIES BY CHOOSING kX=1 TQ 7; CO,CH4,C02,
C2H4,C2H6,TAR AND WATER RESPECTIVELY.

KK=1

SUPPLY APPROPRIATE PARAMETER VALUES FOR IMSL ROUTINE USAGE.
=17

N=3

IXJAC=17

NS1G=4

£P5=0.0

DJELTA=0.0

HAXFN=1000

10PT=1

PARN(2)=1.5

SUPPLY INITIAL BUESSES FOR ACTIVATION ENERGY.EI(A(1)):INITIAL
RATE CONSTANT ZKDI(A(2)):AND VSTAR VALUE a(3).

(11210000,

A(2)=5000,

#(31=14.00

CALL ZXSSB(DIFF,M,M,NSIG,EPS,DELTA,NAXFN,IOPT,PARN,A,
$50,F, XJAC, IXJAC,XJTJ, WORK, INFER, IER)

WRITEL4,30) ACT),A(2),A(3),550,(FID),I=1,1)
FORMAT(2X,+ET=%,E10,4/2X,+IK01=%,E12,4/2X , #¥5TAR=2,F8, 4/2X,
+580=%,E10,4/2X, *HININISED FUNCTION VALUES#/(12X,E10.4))
WRITE(4,35) (WORK(I),I=1,5),INFER,IER

FORMAT(2X, +4ORK=#,E10.4/4(7X E10.4/),2X, 4 INFER=#,15/2X, s [ER=+,I%)
CONTINUE

10 40 K=1,¥

BR=B(K)#A(3)

CC=YOLALKK,K) /A(D)

URITE(4,45) YOLACKK,K),B38,CC,B(K)
FORMAT(SX,F10.5,5X.F10.5,5X,F10.3,5X,F10.3)

77



40  CONTINUE
64 STOP
END

[or Bw}

SUBROUTINE DIFF(A,N,H,F)
INTEBER M.N,I,KK

REAL A(M),F(H),VOLAC20,25),6¢25) ,PHI(25), THETAC2S) , B(2D)
CONNON/C2/PHI, THETA
LOMHON/C3/V0LA,G, KK, B

90 45 K=1,M

CALL ZINTBIACT),A(D),K)
IF(THETA{X).LT.-50.) 80 TO 30
=], -EXP(THETA(K))

SELIES]

259

B =GLK)
50 CONTTHUE

J=K

F 1 =UBLATKE, ) 703 ~R(K)
45  CONTINUE :

RETURN

END

SUBRQUTINE TINTG(EI,IKOI,K
REAL TENP/20,25),5L0PEC20,25),R,FHI(29), THETA(2S)
COMMON/CY/TEXP,SLOPE,L,R
CONMON/C2/PHT, THETA
M= (K)
PHIS=).0
00 30 J=2,4M
IFCTENPCS,K) LERLTENPC-1,K)) GO TO 45
PHICIY=R/(ETSSLOPEL =1 ,K) IS (TEMPLJ,K) 32,601, <2, #R%
TEMPCJ,K)/ETISEXP(-EI/(RATEUPCJ,K) ) ) -TENP(J-1,K) 52,
N kL1, -2 «R*TERPCJ=1  K)/ET)$EXP(-ET/ (RATENP(J-1,K)) )
33 70 30
JEL=8LOPEL}-1,K)
FHIO S =BELSEUR{-ET/(R*TEMP( ), M)
S0 PHIG=PHIS+PHIL D)
CONTIHUE
THETH(X)=-ZHOI+PHIS
RETURN
END

&=

k.
wn
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- PROGRAM PYROL!{DATA3,QUTFUT, TAPES=DATAZ, TAPES=0UTPUT)

THIS PROGRAN 1S USED IN FITTING DATA 70 THE STATISTICAL ISTRIBUTION WODEL.

EXTERNAL GAUSS

INTEGER M N, IXJAC,NSIG,MAXFN,I0PT,1,INFER,
IER,L(23) ,KK

REAL PARM(S),A(T),FUI7),XJACU17,3),XJTICH) , UORKISS),
EPS,DELTA,58Q,XJTJ,TENP(20,25),3L0PEC29,29),

I I0LAC2D, 25

SOM#ON/C1/TENR SLOPE,L.R
COMMON/CI/UOLA, KK, USTAR, 3(25)

MINKER OF EXPERIMENTAL DATA SETS,N.

#ei7

R=1,9372

READ(S,13) (VOLA4Y, 0y, d=1,M)

FORMAT(2X,F19.5)

READ(S,20) (L{K),K=1,M)

FORMAT(2X,818/2%,815/2X,516)

00 55 K=t M

NN=L (K)

READ(S,25) (TEMP(I,K).SLOPE(I,K),I=1,NN)
FORMAT(3X,F7.2,3X,F11,4)

CONTINUE

T0 SELECT VALUES FOR TOTAL VOLATILES ONLY,SPECIFY K=l
3 SUPPLY USTAR YALUE FOR THE SAHE.

KK =1

Y5TAR=AT, 541

ZUPPLY APPROFRIATE PARAMETER VALUES FOR INSL USAGE.
#z17

H=3

14Jac=17

NSIG=4

£P§=0,0

NELTA=0.0

HAXFN=1000

[0PT=t

FARM(2)=1,5

SUPPLY INITIAL SUESSES FOR ACTTUATION ENERGY.EI(A{11):
INITIAL RATE CONSTANT ZKOT(AC2)): AND 3GMACAC3)) FAR
SAUSSIAN DISTRIBUTION FUNCTION OF 1 VALUES.

A=, 1974809 '
A(2)=.4831E05

A(3)=500.

CALL ZXSSG(GAUSS,M,N,NSIG,EPS,[ELTA, MAXFN, I0PT,PARN, A,
S50,F ,XJAC, IXJAC,XJTJ,UORK, INFER, IER)

WRITE(4,30) A(1),A(2),A(3),550,(F(I),I=1,M)
FORNAT(2X,*ET=2 E10,4/2X,¥IK0T=2,E12.4/2%, «SIGMA=2 £10.4/
2X,#550=#,E10.4/2X, sHININISED FUNCTION VALUES#/(12X,E10.4))
YRITE(4,33) (WORK(I),I=1,5),INFER,IER

FORNAT(2X, *WORK=3,E10,4/4(7X ,E10,4/),2X, ¢ INFER=#, 1S/2X, tIER=s,15)
20 40 K=t,4

IB=USTARSR(K)

WRITE(4,30) VOLACKK.K) BB

FORMAT(SX,F10,5,5X,F10.5)

CONTINUE

3ToP

END
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SURROUTINE SAUSSUA M, N, F
INTEGER ®,N,1.KK

REAL ACH) M) UNLALZD,29) ,AVAL(10,29),6(10.28),Y(25)

COMMON/C2/PHIC2S), THETAL20,25)
COMMON/CI/VOLA, KK, YSTAR,B(2D)
SRITE(S,10) AL1),A(D),A(D)
FORMAT(4X,E12.4,3X,E12.4,3X,E12.8)
EI=al1)

IKDI=4(2)

SGHA=A(T)

EMIN=EI-2,%3GHA
EMAX=ET+2,45GN4

H= 545644

5GMA2=.5/(56MA*SGHA)
SGMA3=1./(56HA%2.50643)

00 435 K=1,#

35 J=1.9

EHIMN+HE -1

LL ZINTSIE,ZKDILK, D

4

o3
[
o

“ Le €341

AVALE LK) LT, -20,) 650 TO 50
1, RY=EXPLAVAL(J,K))

G0 70 55

G0J,¥)=0.0

CONTINUE

CONTINUE

00 35 K=,

Y < X W

3 -

]

YOO =G K42 (GLT, KI+GIT,KI+617 K0 +4. 3 (62, ,K) +G(4,K) +

GOA,MY+G{3,K))+6(9.K) YeH*, JITTI45GHA3

FU=YOLACKK KT /VUSTAR~T.+Y(K)
BRI, =7 1K)

RETURN

HD

SUBROUTINE ZINTG(EA,ZK,K,J)
INTEGER ¥,L{23),4

REAL TEMP(20,25),5L0PE(20,25),R
COMMON/CZ/PRI(2D), THETA(20,25)
COWMON/CI/TENP,SLOPE,L,R
NN=L(K)

FHIS=9.9

ng ' I=2,M4N

IFOTENPAT,H) VEQ, TEMP(I-1,K)) GO 7D 1S

FHILIN=R/CEN#SLOPE (Tt X)) (TENP(T )2 (1,2, %R
TENPAT MO /EQIREXP{-EA/(RSTENP LT K1) ) -TEMPCT-1 K) #x2,
#01, =2, kRTEMP (11, K) /EAYAEXP{-EA/ (RHTENP(T-1,K13))

50 7D 20

DEL=SLOPELT-1,K)
PHI(T}=DEL*EXP{-EA/ (RATEMPLI,K)))
CONTINUE

PHIS=PHI (1) +PHIS

CONTINUE

THETA(J,K) =-ZK*PHIS

RETURN

END

LOJJKOISTHETAL ) )= E~ET) #{ E~E T ):kGLNA2
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APPENDIX B

| Listing of Total Volatile Yields and the Temperature-Time History
Recorded for each Experiment

OATA QET NUMBER: 1
TOTAL VOLATILE ¥= 91.77

TINE TENF SLOPE
9.000 297.00 1361.847
.600 1114.00 527.500
1,000 1323.00 -489.333
1,480 794,30 -235.2%4
2,200 754,00 -105.290
3,100 585,00 -47.782
7.2 221,30 -17.378
12,100 354,75 -4.545
17.150 321.10 -2.900
29.200 297.00 1.000

OATA SET NUMBER: 2
TATAL YOLATILE %= 89.28

TINE TEMP SLOPE
0.300 294.09 1371.167
400 1118.79 433,250
1,000 1312.99 -454.37%
1.430 997.90 -248.472
2,209 304,40 -108.750
3.200 387.10 -48.333
7.200 442,10 ~16.990
| 12,200 357.40 ~4.929
20.240 309,20 ~1.325
30.290 294.00 1,000

‘ GATA SET WAUMBER: 3
‘ TOTAL UOLATILE %= 87.45

TINE TENP SLAPE
5.000 295,00 744,000
1.000 1257.09 -491,344
1,32 1003.30 -333.342
2.250 769,00 -121.713
3.450 589.40 -55.200
5.700 465.40 -23.7%5¢
7.700 370.4¢ -9.350
13.900 331.00 =-3.01
26.900 309.50 1.000

‘ DATA SET MUNBER: 4
‘ TOTAL VOLATILE %= 8%.10

‘ TINE TENP SLOPE
2.000 295,00 52,000
1.000 1238.90 ~542.714
1,700 373.10 -152.89%
3.400 587.40 -57.5819
5.700 446.40 -28.471



JATA SET NUMBER:
TOTAL YOLATILE 2=

TINE
0.000
L350
700
1.3%0
2.200
3.949
4,750

TEWP
297,
793.
1229.
943,
733,
373.

438.7

163,

.

391,

JATA SET NUNRER:
TOTAL VOLATILE %=

TINE

0.000
L9900
.480
.400
.180
2209
.200
2280

L1 o~ O LA Y

[

TENP
297,
1137,
874,
457.
a7,
375,
2.
391,

GATA SET NUMBER:
TOTAL YOLATILE %=

TIME

0.000
L7200

1.300

TEHP
29%.
1159,
37%
582.
338,
429.
359,
i
301

JATA SET NUNBER:
TOTAL YOLATILE %=

TINE

2.000
<300
340
.280
.40
040
040
L300
.040

— L ) e 1D

r

© TEMP
295,
1117,
873.
682.
326.
410,
348.
321,

309.

38.73

29

00
00
20
80
34
)
10
20

-

4

87.20

%0
90

.50

20
10
70
1)

20
.30

8
88.50

390
20
i)
70
10
40
?0
20
20

.333

287

L2113

204

5LaPE

1244,
472
-5373.
-237.
-1902.
-45,
-18
-7
-2

1.

344

371

3467
778

102

017

647
7

133
300

SLOPE

.889

835
036
207

.433
729

g

133
000

SLOPE

949,
~-472
=310,
~101

-9,
-7.
-2

200

.300

948

.331
-47.7

200

225
2.757
306

SLOPE

1027,
-447,
-208.
-98.
-33.
-15
~6.
-1.
1.

500

222

194
377

367

375

793
797
209
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TATY 3ET : 2
TATSL UDLATILE %= 37,3
TINE TEMP SLOPE
0,080 197.00 1047.500
.300 1103.00 -308.409
1.240 879.30 -194.009
2,240 485.30 -92.427
4.300 515.50 -32.739
7.330 - 399.10 -13.338
11.850 345.7% ~5.043
15.889 321.50 =3.033
21.850 303.30 1,909

DATA SET NUMBER: 10
TOTAL VOLATILE %= 88.47
TINE TENP SLOPE
30300 297,00 943,000
309 1946%.09 =-402.05!
1,389 TR =123,454
3.149 382,50 -43.333
5.140 425.00 -17.921
19,130 332.40 -8.233
14,180 315.20 -1.334
24,200 302.99 1.000
UATA SET NUMBER: 11

TOTAL YBLATILE %=  34.38
TINE TEHP sLape
9,009 294,90 1047.143
700 1029:90 -282.778
1,500 771,50 122,143
3.140 536.49 ~44.345
5.150 445,00 -18.028
11,150 355.70 -5.811
17.200 320.40 -1.311
25,250 304.39 1.000
BATA SET MUMBER: 12
TATAL VOLATILE %= R4.19
TIHE TENP SLOPE
7,300 295,00 922,288
L709 340, 40 242,175
1,300 719.90 -108.315
1,280 538.19 45,200
£.280 $47.7 -20.77%
9.280 364.40 -9.480
14,280 321.20 -2.900
19,230 306.70 1.000
DATA 3ET MUMBER: 13
TOTAL VOLATILE %= 31.722
TINE TEWP SLOPE
2.009 294,90 195,547
L4800 392.99 ~208.900
1.400 775,40 -97.350
3,400 529,50 -33.333
5,400 114,90 -17.125
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[y
T

a9

L350
L 480

L300

Trs, 30 REPERT
11,399 -2.414
303,30 1,000

DATA SET NUMNHER:
TOTAL YOLATILE %=

TIHE

9

000
600

14

84.95
TENP SLOPE
274.00 $90.000
3%0.00 ~210.444
700.50 -98.023
541.30 -44.,219
431.30 -19.920
3156.10 -6.313
321.99 -2.255
297.99 1,090

TATA 3ET NUMBER:
TOTAL YOLATILE "=

T
9

1
3
4
10
14

N

THE

L300
.400
£330
£330
830
330
L3390
L339

3.4

TENP 5LOPE

293.00 744,647
363.00 -173.740
549.30 -72.850
503.40 -33.147
304,10 -14,575
345.80 -5.050
321,40 -2.a14
303.30 1.009

NaT4 IET NUMBER:
TATAL YOLATILE =

TINE
5.999
L300

[P
O LN O O e e

2]

JATH SET HUHE
TOTAL WOLATILE

430
400
L300
L300
400
420

TINE

i}

g Coh -

O -

.00
.400
.359
. 400
. 300
.400
409

JATA SET NUHBER:
TOTAL VOLATILE %=

TINE

9

.00
L9709

14
19,33
TENP SLOPE
297.090 1044,000
319.00 -202.222
437,20 -72.300
491.40 -32.347
394.30 -12.725
343,40 -3.3490
116.7 ~2.440
Ina.30 1.000
ErRe 17
£ 5= 3.3%
TEHP SLOPE
294.00 145,000
722,00 -151.379
573.00 -53.541
448.20 -24,400
370.40 -9.150
334.00 -3.48%
309.390 1.000
13
7).72
TENP SLOFE
277.00 993.209
1113.00 2,497
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£ O B -~ a0 L

) -

(322
749
.79
.740
748
.762

742

1143,00 =372,
799,90 114,
361.65 -43,
429,40 ~14.
345,16 -8.
321.10 1.

DATA SET NUMHER: 19
TOTAL VOLATILE %= 8§9.51

TINE

9,

Sndil & IF OF BE R IR

V]

(%X

000
.800
400
L4090
2209
.090
000
13

L0908

260
170
100
309
020
000

TENP SLOPE

297.00 742.500
1967.00 ~40.000
1931.00 4,500

1067.00 -381

.009

338.49 -120.300
397,32 ~34.119
465,50 -20.009
145,20 -4,020
197,00 1,900

DATA SET NUMBER: 20
TOTAL YOLATILE %= 37,93

TINE

0

-
<

?
10
12
17
2=

=t

000
700
.199
L013
313
413
.409
407

TENP SLOPE

297.00 1003.140
999.20 -34.500
?50.80 3,500
975.00 ~207.300
584.50 ~78.430
32707 -31.500
3469.30 ~4.050
309.31 1.000

DATA SET WUMBERy 21
TATAL YOLATILE %= 35.70

TINE

9.

200
<409
495
. 399
L 495

5,495

495

TEHP SLOPE

297,00 1018.100
907,53 -44,390
399,90 7.700
357.00 ~133.719
373.20 -42.739
407.30 -12.219
321.33 1.269

GATA SET NUMBER: 22
TOTAL VOLATILE %= 33.34

TINE

0

-
<

?

10.

14

19.

28

QATA

000
500
.334
.133
333
.833
328

.340

TERP SLOPE

297.00 1078.000
834.00 -23.330
780.38 -1.950
768.00 ~120.000
370.00 -40.250
409.90 -13.400
341,08 -4.,43)
310.00 1.000

SET NUMBER: 23
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TOTAL ¥OLATILE %=
TIHE TEAP
3.000 295.00

.400 7124
1.400 875.79
?.227 488.00

11.424 51701
15.431 388.9¢4
19.432 341.35
24,432 316.9%

DATA SET NUMBER: 24

TOTAL VOLATILE %=
TIME TEMF
3,000 298,40

300 234,25
1,230 372,04
7,233 342,00

11,437 441,38
14,482 381.38
13,4550 333.29
28,512 304.31

DATA SET NUMBER: 25

TOTAL VOLATILE %= 29
TINE TEXP
9.909) 298,90
1,309 1172.73
2,799 t221.34
7.39% 1233.52

12,399 1279.50
19.793 1002.50
20.795 759.34
23.7%% 491,3%
28.798 370.27
38.7%8 31677

TATA SET NUMBER: 24

TATAL VOLATILE %= 9
TINE TENP
4.990 297,00

.700 1173.00
12,509 1173.00
20.300 320.3%
32,490 564.39
25.399 a3t
31,401 339.89
39.401 309.49

DMATA SET NUNBER: 27

TATAL YOLATILE %= 3
TINE TEMP
0.000 (297,00

.800 1089.90
19,200 1089,00
20.000 301.090
22.900 541.00

SLOPE
1043.300
~34.520
1,580
=77.790
-32.009
~11.900
-4.380
1.000

5LOPE
-48.3240
-1.5490
-50.,200
-20.100
-12.059
-2.700
1.000

2,450

SLOPE
374.730
28,410

il 1

2049
~448.750
-243.140
~-89.140
~24.300
-3.350
1.000

9.43

SLOPE
773,330
18,600
-392.000
-127.710
~44,500
~15.200

1.900

8.7%

sLOPE
794.009
18.4090
-340.000
-123.000
-44,000
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129,39
130,20

&l

309,90

DATA SET NUMRER: 28
TOTAL YOLATILE %= 37,

71
9.

HE
090

700

[ S R R
=T I I = Bt

450
L1956
796
795
792

.332

TEWP

294.00
984.40
949,83
374,00
433.73
485.72
381.78
343.00

TATS SET NUNBER: 29
TOTAL YOLATILE %= 3&.

71

0.
19,
A
25,
32.
42

ME

900
500
251

.551

333
340

544

TEMP

295.00
388.42
364.00
548.50
408.44
322,23

303.78

UATA SET NUMBER: 30
TOTAL VGLATILE %= 31,

TI
9

ME

. 000

L300

18.
21
24
190,
40.

212

AR
L3

312

312

TENP

298.00
780.00
748.00
332.78
421.43
334.84
302,49

TATA SET AUMBER: I
TOTAL UOLATILE %= 44,

TI
i}

dE

.0990

L300

1
19.

el
ke

200

YA

2.3

27.

39.

g9
919

TENP

299,00
708,00
669.30
473.00
473.00
366.73
104,25

DATA SET NUNBER: 32
TOTAL WOLATILE %= 4.

TI
9

ME

000

.300

1
19.

200

L4
293

TEN¥P

298.00
371.50
554.75

$47.00

b4

L300

500

5LOPE

983.
-43.
te
-18f1.
~46.
-25.
-12.

1.

49

700
229
342
300
149
000
100
D]

SLOPE

989.
1.329
-128.

-40.

-12.
839
1.

-1

-1

0

406
50

000
300

000

5LOPE

744,
-1.
-89.
-37.
~-14.
-3.
1.

[

320
739
700
1190
439
215
300

SLOPE
1922.590

-39.

876

370

~562.500

-21

250

~3.200

1.

32

300

SLOPE
973.330

-a0

-5t

.330
S77
450

87



, DATA SET NUMBER:

TATAL YOLATILE ¥=

TIRE
0.000

. 640
1,000
1.280
1.850
2.900
4.700
7.990
1.348

5.7042

NATA 3ET MUMBER:
TOTAL VOLATILE %=

3

TIHE

5.000
540
700
.500
L5090
140
L1890
.130
L1809
.193

L R S N R i B

JATA 3ZET NUNBER:
TOTAL YOLATILE %=

3 -

TINE
2.000
330
L9090
. 340
L399
.20
-bi
701
7N

L I I T T I

TATA SET NUNBER:
TOTAL VYOLATILE 2=

L

TINE

0.200
700
£330
.73
400
400
.300
L3954

RN S

o O

133,10 113,349
139,133 -7.94
19%.7% 1,000
33
38.39
TENP SLOPE
297.00 1277.460
114,70 $17.500
1265.00 -944.079
994,50 -337.729
802.90 ~140.290
$33.70 -72.150
189,40 -32.070
393,20 -13.230
310.70 -5.459
311,90 ~1.419
297,09 1,200
33
83.97
TENP 3SLOPE
297.00 1252.500
998.40 40,000
1216.00 -544.170
377.50 193,400
484,190 -38.480
539,99 -39.77
418,19 ~14.529
745,50 ~4.040
315.30 -1.519
103.20 1,000
15
38.00
TENP SLOPE
1272.090
$04.710
-474.340
-207.419
-30.199
-24.430
-10.940
-2.7990
1,000
34
87.98
TENP SLOPE
294,00 1041430
1025.00 -140.000
773.00 -124.940
597.80 -53.210
495.40 -12,500
397.90 ~11.490
129,20 ~2.410
199,90 1.000
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GAaTa SET NUMBER: 37
TOTAL VOLATILE %= 84.48

TINE

3.900
800
.400
.000
000
672
477

[v+ B * S ¥ B

TEHP SLOPE

297.00 1044.920
725.15 -341.340
731,92 -105.470
542.83 -44,280
430.00 -13.970
339.42 -4.,310
3199.23 1.000

IATA SET NUMBER: 138
TOTAL VOLATILE %= 34.890

TINE
3,200
L300
L4090
400
L4900
. 401
.405

O = O~ Ld

TEMP SLAPE

297,30 394,000
371.09 -214.300
17,95 -§9,339
320.29 -38.730
404,02 -13.349
334,30 -4.940
319.08 1.000

DATA SET NUMRER: 39
TOTAL VOLATILE %= 728,34

TINE

7.000
.a00
A7
L0720
L0697
19.970
17.0488

a0l

TENP SLOPE

294,99 971,870
377.00 -297.709
739.15 ~-103.,050
$33.9% -37.420
420.21 -13.400
344,50 -3.240
309.30 1,909

DJATA SET NUHBER: 30
TOTAL YBLATILE %= 81.%8

TIHE
5.900
.500
1,300
1,300
5.300
10,801
14,798

TE#P
297.00

DATA SET MUNBER: 41
TOTAL YOLATILE %= 78.19

TINE

0.909
500
L300
.300
L300
L300
L300

—-
N B = O P

TEMP SLOPE

295.00 946,470
363.00 ~210.710
715.39 -98.330
318.80 -34.320
414,33 -14,750
349,49 -5.129

309.38 1,490
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1ATA ZET AUMRER: 42
TOTAL YOLATILE %= 47,40

TIME TENP SLOPE
2,000 296,90 978.000
L300 795.00 -172.529
1.400 433.43 -74.3790
3.400 484,29 -29.000
6.400 397.29 -14.579
?.40¢ 347.37 -5.,219
153.404 310,29 1,040

DATA SET NUMBER: 43
TOTAL VOLATILE %= 32.53

TTHE TENP SLOPE
0.000 295,909 293,000
L300 792.50 -205.150
1,100 568.31 -830.400
3.109 508.01 ©=33,2%0
5.074 409,04 -15.469
10,477 470 ~4,5490
13.072 310,11 1.009

DATA SET NUMBER: 34
TOTAL YOLATILE %= 41,40

TINE TENP SLOPE
2.909 297.00 984,900
500 789.00 -149,330
1.5%0 411,20 -49.310
3.330 499,39 -31.080
$.539 397.34 -16.380
?.530 347.50 -5.220
15.547 310.30 1.000

DATA SET NUMRER: 45
TOTAL YALATILE %= 9,42

TINE TENP SLOPE
0.000 295.00 1045,000
L300 713.90 -142.370
1,400 ©49.43 -44,970
4,400 428,77 -1%, 440
‘ 16,398 334.30 -4.949
15,402 310,28 1,000

| JATA SET NUMBER: 44
1 TOTAL VOLATILE %=  9.48

TINE TENP SLOPE
0,900 295,00 1022.500
. 400 705.00 -154,290
1.200 581.57 -45,240
4,200 445,80 -21.400
3.200 159,40 -9.248
| 12,199 322.37 -4,329
? 15,194 305.10 1.000

DATA SET NUMBER: 47
TOTAL VOLATILE %= 3.23



4.300
3.300
14,514

DATA SET
TOTAL VO

TINE
3.000
.400
1,200
1,299
204

14,193

DATA SET
TaTAL V0

TINE
7.909
L400
300
.300
.300
. 303

[0 = I S

1aT4 3ET
TOTAL VD

TINE
3,009
L300
1,750

4,75
9.748
14,744

AT SET
0 4n

15,199

DATA 3ET
TOTAL Y0

TINE

.000
2.000
4,400
7.400

>

TIMP
297,
439
547,
322
147,
310,

NUNBER:
LATILE I=

TE#P
294,
679.

533,

29

09

12

b

e

28

48

177 43

329.8

310,

HUMBER:
LATILE %=

TERP
291,
357,
521
414
347,
310,

NUMBER:
LATILE %=

TEMP
274,
5619,
492,
398,

49

00
40

.00
.35

3
20

10
00
33
43

333.22

319,

HIMBER 2
LATILE %=

TEHP
293.
345,
492.
419,
379
309.

NUMEBER:
LATILE %=

TEHP
303.
1299,
957.
300,

odnd
&

84

3

99
0
00
00

.33

50

32

9

20
00
30
13

7.37

3.1t

3.36

3,80

0.98

tLare
1905.399
148,749
~-38.7490
-18.590
-4.230
1.000

SLOPE
957.500
~156.500
~42.040
-17.019
~5.170
1,209

SLOPE
711,000
-97.430
-35.580
~14.749
-3.310
1,300

sSLaPE
1073.330
-846.520
-31.371
-13.050
-4.320
1.000

5L0pPE
904.470
-81.1190
-34.500
~16.220
-4.750
1.000

5LOPE
493,599
~-180.480
-%1,539
-8.260
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12,4492 7.5 =357
14,399 303.400 1,090
DATA SET NUMBER: 33
TOTAL VOLATILE %= 88.54
TIME TENP SLOPE
0.000 303.00 472.229
1.800 1153.90 -283.140
31.559 454.00 -53.290
7.350 440.34 -t1.19
17,350 328.93 =1.145
37.393 306.09 1.000
DAT4 3ET NUMBER: 5S4
TOTAL UDLATILE %= 38.13
TINE TEMP SLOFE
3.000 301,90 493,409
1,300 1093,00  -231.440
2.3%0 741,20 -39.379
7.859 444,34 -11.590
17.888 327.00 =1.097
32.510 310.74 1.000
DATA SET MUMBER: 35
TOTAL YOLATILE %= B84.49
TTHE TEMP SLOPE
7.999 301,00 430.009
1,400 373,90 -183.300
J.650 340,50 -34.500
8.450 338.00 ~6.300
13,450 323.00 -.333
33.434 319,350 t.000
DATA SET HUMBRER: 34
TOTAL VOLATILE Z= 34,30
TIHE TEMP SLOPE
3.000 299,30 474,179
1,294 348.09 -114.330
4,200 323.50 ~24,530
i9.399 i58.18 =5.149
29.391 304,32 -.377
30.3M 298.03 1,200
DATA SET NUMBER: 57
TOTAL VOLATILE Z= 44.39
TINE TEMP SLOPE
0.000 299.00 420.9009
1.000 719,00 -466.530
4.7% 469.50 ~19.710
2730 369.74 -%.0%0
14,750 3241 ~-2.198
28,750 302.73 1.000
DATA SET MUMBER: 38

TOTAL YOLATILE 2=

13,15
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TIHE TEHP ILOPE
| 3.200 309,99 423,759
300 563,00 =70.210
J.330 448.00 =20.019
2.551 347.73 -5.444
13,351 311,49 -1.,283
29.045 298.0¢ 1.000

 DATA SET NUMRER: 959
TOTAL VOLATILE 2= 92,01

TIHE TENP SLOPE
0.000 301.00 478.7469
2,000 1258.352 2.340
3.507 1277.00 4,500
15,007 1277.09 -349.320
15,507 TA5.TS -98.3%9
19,397 568.94 -33.2590
23.397 192,37 -8.200
33.319 322.27 -1.239
43,495 310,00 1,200

DATA SET NUMBER: 49
TOTAL VOLATILE %= 91.43

TINE TEHP SLOPE
0.900 303.90 452,789
1,301 1118.25 1470
15.004 1140.30 -333.200
15,504 540,30 =45.330
19,304 444,30 -18.379
13,368 352,483 -2.889
37,411 319.00 1.009

| DATA 3ET HUMBER: 41
| TOTAL VOLATILE 2= 37,44

| TINE TENP SLOPE
| 2,900 301.00 $70.250
. 1085.40 -22,499
1951,92 1,950
| 106,57 -277.100
| £50.37 -30.389
124,13 -11.79
334,99 -1.909
317.00 1.000

DATA SET NUMBER: 42
TOTAL VOLATILE %= 88.00

TINE TEWP SLOPE
7.000 303.00 198,440
1.400 1001.10 ~t.914
14.300 774.00 -217.4600
16.000 449.60 -52.770
19.000 461.30 =12.390
29.4902 335.77 -1.500
44,949 313.20 1.000

JATA SET NUMNBER: 43



TATAL URLATILT Y= 33,73

TI%E TEMP SL0PE
0.200 299,00 475,839

1,209 371.20 -1.710
14.767 348.00 -142,450
18,747 343.19 -36.100
21,747 382.69 =7.100
31,753 It1.70 =1.279
41.753 299.09 1.000

DATA SET HUMBER: 44
TOTAL VOLATILE %= 83.30

TIME TENP SLOPE
9.000 299.00 451,350
1,000 740,33 1.345
14,902 784.00 -122.139
17,902 ¥29.20 -34.200
20,002 424.70 -10.299
30.003 317.39 -1.3%90
37.99% 19900 1.990

UATA SET NUMBER: 45
TOTAL YOLATILE 2= 72,11

TINE TENP SLOPE
9.040 300.00 495.3500
L399 576.40 .183
19.000 499.99 -45.410
18.75 433.73 -14.230
25,749 140,13 -3.100
33.743 309.15 1,000

DATA SET NUNRER: 44
TATAL VALATILE %= 90,92

TIME TENP 5LOPE

5.000 297.00 3102.790
3.000 1205.33 4.054
19,300 1247.74 -273.480
11.993 498.31 -50.370
17.732 407,21 -2.183
7.782 315,38 -1.42%
42.7%7 390.09 1.300

DATA TET NUMBER: 47
TOTAL VOLATILE 2= 92,21

TINE TEHP 5LOPE

9.000 297.99 235.320
3.500 1120.482 7.700
9.004 1143.00 -291.379
10,404 594.81 ~47.090
14.604 414,27 -3.400
28,103 315.3 -1.538
38.103 300.00 1.000

4T4 SET NUNBER: 48
TOTAL VOLATILE %= 37,71



£rd D —

[ RN~ 2N N SN B IS Y
" a8 & a &

Fenild

301.31

TATA SET NUNRER: 49
TOTAL UOLATILE %= 84.1%

T

INE

000
754
022
kel

TENP

298.00
835.00
972.00
554.29
148,464
3150
299,09

DATA SET NUMBER: 790
TOTAL YOLATILE %= B84.352

[+ VRN S e e

13.
23,

38

IME

000
.250
.000
2200
290
200
137

TENP

299.00
747,12
873.90
597.71
41413
323.92

301.10

DATA SET NUMBER: 7t
TATAL VOLATILE I= 35.11

TINE TEMP
9.000 298,00
2.300 519.20
3.995 380.00
3.74% 303.80
17,149 336.47
32.145 299,00
IATA 3ET NUMBER: 72
TATAL WOLATILE Z= 32.73
TIHE TENP
5.000 299.09
3.000 788.00
8.200 513.52
13.199 3gs.19
23.174 322.32
18.194 304,13

DATA SET HUMBER: 73

TOTAL VOLATILE %=

T

IME

3.000
4,000

TEMP
299.00
561,00

31.27

SLOPE

000
100
L3530
410
$343
.079
000

SLOPE

144
38.
-17%
-34
-9
-1

040

139
AL
FORES
821
000

SLOPE

137,

79.
~134.

-19.

-2
e

1.

530
o84
309
720
498
009

SLOPE

?7.

~-83.

~25.
-6
-1.
e

800
780
479
370
226

200

SLCPE

?9.
-49.

500
340

95



2,404 18t,57 -13,379
13,400 337,38 -4,.220
23,435 315,99 -1,404
313,314 301,11 1,009

DATA SET NUMBER: 74
TOTAL VOLATILE %= 86,45

TIME TEMP SLOPE

0.900 300.00 t71.320

3.250 3%8.40 41.35

5.250 242,10 1.417
19.999 953.00 -126.520
23,249 531.80 -25.380
30,499 347.30 -5.300
10,495 314.32 -1.350
0,510 301,00 1,999

JATA 3ET NUMBER: 79
TOTAL WOLATILE ¥= 85,27

TINE TENP SLOFE

3.999 298.00 124,300

4,000 304,00 28.000

4,000 360,20 -2.000
20,000 332,90 -95.300
23.300 194,79 -18.740
31.702 333,00 -2.309
15,702 301.90 1.000

JATA& SET NUMRER: 74
“OTab VOLATILE %= 35.42

TINE TEMP SLOPE

5.990 299.00 121,140

4,400 232.040 24.250

5.000 374,90 -1.400
20.000 349.00 -102.509
23.000 552.30 ~-24.460
31,001 356.80- -3.720
44,001 301,20 1,000

TATA SET NUMBER: 77
TOTAL MILATILE %= 31,30

TIHE TERP SLOPE

9.000 299.00 115.349

3.300 702.70 32.400

5.250 794,40 -2.332
20.001 740,00 -88,550
22.7% 314.50, -25.780
27,75 3187.40 ~3.779
42,749 301.00 1.009

DATA 3ET NUMNBER: 78
TOTAL VOLATILE Z= 34.01

TINE TEXP 5LOPE

3.000 279.00 97.3%0

3.000 758,90 -2.212
19,398 784,00

-53.780
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24,498
30.748
45.764

470.79
346.40
301.20

UATH SET WUMBER: 79

TCTAL VOLATILE %=

TIRE

¢.000

4.000
20.000
24,300
31.750
46,771

TENF

299.00
633.00
667.00
441.86
340.50
304.00

73.43

-19.899
-3.010
1.000

SLOPE
88.300
.873
-30.030
-13.789
~2.430
1.000



APPENDIX C
Yields and Temperature-Time History Recorded for each Experiment

co CHa £o2 C2H4 C2Hs TAR UATER
14,330 1,118 7.260 .384 .094 22.310 44,079
15.079 1.086 7.940 .420 IRE Y 23,260 41.140
13.030 .997 7.620 417 144 23.000 42.400
13.719 1.108 7.940 .4%4 133 23.500 42,200
12.940 .44 8.089 564 104 23.300 42,587
13.920 1.1464 7.744 .389 154 23.400 41,380
11,670 947 3.100 .439 L1460 21.310 43,5690
12,319 951 7.201 407 .09s 24,9000 43,340
8.980 493 7.390 .299 .099 22.300 47,450
10.760 .313 8.314 .380 .093 24,770 43.1%
7.000 .397 7.340 .238 J14 22,209 44,790
5.830 3N 7.100 .138 0.009 21,0090 39,500
3,420 2.900 5.120 0.000 0.909 18,000 33.480
4,540 0.990 5.300 0.900 0.000 21.090 57.500
2.349 7.009 5.99% 0.400 9.400 17,009 3770
300 2.000 3.330 0.000 7.900 13.320 70479
0.0090 5.900 590 0.900 0.000 19,230 0.900
DATA SET WUMBER: 1
TIHE TENP SLOPE
3.000 297.00 1361.467
400 1114,00 $27.500
1.000 1325.00 -689.583
1.480 294,00 -235.294
2.300 754.00 -103,250
1,100 385.40 -47.782
7.120 141,30 -17.378
12,100 354.7 -4.44%
17,1350 321.10 -2.000
2%.200 297.00 1.000
DATA SET NUMBER: 2
TIHE TENP SLOPE
0.000 294,00 1371.147
L800 1118.79 483.250
1,000 1312.900 -454.37%
1,480 797.70 -268,472
2,200 204,450 -103.730
4,200 387.10 -48.333
7.200 442,10 -14.700
12,200 357,480 -4,0290
20,240 309.29 =t.325
36.200 294.00 1.000
BATA SET NUMBER: 3
TIME TEWP SLOPE
0.000 295.00 944,000
1.000 1259.59 -491,344
1.52 1903.50 -333.562
2,239 740.00 =121.714
3.4630 539.60 -55.200
5.900 465.49 -23.750
?.900 370.30 -9.35)
13.900 131.00 -3.071
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DaTA

T
0
1
1
3
3
8

12

15

30

DATA

.900

SET

INE

000
000
700
600
700
.250
.500
.500
.500

SET

TINE

0.

DATA

900
L5590
900
.390
.200
.%60
.950
.000
.000
.000

SET

TINE
¢.000

RN 2 B N & IS B

=

DaTA

T

.00
.500
120
+ 340
.800
.00
.800
.800

SET

INE

2000
.800
L340
280

309

NUMBER:

.50

4

TENFP

296
1258

878,
587.
466.
394.
345.
313,
.20

297

NUMBER:

.00
.00

TENP

297.
393.
1229.
945.
793,
573.
438.
363.
321,
301.

NUHEER:

4

TEMP

297
1187

874.

857

477.
375.

i
301

NUMBER:

.00
.00
00
.80
44
20
10
.90

7

TEMF

299,
t189.
875,
682.
538.
429.
330.
321,
301,

NUMRER:

8

TERP

295
1117
87s

482

00
.09
.50
A0

1.

000

SLOPE

962,
-542.
.893
-87.
-28.
-11.
-19.

-1.

1.

-132

000
714

s1¢
471
388
067
213
000

SLOPE

1266,
672.
-378.

544
37
367

-237.778

-1902.
-43.
-18.

-7.
-2.
te

s

102
017
467
0t7
133
000

SLOPE

9a8.
-339.
-193.
-69.

-25.
-7.
-2

2.

1.

889
633
035
907
433
729
133
009

SLDPE

960,
.300
.948
.831
-47.

-472
=310
=101

-19

-

Ls

000

300

965

.900
=7.

223

757

SLOPE

1027

-347,
-20%.

-38.

. 500

e de]

Pt

104

[-2-5)
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4.040
7.040
11.04¢0
15.000
21.040

DATA SET

TIME

0.000
.800
240
. 240
L300
850
. 350
.8%0
850

. e g e N

Py - s

DATA SET

TINE
0.000
.800
1.580
3.146
6.140
14,180
16.1890
24,200

BATA SET

TIKE
0.000
700
1.4600
3.140
6.1590
11.140
17.200
26,200

DATE SET

TINE
0.000
700
1.500
3.280
5.280
9.280
14.280
19.230

DATA SET

TINE
5,000

L400
t, 460

526,10
410.490
348.90
321.20
309.20

NUMBER: 9

TENP
297.00
1103.09
879.30
685.30
S15.50
399.10
345.75
321.50
303.30

NUMBER: 10

TENP
297.00
1067.00
755.40
542.50
425.00
352.60
315.20
302,90

NUMBER: 11

TENP
296.00
1029.00
774.50
586.40
444,00
355.70
320.460
304,30

NUMBER: 12

TEMP

295.00
940.40
730.90
338.10
447 .70
364.60
321.20
3106.70

NUNBER: 13

TERF

294,40
g92.00
725,490

-38,547
~15.37%
=6.995
-1.987
1.000

SLOPE
1007.500
-508.409
-194.000

-82.427

-32.789

-13.338
=6.063
~3.033

1,000

SLOFE
943.090
-402.051
-123.454
-45.833
=17.921
-6.233
~1.534
1.000

SLOPE
1047.143
-282.778
-122.143

~46.645

-18.024

-5.811
-1.811
1,000

SLOPE
922.284
~262.125
=108.315
-43.200
-20.775

~-2.900

SLOFE
394,447
-208.000

-97.85¢

100



3.400
&.400
10.300
13.400
22,400

DATA SET

TINE
0.000
L4600
1,300
3.120
5.5200
7.480
14,3500
25.540

DaTA SET

TINE
0,000
400
1.839
3.830
6.830
0,630

DATA SET

TIHKE
¢.000
L300
1,404
3.400
3,400
10,400
15.400
20,400

liaTA SET

TINE
G.000
L400
1,350
3,400

L 400

=

o
oy
n

1. 400

o e
.

1

329.%0
414,90
346,40
321.90
303,40

NUMBER: 14

TEXF

294,00
890.00
700,60
541,80
431.80
354.10
321.90
297.00

NUNBER: 15

TEMP

295.00
863.00
449,30
G03.60
404,10
345.80
321,40
303.30

NUMBER: 16

TEMF

297.00
g17.00
437,00
491,49
394,30
343,40
316,70
304,50

NUMEER: 17

TEMP

294.00
722.00
378,00
452,20
370,60
334,00

308,40

SLOPE
990.000
-210.444
-98.025
=45.219
-19.020
-4.813

| % 4
-2.2%5%

1.000

5LOPE
946,647
-173.740
-72.830
-33.147
-14.57%
-6.0090
~2.414
1.000

SLOPE
1044.,000

N
~-202,222
~72.5300
-32,347
12 7Ac

Tan! ad

-5.340
-2, 440
1,000

SLOPE
1065.000
-151.579

-53.541

24,400

~-9.150
-3.4%¢
1.000

101



