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ABSTRACT

Freeze-drying as a method of preparation of living
plant samples has been validated by comparison of thermogravi-
metric measurements of fresh and freeze-dried plant samples.
Validatién measurements were made'on pine needles, spruce
needles, and holly leaves.

Weight loss and rate of weight loss measurements have
been made in a nitrogen atmosphere on freeze-dried samples at
heating rates of 10, 40, and 160°C/min. These freeze-dried
samples include Ponderosa pine needles, aspen leaves, Douglas
fir needles, lodgepole pine needles, chamise foliage, and
manzanita leaves.

Energy changes during pyrolysis were measured on the
freeze-dried samples at 40 and 160°C/min in a nitrogen atmos-
phere using a differential scanning calorimeter. Energy mea-
surements on the ether extractive of Ponderosa pine indicate
that the extractives have an important effect on the pyrolysis
of freeze-dried plant samples.

Thermogravimetric'data of cellulose and punky wood
have been analyzed at individual heating rates. These results
indicate that the heating rate has an effect upon the kinetic
parameters of pyrolysis.
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CHAPTER I
INTRODUCTION

Generations of nature's work can be destroyed by a
forest fire which leaves behind a wasteland of charred debris.
The loss of the wood as a natural resource is only one of the
many considerations involved in a forest fire; others are dis-
ruption and loss of animal life, expense of fighting the fire,
and losé of recreational areas. The containment and control
of forest fires and other fires of natural fuels are compli-
cated by the changing ambient conditions and large areas in-
volved in the fires.

Better techniques for predicting the rate of fire
spread are not only needed for control of accidental wildland
fires but also for the deliberate initiation of prescribed
fires in forest management.

To answer this need, a mathematical model for the
spread of fires was developed by Rothermel (35) based on

earlier work by Frandsen (8). Rothermel's model is

(I) (1 + o, + ¢ )
R= B2 w ' s (1-1)

Pp € Qig

1
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where P = rate of spread (ft/min)
(Ip)o = propagating flux (no win=d) (Btu/ftz—min)
¢w = increase in propagating flux due to wind
¢s = increase in propagating flux due to slope
Pp = bulk density (lbm/ft3)
€ = effective heating number
Qig = heat of preignition (Btu/lbm)

Here Qig includes the total sensible and transitional heat
needed to cause ignition. &aAfter considerable experimental
work, the parameters in Equation I-1 could be accurately

specified with the exception of Qi This value was predicted

g.
by

Q. = 250 + 1116 M

ig £ (Btu/1bm) (I-2)

where Mf = fuel moisture (lbm of water / 1lbm of dry wood).
Equation I-2 assumes that pyrolysis occurs at 320°C and the
boiling temperature of water is 100°C. While the amount of
water is of primary importance, Rothermel (35) recognizes that
the composition and heatinc rate of the fuel are important
parameters in the evaluation of the heat of preignition.

The Flame Dynamics Laboratory at the University of
Oklahoma has undertaken much basic research to develop an
accurate mathematical model to predict the heat of preignition
of wildland fuels. The development of éuch a model is very
complex owing to the large number of components of each plant

and to the complexity of each component. Although the primary
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application of the model concerns wildland fuels, the research,

which is the basis of the model, is applicable to a wide range

of wood products.
Upon heating wood, pyrolysis of natural polymers

occurs forming volatile gases which can then ignite and burn

if oxyaen is available. This fundamental concept is the basis

for many studies involving flammability. By pyrolyzing samples

in an inert atmosphere, it is possible to study the process

of pyrolysis apart from combustion.

The goals of this study are:

1. Devise a method of collecting living wildland fuel samples,
which does not effect the samples' pyrolysis or composi-
tion. However, the method should be of such a nature that
the samples do not chanae during storace.

2. Obtain and analyze pyrolysis data for living aspen leaves,
chamise foliage, manzanita leaves, Douglas fir needles,
Ponderosa pine needles, and lodgepole pine needles. This
pyrolysis data includes weight loss and energy effects
upon heating.

3. Investigate pyrolysis effects of extractives of living
and dead wildland fuel samples.

4. Improve, if possible, the model of Duvvuri (7).



CHAPTER II
REVIEW OF PREVIOUS WORK

Many investigators have studied the pyrolysis and
combustion of wood and its components by using either commer-
cial instruments for thermal analysis, such as the thermogravi-
metric balance (TCS), the differential scanning calorimeter
(DSC), and the differential thermal analyzer (DTA), or special

equipment designed for a particular purpose.

Studies Using Non-Commercial Equipment

In these studies various geometries of samples are
used. For example, Bamford, Crank, and Malan (1) used sheets
of wood 23 cm square. Each side of the sample was heated by
direct contact with flames, and the temperature at the center
of the sheet was monitored with a thermocouple. Typical
results for the variation of temperature with time for a
sheet, 2 cm thick, are shown in Figure II-1. The sudden tem-
perature rise from 600°K to 700°K was assumed to represent
the heat of decomposition, which can be calculated from

Cp AT = q W, (II-1)
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6

i

where ¢ specific heat (cal/gm-°C)

density (gm/cm3)

p =
AT = sudden temperature rise (°K)
w, = initial weight of volatile products per cc of
wood (gm)
g = heat of decomposition (cal/gm)

Using literature values for c and p and measured values for
W, (the difference in weight per cc between the original and
charred sample) and for AT, g was calculated to be 86 cal/gm
exothermic.

The mathematical model was derived by superposition

of the heat conduction equation and a production term.

K ii% =cp %% + g %% (I1I-2)
X
where K = thermal conductivity (cal/cmz—sec—(°c/cm))
T = temperature (°C)
x = distance (cm)
¢ = specific heat (cal/qm-°C)

p = density (gm/cm3)

t = time (sec)

g = heat of decomposition (cal/gm)

w = weight at time t (gm)
The rate of decomposition was assumed to be first order and
given by

e-E/RT

=AW (I1-3)

ol g
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where A = pre-exponential factor (sec—l)
E = activation energy (cal/gm)
Considering only one-half the thickness of the sheet, Equations

II-2 and II-3 are subject to the boundary conditions

T(x,0) = constant (I1-4)
w(x,0) = constant (II-5)
-K g—}T( = H(T) for x =0, £ > 0 (II-6)
g%=0forx=2,t>0 (II-7)

where H(To) is an empirical function of the surface tempera-
ture, To’ and & is one-half the thickness of the sheet.

The empirical function of H(To) is assumed to consist
of a convection term and a radiation term to and from the

sample. The wood is assumed to radiate as a black body. Then

4 4

H(To) = oe(Tf - To) + o(eTf - TO ) (II-8)
where o = constant (cal/cmz-sec—°C)
o = Stefan-Boltzman constant (cal/cmz—sec-°K4)
Tf = flame temperature (°K)
€ = emissivity of the flame (unitless)

H(300°K) was then measured by substituting water in a tin
container for the sample and measuring the temperature rise
of the water. H(800°K) was taken as zero since the wood
sample would not heat to any higher temperature than 800°K.

With these two values a and € were determined, and H(To)
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became a known function of surface temperature. E and A were
then chosen by a trial and error method. That is, given
values for E and A, Equations II-2 and II-3 were solved by a
finite-difference scheme. If the calculated values of T did
not fit the experimental data, new values of E and A were
chosen. The finite difference scheme was solved without the
aid of a computer. The final wvalues for E and A were 33,160
cal/gm and 5.3 x 108 sec-l, respectively.

Stamm (37) analyzed the data cf some previous studies
of wood and wood component degradation from the standpoint of
reaction kinetics. The data were from isothermal studies
ranging in time from 1 min to 2.4 years. The logarithm of
the residual weight of each isothermal study was plotted
against the heating time resulting in straight lines except
at low heating times. This exception was said to be due to
loss of absorbed water. The slope of the lines corresponds
to the pre-exponential factor, A. The logarithm of A was then
plotted versus 1/T for each study, the resulting straight lines
having a slope of -E/2.3R. However, instead of calculating a
pre-exponential for an Arrhenius-type rate constant, Stamm
(37) merely located log A at 150°C. Some of Stamm's (37)
results are listed in Table II-1. Of particular interest is
the small range of activation energy values for the various
woods and wood components.

Roberts and Clough (33) studied the pyrolysis of beech

wood cylinders 2 cm in diameter and 15 cm in length. These
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TABLE II-1

DATA OF STAMM (37)

Temp E Log A at
Material Time Range Range 150°C
(cal ) -1
(°C) mole (hours)
Southern and 1l hr - 2.4 yr 93.5-250 29,500 -3.9
white pine
Douglas fir 16 hr - 64 days 110-220 25,000 -4.0
sawdust
a-Cellulose 16 hr - 64 days 110-220 26,000 -4.1
from Douglas
fir
Hemicellulose 2 hr - 64 days 11i0-220 26,700 -3.4
from Douglas
fir
Lignin from 16 hr - 64 days 110-220 23,000 -4.3

Douglas fir

samples were

tested in an apparatus corresponding to a thermo-

balance. Five thermocouples were located at various radii of

the cylinders

. The weight loss equation was assumed to be

first-order and of the form

where w =

_ dw

gt = (W - w') A exp(-E/RT) (II-9)

weight of sample at time t (gm)
final weight of sample (gm)

L

pre-exponential factor (min_
activation energy (cal/gm)
gas constant (cal/gm-°K)

absolute temperature (°K)
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Equation II-9 is then integrated and applied separately to
five different annular sections corresponding to the five
different depths of the thermocouples. The values of the
kinetic parameters, E and A, were then chosen by a trial and
error method. First, the value of E was chosen. Having done
that, a value of A was chosen so that the total calculated
weight loss matched the expcrimental total weight loss. If
Equation II-9 did not predict the intermediate weight losses
of each experiment, different values of E and A were chosen.
The values of E = 15,000 cal/mole and A = 9.1 x 104 min-l fit
4 out of 5 experiments fairly well.

Murty and Blackshear (24) performed an experiment
similar to that of Roberts and Clough (33) by pyrolyzing a
cylindrical sample of alpha-cellulose monitored by thermocouples
at scven different radii. During heating, the samples were
weighed as well as X-rayed to determine density changes. A
time~temperature history is given in Figure II-2. Plateaus
occur at 125°C and 375°C at the inner radii. Beyond 400°C,
the temperature rise is faster. Murty and Blackshear (24)
speculate that the plateaus are caused by migrating pyrolysis
vapors. These vapors migrate to the cooler interior of the
cylinder by diffusion. When cooled enough, the vapors con-
dense. Then as the interior gets hotter, the condensates
vaporize causing heat sinks at 125°C and 375°C.

As pyrolysis took place, the X-ray photographs showed

a distinct advancing char layer. However, the density
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measurements showed a density variation in front of the char
layer. Murty and Blackshear (24) theorize that the density
variation is due to loss of moisture bonded to the alpha-
cellulose since the samples were thoroughly dried at 105°C
before pyrolysis. The data were graphically fitted to the

following equation.

dp _ -E/RT

== = “A (p - pchar) e (IT-10)

where 0 = density (gm/cm3)
t = time (sec)
A = pre-exponential (sec™ 1)
Pchar = density of char (gm/cm3)
E = activation eneray (cal/mole)
T = temperature (°K)

The logarithm of [(3p/3t)/(p-p )] versus 1/T was graphed

char
for the various thermocouple locations resulting in values

for E and A. The values of E varied with radius from 13 kcal/
mole at the center of the sample to 22 kcal/mole at the sur-

face. The values of A varied irregularly from 104 sec—l to

107 sec~l. Murty and Blackshear (24) attribute the variation
of E with radius to the fact that "the interior layers are
soaked by the migrating condensates and incubated at elevated

temperatures for longer times than the outer layers." After

plotting E as a function of temperature, the graph yields

E (kcal/mole) = 5.08 + 0.0214 T (°K) (II-11)
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Equation II-11 implies that either the structure of the alpha-
cellulose was changed by the "migrating condensates" or at
higher temperatures different reactions take place. Underlying
the entire theory of "migratinoc condensates" is the possibility
that the plateau at 125°C in Figure II-2 is merely the result
of the heat of vaporization of any residual water in the sam-
ple. Furthermore, since many investigators (2, 4, 7, 14, 19,
39, 40) have measured endothermic heats of pyrolysis for wood

samples, the plateau at 375°C could be due to pyrolysis.

Thermal Analysis Using Commercial Instruments

In more recent years, many investigators have turned
to the commercially available thermogravimetric balance (TGS),
differential thermal analyzer (DTA), and differential scanning
calorimeter (DSC) to study the reaction kinetics and heat
effects of wood pyrolysis. An explanation of the basic prin-
ciples of these instruments will facilitate the understanding

of the studies for which they were used.

Basic Principles of Commercial Instruments

The thermogravimetric balance (TGS), as the name
implies, measures weight loss as a function of temperature.
Since the TGS is operated with a temperature programmer,
dynamic temperature studies are usually made at constant heat-
ing rates. The TGS also has the ability to measure rate of
weight loss. All weighings are made automatically and

continuously.
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The DSC and the DTA have many similarities in that
both instruments have reference cells and a programmed tempera-
ture rise. To avoid confusing these two instruments, the
basic differences will be explained. Both instruments are
used to measure thermal effects of the samples; however, the
outputs are different. As shown in Figure II~3a, the DTA has
a single heating source for the sample and the reference
holder; the temperature difference between the sample and
reference holders is recorded during a temperature rise. How-
ever, the DSC, Figure II-3b, has individual heaters for both
the sample and the reference holders, and the difference in the
‘rate of energy input to each holder is recorded during a tem-
perature rise. The continuous adjustment of electrical power
to the sample holder heater to keep the sampie holder at the
programmed temperature is equivalent to the thermal behavior
of the sample. This adjustment is accomplished through the
use of a negative feedback signal to the temperature programmer.

Without a feedback signal, the temperature difference

between the sample and reference pans is given by

AT = QSR (I1I-12)

temperature difference between pans (without

where AT

feedback)
Qs = thermal effect of sample
R = thermal resistance between sample and surroundings
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with feedback control, the instantaneous amount of energy to

the sample pan is governed by

Q = -C AT (I1-13)

where Q0 = enerqy from temperature programmer
G = amplifier gain
AT' = temperature difference between sample and

reference holders with feedback
Since the temperature difference with feedback is determined
by the net heat flow rate, the egquivalent to Equation II-12

for the closed-loop system is
AT' = (QS + Q) R (ITI-14)
Combining with Equation II-13,
-8= (o, + ) R (1I-15)
G S

Solving for O

_ 1
0 = -05 G=T178RY

(II-16)

Now as G » «, O » -0_; that is, as the amplifier cain gets
very large, the power from the heater is essentially equal to
and opposite to the heat effect of the sample. The large
value of R, the thermal resistance between the sample holders

and the surroundings, also has an advantageous effect on Q.
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Substituting @ from Equation II-16 into Lquation II-14, we

obtain

D

1
1
1 + R

AT = 2

= ) (II-17)
G
Now as G -+ «, AT' - 0.

In actual practice, the heater power, Q, is split be-
tween the sample and reference holder. For example, when the
sample absorbs enerqgy from the holder at a rate AQS, AQ/2
additional power is added to the sample holder and AQ/2 less
power to the reference holder. The rate at which energy is
supplied to the sample holder is recorded.

The DT2 records specific heat changes, thermal transi-
tions, and mass changes as temperature differences between the
sample holder and reference holder. If more than one change
or transition occurs in a sample run, the results are reduced
to strictly qualitative analysis. Since the thermal proper-
ties of most materials vary with temperature, most DTA studies
of transitions are suitable for qualitative analysis only.
Furthermore, in the case of pyrolysis specific heat and mass

chances of the sample can both occur during the transition.

Pyrolysis Studies Using Differential Thermal Analysis

Many investigators use thermogravimetric analysis
(TGA) with differential thermal analysis (DTA) in their studies.
This enables them to obtain weight loss and energy data on the

samples. One such study is Tang and Neill's (40) study of the
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ceffects of flame retardants on pyrolysis and combustion of
alpha-cellulose. Based on their TGA results, the flame retard-
ants cause decomposition to occur at a lower temperature and
at a lower rate leaving a greater percentage of the sample as
char. The TGA data were analyzed to extract kinetic param-
eters by the method of Freeman and Carroll (9) who derived

the equation:

755 AT A log (dw/dt)
: = -n + od (II-18)
A log W A log v
where E = activation energy (cal/mole)
n = kinetic order (unitless)
T = absolute temperature (°K)

R = gas constant (cal/gm-°K)

W= weight remaining at time t (om)
A plot of [A log (dw/dt)]/[A log w_] versus [A(T 1)1/[4 log w_]
results in a linear plot havinc¢ a slope of -E/2.3R and an
intercept corresponding to n. This graphical method resulted
in an activation energy for alpha-cellulose of 33.1 - 35.2
kcal/mole and a reaction order of 1. All samples were heated
at 3°C/min in a partial vacuum of 0.3 mm Hg absolute.

Due to the method of sample preparation, the DTA re-
sults are of particular interest. The DTA experiments were
run on a mixture of sample (8 percent) and inert material (92

percent). The weight of the sample mixture was 100 mg. There-

fore, when pyrolysis occurred the chance in mass was only
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approximately 8 pcrcent of the material in the sample holder,
which allowed morc accurate analysis of the thermograms.
Since both the sample and reference cells in the DTA have the
same energy source, large mass losses in the sample cell
cause the remaining material to heat up faster than the
reference material indicating a false exothermic heat of
pyrolysis. All thermograms were obtained at 12°C/min in
helium and in air. TFigure II-4 shows the DTA results for
alpha-cellulose. The heat of pyrolysis for alpha-cellulose
was found to be 88. + 3.6 cal/cm endothermic, while the heat
of combustion was 3540 %+ 140 cal/gm exothermic. The samples
treated with flame retardants had lower heats of pyrolysis
and similar values for heats of combustion. The DTA thermo-
grams of all samples were similar in overall shape to those
shown in Figure II-4.

With the same apparatus used by Tanag and Neill,
Broido (3) studied the effect of potassium bicarbonate on the
pyrolysis of cellulose. Instead of mixing the sample with an
inert material, Broido (3) tested a pure 5 gm sample of cellu-
lose. Therefore, when pyrolysis occurred approximately 100
percent of the material in the sample holder was pyrolyzed.
Figure II-5 shows Broido's (3) TCA and DTA results for cellu-
lose in nitrogen and air. An cendothermic reaction is shown
up to about 320°C; beyond this point an exothermic reaction
is indicated. These results are in conflict with those of

Tang and Neill (40). Using a pure sample, instead of mixing
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the sample with an inert, may have caused an exothermic reac-
tion to be falsely indicated as previously described; in
reality, the exothermic indication is merely the result of a
mass loss in the sample holder. The total heats of pyrolysis
and combustion were not computed.

A study of the pyrolysis of wood and wood treated
with inorganic salts was made by Browne and Tang (6). All
experiments used 5 gm samples pyrolyzed in nitrogen at 12°C/min.
Of primary interest are the TGS and DTA results on wood and
its two major components, alpha-cellulose and lignin shown in
Figure II-6. All the materials exhibit an endothermic peak
at approximately 130°C which is associated with the loss of -
moisture; however, the expected weight loss due to water at
130°C is not shown. At the temperature of greatest weight
loss, the wood and lignin exhibit an apparent exothermic
pyrolysis. The alpha-cellulose exhibits a strong endotherm
before lapsing into an apparently exothermic pyrolysis. As
in the study of Broido (3), the apparent exotherms may be
merely the result of the large mass loss in the sample holder.
The mass loss causes the remaining material in the sample
holder to be heated to a higher temperature for the same heat
flux to the sample. An activation energy of 35.8 kcal/gm was
found for the Ponderosa pine wood samples. Heats of pyrolysis
were not calculated for the materials studied.

Beall's (2) study uses an instrument referred to as a
differential calorimetric analyzer (DCA). This instrument is

an improvement over the DTA since it controls the heat flux
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to the sample and reference holders better. A small sample of
approximately 5 mg is used in the DCA to minimize any heat
transfer problems. Beall (2) states that "any changes in
sample mass, porosity, or thermal conductivity can cause
either a baseline drift or an instability." Throughout the
study great attention was paid to the problem of baseline
stability in order to avoid erroneous results. Baseline
drift is described as "one of the most troublesome effacts of
the equipment." The most difficult form of baseline drift was
caused by changes in specific heat of the sample with tempera-
ture. The use of a reference material with similar character-
istics was used to minimize the problem.

Figure II-7 shows Beall's (2) DCA results for cellu-
lose. The calculation of the heat of pyrolysis involves the
comparison of areas under the AT versus temperature curve of
a standard transition and that of the pyrolyzed sample. How-
ever, instead of actually measuring the area under the curve,
the curve was photocopied, and the area was determined by
cutting out the portion of the paper under the curve and then
weighing the paper. By this method the heat of pyrolysis was
found to be 55.0 cal/gm endothermic.

A study of the effects of inorganic salts on the
pyrolysis of Ponderosa pine wood, alpha-cellulose, and lignin
was made by Tang (38) and Tang and Eickner (39). The TGS data
were analyzed by the difference method of Freeman and Carroll

(9). The order of reaction was found to be pseudo first=-order.
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Figure II-8 shows the plot of log A versus 1/T for alpha-
cellulose, Ponderosa pine wood, and lignin. Table II-2 gives
the kinetic parameters for results shown in Figure II-8. The
TGS data were obtained on 100 mg samples at a heating rate of
3°C/min in a vacuum of 0.3 mm Hg.

The DTA portion of this study is similar to that of
Tang and Neill (39) since 92 percent inerts were used in the
sample holder. The wood and lignin samples had an endothermic
and exothermic portion on the DTA curve, while the alpha-
cellulose was entirely endothermic. Table II-3 gives the
results of the heat of pyrolysis calculations.

Philpot (27, 28, 29, 30, 31) has conducted a number
of studies on various types of wood using DTA and thermo-
gravimetry. These studies included pyrolysis of cottonwood
and the effect of mineral content on the pyrolysis of plant
materials. In the latter investigation, samples of 21 differ-
ent plants of varying mineral content were studied. While
the results obtained were of a quantitative nature, little
attempt was made to correlate them.

Thermogravimetric analysis was made on samples of
filter paper by Sardesai (36) using the Friedman (10) method
of analysis. The filter paper samples were pyrolyzed at 20,
40, 80, and 160°C/min in air and in nitrogen. Five grades
of Whatman filter paper were analyzed.

The Friedman (10) method of analysis is based on an
Arrhenius~-type decomposition equation proposed by Goldfarb

(13):
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TABLE II-2

KINETIC PARAMETERS OF PYROLYSIS FROM DYNAMIC THERMOGRAVIMETRY*

[Tang (38)]
First Stage Second Stage
Material m Al El T A2 E2
(°c) (min-l) (kcal/gm-mole) (°cC) (min—l) (kcal/gm-mole)
Pine wood 280-325 1.98 x 10’ 23 325-350 3.92 x 1018 54
a-Cellulose 240-308 3.85 x 10-% 35 308-360 2.37 x 1017 54
Lignin 280-344 9.86 x 10° 21 344-435 5.6 x 10%° 9

*For 100 mg samples in vacuum (0.3 mm Hg absolute).

8¢
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TABLE II-3

HEAT OF PYROLYSIS
[Tang and Eickner (39)]

Temperature Range

Heat of Pyrolysis

Material (°C) (cal/gm)
Wood 200-390 77 (endo)
390-500 31 (exo)
a-Cellulose 240-450 88 (endo)
Lignin 190-345 19 (endo)
345-500 40 {exo)
- gg = a e E/RT oy (II-19)

it

where W

t = time (sec)

A = pre-exponential factor (sec })
E = activation energy (cal/gm)

T = absolute tempe rature (°K)

F(W) = function of W

w = weight at time t (mg)

We = final weight of sample (mg)

w_ = initial weight of sample (mgq)

(®)

(w = wp)/(w, = w.) = weight fraction

(dimensionless)

Putting the weight in dimensional form, Equation II-19

becomes

Yo

Taking logarithms

w - W

1 dw _ -E/RT £
W -w.at - Re Flg——w
£ o £

)

(I1-20)
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W"Wf E

1 dw, _ - =
In [~ G;_:_W;'EE] = ln A + 1n F[;irtr?zgl =T
(II-21)

Plotting 1n [-l/(wo-wf) - dw/dt] at a particular conversion
versus 1/T for all heating rates gives straight lines of
slope -E/R and intercept 1n [A F(W)]. By plotting at various
levels of conversion, an activation energy can be calculated

at each conversion. Now F(W) is assumed to be of the form

w —'Wf

a— n —
F(W) = [;c:fijE] (II-22)

Then

w -Ww

In A F(W) = 1n A + n 1n [w | (II-23)

f
o~ Vg

A plot of the previously determined values of in [A F(W)]

versus 1ln [(w-wf)/(wo- wf)] now gives straight lines of slope
n, order of reaction, and intercept 1ln A. The kinetic param-
eters obtained at each conversion are then averaged to obtain
the kinetic parameters of the sample. Sardesai's (36) results

are shown in Tables II-4 and II-5.

Pyrolysis Studies Using Differential Scanning Calcrimetry

As part of the development of a mathematical model to
describe the decomposition of wood, Havens (14) used a differ-
ential scanning calorimeter (DSC) to measure "energy capacity.®
Havens' (14) "energy capacity" is defined to include all heat
effects, due both to sensible heat and to any transition

energy, as a function of temperature. The DSC then measures
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TABLE II-4

AVERAGE ACTIVATION ENERGY

Atmosphere
Sample N2 Air
cal/g-mole Kcal/g-mole
Whatman 54 28.61 18.68
Whatman 40 29.11 20.85
Whatman 6 29.86 19.87
Whatman 1 29.17 19.77
Whatman 115 25.36 13.25
TABLE II-5

FREQUENCY FACTOR AND ORDER OF REACTION

Order of Reaction Frequency Factor, sec
Sample N Air N Air
2 2

Whatman 54 0.97 1.0 8.6 x 1013 1.86 x 10%1
Whatman 6 0.96 1.02 8.4 x 1013 9.43 x 1011
Whatman 40 0.98 0.91 6.2 x 103 1.24 x 1012
Whatman 1 0.92 0.95 6.3 x 10%3 9.34 x 1011
Whatman 115 0.93 0.90 6.1 x 1042 9.4 x 10°
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"energy capacity."” After overcoming some problems with
volatile products which condensed on the 1lids of the DSC,
thereby changing the radiation characteristics of the sample
holder, Havens (14) measured the "energy capacity" of milled
oak and pine. The "energy capacity" of each sample was then
separated into the sensible heat and decomposition heat por-
tions. Havens' (14) results are shown in Figures II-9 and
II-10. The endothermic heats of decomposition for oak and
pine wood were calculated at 26.6 cal/gm and 47.5 cal/gm,
respectively. These same materials were rerun by Brown (4)
who found endothermic heat of decomposition values of 27.0
cal/gm and 43.2 cal/gm for oak and pine wood, respectively.
These are in good agreement with the results of Havens (14).
The remaining work of Havens (14) and Brown (4) concerns the
thermal properties of wood and char and will be discussed in
a later section.

Duvvuri (7) used thermogravimetric analysis and dif-
ferential scanning calorimetry to predict the heat of preig-
nition for plant constituents and plant samples. Using the
equation of Goldfarb (13), Duvvuri (7) performed a least-
squares technique on TGA data for cellulose and punky wood,
a biologically decomposed form of Douglas fir snags known to
contain a high percentage of lignin. With this technique
kinetic parameters were obtained for the decomposition of
cellulose and lignin assuming decomposition occurred according

to Equation II-19 where F(W) = W'. The values of the kinetic
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parameters are shown in Table II-6. By numerically integrat-
ing Equation II-19 using the kinetic parameters, the weight
loss and rate of weight loss for cellulose and punky wood at
any heating rate can be calculated. The 40°C/min calculated
and experimental curves are shown for cellulose and punky wood
in Figures II-11 and II-12., Since the chief constituents of
wood are holocellulose and lignin, the weight loss and rate
of weight loss of plant samples are modeled as the sum of two

weight loss terms having the form

-EH/RT n -EL/RT n

(Wy) 74 X hre (W)

- F T % :

(II-24)
where X is the mass fraction and the subscripts refer to holo-
cellulose and lignin. The other symbols are defined as in
Equation II-19. The kinetic parameters for cellulose and

punky wood are used in Equation II-24 for those of holocellu-

lose and lignin, respectively. Using this method, the

TABLE II-6

KINETIC PARAMETERS FOR CELLULOSE AND PUNKY WOOD (7)

Kinetic Parameter Cellulose Punky Wood

Activation energy 29,740 21,290
(cal/gm=-mole)

Frequency Factor 5.0 x 109 3.1 x 107
(1/min)

Order of Reaction 0.79 3.2
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calculated and experimental weight loss and rate of weight
loss for excelsior are shown in Figure II-13.

Duvvuri (7) then made energy measurements on cellulose
and punky wood with the DSC at 40°C/min as shown in Figure
II-14 and Figure II-15. The shaded area depicts the energy
of pyrolysis. Measurements were also made at heating rates
of 80°C/min and 160°C/min; however, the results are similar
to those of the 40°C/min scan. The values computed for speci-

fic heat and energy of pyrolysis are shown in Table II-7.

TABLE II-7

SPECIFIC HEAT AND ENERGY OF PYROLYSIS OF CELLULOSE
AND PUNKY WOOD (7)

. Cp at 25°C Energy of Pyrolysis
Material (cal/gm-°C) (cal/qm)
Cellulose 0.33 86.0
Punky Wood 0.44 36.0

In order to predict the total energy to pyrolyze a
plant sample, the values from Table II-7 were combined with

the weight loss calculation in the following equation

500 500
v - aw dt
E ’ W, aT + j M, SF 37 AT .

D AHp 3t at dr

500 500
+ J WC_ ar + J aw dt (II-25)
0 0 L
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where W = weight (dimensionless)
E' = total energy (cal/am)

C.. = specific heat (cal/gm-°C)

p
AHP = energy of pyrolysis (cal/gm)
dw/dt = calculated rate of weight loss (1/min)
dt/dT = reciprocal of heating rate (min/°C)

C and L refer to cellulose and lignin, respectively. The
experimental DSC results for excelsior were integrated numer-
ically to find total energy. A comparison of these experi-
mental results and the calculated results for excelsior 1is
shown in Figure II-16. The agreement between the experimental
and calculated results is within 12 percent. The accuracy
could possibly be improved by using actual lignin instead of
punky wood. Further improvements could be made by inclyding
the effect of other chemical components of the plants. As
suggested by Duvvuri (7), computations of kinetic parameters
for each heating rate could result in better weight loss
predictions.

In addition to decomposition studies, differential
scanning calorimetry has been used, with slight eguipment
modifications, for other types of studies. These include
determination of emissivities (34), heats of mixing (23), and
specific heats of various materials to be discussed in the

next section.
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Thermal Properties of Wood and Plant Samples

The importance of accurate thermal properties of wood
is demonstrated by Kung and Kalelkar (17). In this study a
Crank-Nicolson solution for the continuity, energy, and kine-
tic equations is obtained for the pyrolysis of a wood cylinder.
The kinetic parameters and heat of pyrolysis were calculated
from the data of Roberts and Clough (33) resulting in an
activation energy of 15,140 cal/mole, a pre-exponential factor
of 1.19 x 10° min T and a heat of pyrolysis of 48.4 cal/am
endothermic. The study of Roberts and Clough (33) was then
simulated with the mathematical model. Calculations for the
rate of pyrolysis were made by individually varying the values
of char thermal conductivity, char specific heat, wood thermal
conductivity, and heat of pyrolysis. The results of these
computations are shown in Table II-8. Since the thermal con-
ductivity of the wood was used to non-dimensionalize time in
this study, the maximum rate of pyrolysis is shown in dimen-
sional units for that portion of Table II-8. Althouch the
actual values of the calculations have a limited worth, the
comparative changes in the rate of pyrolysis with changes in
thermal properties indicates the need for accurate values of
the thermal properties of the sample.

In his mathematical model for the pyrolysis of wood,

Havens (14) used wood and char thermal conductivities calcu-~

lated from MacLean's (2) density correlation,

K =0.00478(p) + 0.000568 (II-26)
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TABLE II-8

EFFECT OF THERMAL PROPERTIES ON RATE OF PYROLYSIS (17)

—

——
———

Property Value aw/dt (max)
Char thermal 0.98 x 1077 (—S2L ) 2.6 (aimensionless)
conductivity 3.0 x 1074 © ¢ 3.3
9.0 x 10~% 4.6
Char specific 0.08 (cal/gm-°C) 6.9 (dimensionless)
heat 0.16 2.5
0.33 1.5
Wood thermal 1.75 x 1077 (=—S22 )  0.005 (gm/sec)
conductivity 3.5 x 1074 0.0085
7.0 x 10~4 0.015
Heat of 24.2 exothermic (cal/gm) 8.0 (dimensionless)
pyrolysis 24.2 endothermic 5.75
48.4 endothermic 2.5
1.4

96.8 endothermic

where K = thermal conductivity (cal/cmz—sec-(°C/cm))

p = density (gm/cm3)

Using Equation II-26 thermal conductivity values of 0.00296
cal/cmz—sec-(°c/cm) and 0.000112 cal/cmz-sec-(°c/cm) were
calculated for pine wood and char, respectively. However,
when comparing his calculated temperatures to those of his
experiment, Havens (14) found that values of thermal conduc-
tivity 15 percent higher than those given by the density
correlation fit the data better. These higher values are
referred to as an "effective thermal conductivity."

Brown's (4) work was primarily aimed at measuring the

thermal conductivity of the charred wood. Values were obtained
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which average 0.000527 cal/cmz-sec-(°c/cm). These values are
approximately five times as large as those given by Maclean's
(20) density correlation and three times as large as Havens'
(14) "effective thermal conductivities." However, these
values for thermal conductivity, along with corrections for
heating rate and bulk flow of gases through the char, gave
good agreement between the experimental and calculated tempera-
ture profiles.

The specific heat of various wood and plant samples
has been determined by many investigators. Most recent studies
utilize differential scanning calorimetry. The results of some
of the studies are shown in Table II-9. In general, where
direct comparisons can be made from different investigators,
the agreement is quite gocod. On the other hand, measurements
of the heat of pyrolysis are frequently conflicting. Because
there are many species of wood, some recent studies have con-
sidered wood on the basis of its components. The pyrolysis of
various wood samples is then described by the pyrolysis effects

of the various components.
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TABLE II-9

SPECIFIC HEAT MEASUREMENTS OF WOOD AND
PLANT SAMPLES

Investigator Temgfé?ture Sample sﬁigif;;_fgft
Havens (14) 100 Pine Wood 0.39
100 Oak Wood 0.37
Brown (4) 100 Pine Wood 0.40
100 Oak Wood 0.37
Duvvuri (7) 100 Cellulose 0.33
100 Dead Ponderosa 0.44
Pine Needles
100 Excelsior 0.37
100 Saltbush Leaves 0.39
100 Punky Wood 0.44
McMillin (21) 60 Loblclly Pine Wood  0.3265
100 Loblolly Pine Wood 0.3684
140 Loblolly Pine Wood 0.4024
Koch (16) 60 Spruce Pine Wood 0.3250
100 Spruce Pine Wood 0.3662
140 Spruce Pine Wood 0.4053
McMillin (22) 60 Loblolly
Holocellulose 0.3110
o-Cellulose .0.3107
Lignin 0.3165
Extractives 0.42022
100 Loblolly
Holocellulose 0.3573
o-Cellulose 0.3572
Lignin 0.3486
Extractives 0.4853
140 Loblolly
Holocellulose 0.3904
a=-Cellulose 0.3900
Lignin 0.3780

Extractives 0.5166




CHAPTER III

EXPERIMENTAL PROCEDURE

The experimental portion of this study can be divided
into two sections. The first section consisted of devising a
method of preparation for living samples, while the second
section consisted of obtaining pyrclysis data on samples
supplied by the Northern Forest Fire Laboratory. The samples
supplied by the Northern Forest Fire Laboratory were prepared
according to the method devised in the initial section of
this study. Samples of pine needles, holly leaves, and spruce
needles were used in the validation of the sample preparation.
The samples sent from the Northern Forest Fire Laboratory
consisted of freeze-dried aspen leaves, chamise foliage, man-
zanita leaves, Douglas fir needles, Ponderosa pine needles,
and lodgepole pine needles. Of primary importance is the

measurement of the total energy needed to pyrolyze the samples.

Preparation of Living Plant Samples

The development of a method for gathering and prepar-
ing living plant samples had to conform to the following
guidelines:

1. The method must be applicable for the collection of plant
samples in remote areas.

48
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2. The resulting samples must be stable for long periods of

time.

3. The composition of the resulting samples must be representa-

tive of the living plants with the possible exception of
water content.

Fresh living samples and prepared samples were com-
pared by testing the samples on a thermogravimetric balance
(TGS) to be described in the next section. The choice of
instruments was dictated by the large amount of water (about
two-thirds by weight) in the fresh samples. Testing the sam-
ples on the differential scanning calorimeter (DSC) was im-
practical due to the large heat of vaporization and sensible
heat of water compared to the heat of pyrolysis and sensible
heat of the plants. However, the weight losses of the living
and prepared samples measured by the TGS are at least of the
same order of magnitude.

Since a type of freeze-drying appeared to be a promis-
ing method of preparation, the following procedure was employed
for the collection and preparation of the samples and the sub-
sequent validation of the method.

1. Samples of a plant were collected, divided into four
capped bottles and weighed. Two of the bottled samples
were frozen at -10°F, one sample was retained at room
temperature, and one sample was immediately tested on the
TGS at a heating rate of 10°C/min. At this heating rate,
separation of the total weight loss into that of the water

and that of the plant material was easily accomplished.
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2. The following day the room temperature sample and one of
the frozen samples were subjected to a partial vacuum of
less than 3 mm Hg until no further weight loss was recorded.
This partial vacuum was accomplished with the use of a
Welch duo-seal wvacuum pump, Model 1405, connected to
glass bell jars.

3. These samples were then tested on the TGS at a heating
rate of 10°C/min and the results were compared to that of
the plant material of the fresh sample.

The above procedure was repeated for pine needles,
spruce needles, and holly leaves. These plants were chosen
for their high degree of homogeneity within that portion of
the plant which was tested. Milling the samples would have
also insured homogeneity; however, the milled fresh plants
would have resulted in a rather "soupy" liquid. Due to the
inherent handling problems of such a sample, tests were run
on small (2-3 mg) cross-sections of the samples. The method
of freezing and then drying with a vacuum, referred to as
freeze-drying, was judged to be adequate based on the TGS
results. The weight loss and rate of weight loss for fresh
(moisture-free basis) and freeze-dried pine needle samples
are shown in Figures III-1 and III-2, respectively. The
agreement of the results depicted in Figures III-1 and III-2
is excellent, thereby validating freeze-drying as a method of
preparing samples which are comparable to the fresh samples.

Initial plans to show the fresh and freeze-dried results on a
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single figure had to be curtailed since the results were too
close to distinguish the curves. The corresponding results
for spruce needles and holly leaves are in Appendix A. Com-
parison of the results of the fresh and freeze-dried spruce

needles and holly leaves also indicates excellent agreement.

Thermogravimetric Balance

A Perkin-Elmer TGS-1l thermobalance and UU-1 tempera-
ture programmer were used to obtain the thermogravimetric
data in this study. These are shown in Figure III-3 with a
schematic of the sample holder, furnace, and electrobalance
shown in Figure III-4. The electrobalance used in the TGS-1
is a Cahn-RG electrobalance. As the temperature programmer
heats the furnace, the sample loses weight in the form of
gaseous products. This weight loss is continuously monitored
by the electrobalance and recorded on a Leeds & Northrup
Series XL680 recorder. While it is possible to obtain weight
loss and rate of weight loss as output from the TGS, only
weight loss was obtained from the TGS. This weight loss
signal was then used as input into a Cahn No. 3100 time
derivative computer, thereby enabling the weight loss and the
rate (or time derivative) of weight loss to be recorded
simultaneously.

As shown in Figure III-4, the sample hangs from the
electrobalance into the cylindrical furnace on a wire. This

nichrome wire is long enough to isolate the electrobalance
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from any heat effects from the furnace. Furthermore, the
glass container of the electrobalance is purged with nitrogen
in such a manner that the nitrogen sweeps the pyrolysis prod-
ucts away from the balance and out of the glass enclosure.
This purge prevents any condensation of pyrolysis products on
the delicate parts of the weighing mechanism. However, these
gaseous products do collect on the furnace which is made of
wound platinum wire. These products can corrode the wire
heater unless the heater is protected by a glass wool plug
inserted in the bottom of the heater. This modification,
introduced by Brown (4), has resulted in a considerable
increase in furnace life.

The plant samples were milled to a 20-60 mesh size and
ranged from 1to 2 mg in mass. The use of a very small sample
minimizes any heat transfer effects within the sample. The
furnace is calibrated at the various heating rates in order
to minimize any heat transfer effects from the furnace to the
sample.

The furnace calibration is achieved through the appli-
cation of a property of ferromagnetic alloys. That is, at a
known temperature these metal alloys lose their magnetic
effect. The calibration is accomplished by placing small
samples of the alloys in the sample pan and covering them
with aluminum oxide for better heat transfer to the sample.
Then a permanent magnet is placed around the "hang-down" tube

as in Figure III-5 so as to avoid contact between the sample
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pan and the furnace. Any contact is easily recognizable by
the excessive noise indicated by the recorder. As the alloy
samples are heated by the furnace, the alloys lose their mag-
netic effect and a sharp weight loss is recorded. 1In all
cases the temperature at which the rate of weight loss peaked
was chosen as the indicated magnetic transition temperature.
The actual magnetic transition temperatures of these ferro-

magnetic alloys is shown in Table III-1.

TABLE III-1

CALIBRATION STANDARDS FOR TGS-1 FURNACE

—— ——— ———

Magnetic Transition

Metal Temperature (°C)
Monel 65
Alumel 163
Nickel 354
Mumetal 393
Nicoseal 438
Perkalloy 596
Iron 780
Hi-Sat 50 1000

The difference between the actual and indicated temperatures
can be minimized by adjustment of the zero, range, and linear-
ity dials on the thermobalance and temperature programmer.

In the past, most investigators used one setting of the dials
for all heating rates and applied a temperature correction to
obtain actual temperatures. In this study the temperature

calibration settings were optimized for each heating rate in
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addition to performing the temperature correction. The set-

tings for each heating rate are shown in Table III-2.

TABLE III-2

SETTINGS FOR TGS-1l FURNACE CALIBRATION

Heating Rate Zero* Range Linearity
10 631 860 -3.6
40 643 865 -3.4
160 705 863 -3.55

*All dial settings are in arbitrary units.

Throughout this study Alumel, nickel, Mumetal, and
Perkalloy were used for temperature calibration of the fur-
nace. Although the magnetic transition temperature of Nico-
seal is in the temperature range of interest, it was decided
not to use Nicoseal for the calibration on the basis that its
temperature deviation was always very large compared to that
of the other alloys. This behavior can be seen in previous
investigations by Woodard (42). Figure III-6 shows the
results of the temperature calibration for three heating
rates with the settings as shown in Table III-2.

Calibration weights were used initially to insure
linearity of the indicated weight loss. The actual weight
loss was essentially calibrated each run by weighing the sam-
ple before and after each run on an analytical balance. This

measured weight loss was then compared to the total span on
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the recorder eriabling the calculation of the remaining weight
at any point during the pyrolysis of the sample.

The time derivative computer was also calibrated with
each run by comparing the total weight loss with the area
under the rate of weight loss curve. The time derivative
computer has an adjustable "filter" to control the amount of
noise in the output. Great care was needed to insure that the
derivative computer was not overly "filtered," which would
cause the rate of weight loss curve to shift to a higher

temperature.

Differential Scanning Calorimeter

Energy measurements of the pyrolyzing samples were
made on the Perkin~Elmer DSC-2 differential scanning calorimeter
shown in Figure III-7. As explained in Chapter II, the DSC
measures the differential energy necessary to maintain a sam-
ple at the temperature of the empty reference pan during
heating., The heating of the sample and reference holders is
controlled at constant rates by the temperature controller
built into the DSC-2. The DSC-2 has eleven heating or cooling
rates from 0.3125 to 320°C/min. Since the DSC-2 can be opera-
ted in Fahfenheit, Centigrade, or Kelvin, this corresponds to
twenty-two different heating or cooling rates. With the use
of a subambient assembly, the DSC-2 has a temperature range
of 100°K to 1000°K with the digital temperature readout indi-
cating the temperature to the nearest one-tenth of a degree.

The differential energy output ranges vary from 0.1 to 20.0



Figure III-7.
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mcal/sec full scale on a 10 mv potentiometric recorder. 1In
order to avoid excessive noise at the low ranges, Perkin-Elmer
has designed the instrument to have a maximum noise of % 0.004
mcal/sec at 700°K with no purge. In this study the sample and
reference holders were purged with 110 psig of nitrogen.
Perkin-Elmer has built into the DSC-2 a special orifice for
the purge gas which provides that the pressure in psi corre-
sponds to the flow rate in cc/min. Therefore, the nitrogen
flow rate was 110 cc/min in this study.

The sample and reference holders are located in an
aluminum block which serves as a heat sink to provide a con-
stant thermal environment. The improvement in the holder
assembly, known as the head, is probably the most important
improvement in the DSC-2 over the previous model, the DSC-1B.
The head is shown in Figure III-8. Each platinum-iridium
sample holder contains its own platinum heater and tempera-
ture sensor.

The DSC-2 is calibrated for: (1) temperature; (2)
energy of transition; and (3) ordinate displacement due to
specific heat of the sample. The calibration of the DSC-2
for temperature and energy of transition is accomplished by
the melting of various standard calibrating materials, shown
in Table III-3. The melting temperature of distilled water,
indium, and zinc were used for temperature calibration at
10°C/min at various times within this study. In all cases
the indicated temperature was within 1°C of the actual tempera-

ture; therefore, no adjustments were made.



Figure III-8.
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TABLE III-3

TRANSITION TEMPERATURES AND ENERGIES OF DSC
CALIBRATION STANDARDS

. Transition Temperature Transition Energy
Material (°C) (cal/gm)
Indium 156.6 6.8
Tim 231.88 14 .45
Lead 327.47 5.5
Zinc 419.47 25.9
K2S0y4 585.0+0.5 7.95
K2CrOy 670.0£0.5 8.50

When a material undergoes a transition in the DSC-2,
a peak in the differential energy is recorded. The area under
this peak represents the energy of transition (endothermic or
exothermic). Therefore, the energy calibration is done by
measuring the area under the transition peak of a material of
known energy of transition from which the instrument constant,

C, is computed by

c= AHwazss (III-1)
where AHf = the heat of transition of the standard (mcal/gm)
W; = the weight of standard (ma)
S = chart speed (in/sec)
R = range control setting divided by chart span in
inches (mcal/sec-in)
A_ = area under transition peak of the s*andard (inz)
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The indicated range times C then equals the actual range.
Throughout this study the value of C was checked on indium
three times and on water once. The results of these calibra-

tions are shown in Table III-4.

TABLE III-4

CALIBRATION OF DSC HEAT OF TRANSITION

. Hf Ws R s As o
Material (cal/gm) (mg) (mcal/sec-in) (in/sec) (in2)
Indium 6.8 5.62 0.508 0.0984 7.575 0.977
Indium 6.8 5.62 0.508 0.0984 7.459 0.992
Indium 6.8 5.62 1.016 0.1333 4.864 1.031
Water 79.71 3.34 2.032 0.1333 17.831 0.980

Since the values of C are all near 1, no adjustments were
made. However, the transition energies of samples are calcu-

lated using the value of C in

CRA
B, = & Sam (III-2)
sam “sam
where Ht = energy of transition of sample (mcal/mg)
Asam = area under the transition curve of the sample
(in?)

Wsam = weight of sample (mg)
Ssam = chart speed of sample run (in/sec)

The calibration of the DSC-2 for ordinate displacement
is accomplished with a standard material of known specific

heat (A1203). Before calibrating the ordinate, the baseline
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must be optimized for flatness. The baseline is determined

by making a scan over the temperature range with both sample

and reference pans empty. This baseline accounts for any

differences due to the sample holders and the pans themselves.

The following procedure is used to calibrate the DSC for

ordinate displacement:

1'

A weighed sample of A1203 was placed in a gold sample pan
and covered with a gold sample pan 1lid.

The gold sample pan was placed in the left sample holder
and a gold reference pan was placed in the right sample
holder.

The range, purge gas rate, heating rate, and zero were
left at the same settings as those of the optimized
baseline.

After placing platinum holder covers over the sample hold-
ers and closing the cover, the pans were allowed to come
to equilibrium at the lower temperature limit.

The sample holders were then heated to the upper tempera-
ture limit at a programmed rate.

At a particular temperature, a calibration constant, Kd’

can be computed from

W C
K,y = it_ﬁﬁ (ITI-3)
st
where Woe = weight of standard (mg)

Cpgt = specific heat of standard (mcal/mg-°C)

Y
]

displacement of calibration scan from

baseline scan (mm)
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In Equation III-3 the values for CPst and Ds need to be

t
chosen at the same temperature. The values of specific heat
of the A1203 standard material are shown in Figure III-9. At
a heating rate of 160°C/min and a range setting of 20 mcal/

sec, five determinations of K, averaged 0.03135 mcal/mm-°C.

d
This corresponds to an actual range of 20.9 mcal/sec. At
40°C/min the value of Kd was 0.06672 mcal/mm-°C which corre-
sponds to a range of 11.0 mcal/sec for a setting of 10.0
mcal/sec.

Having calculated Kd’ the specific heat of a sample
can be measured by repeating the calibration procedure with
a sample in place of the standard material. The specific
heat of the sample.can be computed from

- Kd Dsam

W

C
Psam sam

where Dsam = displacement of sample scan from baseline
scan (mm)
Woom = Weight of sample (mg)
= . e )
Cpsam specific heat of sample (cal/gm-°C)

In this study, after running a baseline and a sample
run, a run was made on the char only without disturbing the
sample pan between the sample and char run to determine if
excessive baseline drift had occurred during the sample run.
Previous investigators have reported baseline drift, which
has been assumed to be due primarily to changes in the radia-

tive characteristics of the sample pans and covers. These
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changes occur if pvrolysis products condense on the sample pan
and holder cover. To combat the change in the radiation char-
acteristics of the sample holder covers. Duvvuri (7) painted
the sample holder covers black. This eliminated the large
radiation changes due to condensation of pyrolysis products
on the covers. However, in this study the covers were not
painted since the painted covers resulted in a more curved
baseline. Furthermore, the paint had a tendency to come off
the covers gradually. With the unpainted covers the pans and
covers had to be "conditioned" every one or two sample runs.
"Conditioning" consists of heating to 1000°K and introducing
air into the head. This procedure burned off any condensed
pyrolysis products.

Initially, attempts to optimize the baseline resulted
in a straight line which angled across the recorder paper
leaving little or no space on the recorder paper for the
results of the sample run. Since there was inadequate adjust-
ment in the slope control of the DSC-2, a Brooks Flow Con-
troller, Model 8743, was put into the nitrogen purge line to
the reference cell. Adjustment of the flow controller leveled

the baseline while maintaining its straightness.



CHAPTER IV

RESULTS AND DISCUSSION

This study can be divided into the investigation of
the heating rate dependency on the pyrolysis of plant compo-
nents using the model of Duvvuri (7) and the analysis of

freeze-~dried plant samples.

The Heating Rate Dependency of Cellulose and
Punky Wood Kinetics

In a previous study, Duvvuri (7) obtained Thermogravi-
metric data at 10, 20, 40, 80, and 160°C/min on cellulose and
a biologically degraded form of Douglas fir snags known as
punky wood. This punky wood consists primarily of lignin
which is one of the chief components of plants. Using Duv-
vuri's (7) data, the reaction kinetics were studied at indi-
vidual heating rates. Again, the model proposed by Goldfarb
(13) was employed.

_aw

~-E/RT
e e
dt

= A F (W) (IV-1)

where W= (w - wf)/(wb - wf) = weight fraction (dimensionless)

time (min)

g
i

pre-exponential factor (min 1)
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E = activation energy (cal/gm)
T = absolute temperature (°K)
F(W) = function of W
w = weight at time t (mg)
we = final weight of sample (mg)

w_ = initial weight of sample (mg)

o
I

gas constant (cal/mole-°K)

It is assumed that F(W) has the form
F(W) = W° (IV-2)

where n = order of reaction. Substituting for F(W) and for

W, Equation IV-1 becomes

1 aw -E/RT r

- —— e = A ———
S ‘w -Wf

= A ] (IV-3)
wO wf dt °

Equation IV-3 is linearized by taking the logarithm of the

equation to obtain

1 dw E A -
log I= g—=<; &! = 109 2 - 3303w * @ 199 ==
o £ o f
(IV-4)
Equation IV-4 is of the form
y = B + Cx + Dz (IV-5)
where y = log [-1/(wo-wf) + dw/dt]
x = 1/2.303RT
z =

log [(w-wg)/ (Wowe) ]
B = log A
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C = -E
D=n
The error at each experimental point is given by

Ry = ¥; = Yga1(%3,25) (IV-6)

where Ri

£

error at point i

experimental value of y at point i
= £ v 1 ' -
Ycal(%ﬂzi) calculated value of y using Equation IV-5

The sum of the square of the error at each point is given by

N 2 N 2
S= I R.“= 3% Ily. -v (x..2:)1 (IV-7)
i=1 i i=1 i cal ""i'71
where S = sum of the square of errors
N = number of data points
Equation IV-7 can be written as
N 2
S= 1z [Yi - (B + Cx, + Dz.)] (Iv-8)
i=1 * *

The values of B, C, and D which result in a minimum of S are
specified by setting the partial derivative of S with respect
to B, C, and D to zero, giving three equations in three

unknowns, B, C, and D:

N - N
BN +C I x. +D ¢ 2. = 1%
i=1 i= i =
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N N 2 N N

B iil x; +C 121 (xi) + D 151 X;2; = iil X;¥;
N N N 2 N

B izl z; +C iil X;2; + D izl (zi) = 121 Y;2;

Using a Gauss-Jordan numerical technique, the equations are
solved for B, C, and D which correspond to log A, -E, and n,
respectively. The results of the least-squares determination
of A, E, and n for cellulose and punky wood are presented in
Tables IV-1l and IV-2 for individual heating rates and for all
heating rates considered collectively. The overall values of
the kinetic parameters for cellulose are slightly different
from those of Duvvuri (7). One of Duvvuri's (7) fifteen data
sets for cellulose decomposition seemed to have a mistake in
six of the points. Therefore, that entire set was eliminated
from the data and the overall kinetic parameters were calcu-
lated with fourteen sets. The elimination of the fifteenth
set resulted in slightly different overall kinetic parameters.

In both the cellulose and punky wood data, the overall
parameters lie outside the range of values for the individual
heating rates. Although this result seems unusual, the com-
bination of the pre-exponential factor, activation energy, and
order of reaction in Equation IV-3 is the determining
consideration,

The results for cellulose and punky wood are plotted
in Figures IV-1l and IV-2, respectively. The lines described

by these points are given by equations of the following form:
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TABLE

Iv-1

KINETIC PARAMETERS FOR CELLULOSE

Heating Rate (°C/min) Log A E n
10 24 .4 72200. 1.39
20 21.0 63000. 1.22
40 19.7 59800. 1.30
80 16.9 52300. 1.34
160 15.6 47300. l1.16
Overall 11.1 33900. 0.76
TABLE IV-2
KINETIC PARAMETERS FOR PUNKY WOOD
Heating Rate (°C/min) Log A E n
10 3.40 11500. 1.85
20 3.22 10700. i.o98
40 3.66 11500. 2.06
80 5.38 15100. 2.71
160 6.61 18000. 2.83
Overall 7.49 21300. 3.20
TABLE IV-3
PARAMETERS FOR EQUATION IV-10
Material = Kinetic Parameter m b
Cellulose log A -0.160 1.54
E -0.149 5.00
n -0.037 0.166
Punky Wood log A 0.266 0.205
E 0.178 3.830
n 0.169 0.081
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loz (kinetic parameter) = m log (heating rate) + b
(IV-10)

Table IV-3 gives the values for the slope, m, and the inter-
cept, b.

Figures IV-1l and IV-2 indicate that heating rate has
a definite effect on the values of the kinetic parameters for
cellulose and punky wood. Furthermore, this effect can be

expressed by a form of Equation IV-10.

Analysis of Living Plant Samples

The weight loss and rate of weight loss of the freeze-
dried samples provided by the USDA Forest Service were measured
experimentally in the Perkin-Elmer TGS-1 thermobalance at 10,
40, and 160°C/min. Figure IV-3 shows the weight loss results
for freeze-dried Ponderosa pine needles, which are typical of
the other plant samples. As found by other investigators (4,
7, 14), the higher heating rates tend to shift the weight loss
curves to higher temperatures. Weight loss results for freeze-
dried chamise foliage, manzanita leaves, Douglas fir needles,
aspen leaves, and lodgepole pine needles are shown in Appendix
E.

Figure IV-4 shows the rate of weight loss for freeze-
dried Ponderosa pine needles at 10, 40, and 160°C/min. The
rate of weight loss is expressed as -dW/4T x 103; that is,
the derivative of the fractional weight loss with respect to
temperature. Graphing the results in this manner provides an

easy check on the validity of the results since the area under
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each derivative curve should approximately equal one. As in
the weight loss curves, as the heating rate increases the
rate of weight loss curves are shifted to a higher temperature.
Furthermore. as heating rate increases, the rate of weight
loss curves appear to be "smoothed out." That is, the higher
heating rates result in less definition in the rate of weight
loss curve.

It was initially hoped that the weight loss results
could be modeled with an equation similar to Equation II-24;
however, the large percentage of extractives in the freeze-
dried samples would require additional data which is not
available at this time. Furthermore, the use of cellulose
kinetic parameters to model the holocellulose decomposition
does not appear to be justifiable based on the experimental
results shown in Figure IV-5. The holocellulose sample used
was from Ponderosa pine needles. The use of punky wood
kinetic parameters to model the decomposition of lignin is
another source of error. Rate of weight loss results for
freeze-dried chamise foliage, manzanita leaves, Douglas fir
needles, aspen leaves, and lodgepole pine needles are shown
in Appendix F.

Energy measurements of the freeze-dried samples were
made on the DSC-2 at 40 and 160°C/min. The differential
energy of freeze-dried Ponderosa pine needles as a function of
temperature is shown in Figures IV-6 and IV-7, for heating

rates of 40 and 160°C/min, respectively. The differential
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energy, dE'/dT, is graphed on an original weight basis, there-
by facilitating the calculations and yet showing the desired
information. As in the weight loss results, the higher heat-
ing rate shifts the differential energy curve to a higher
temperature. Furthermore, as in the weight loss measurements,
the higher heating rate results in less definition in the
differential energy measurements.

The value of dE'/AT at 100°C gives the value of the
specific heat which is approximately 0.40 cal/gm-°C. This is
comparable to the value of 0.44 cal/gm-°C for dead Ponderosa
pine needles found by Duvvuri (7). The specific heats of all
the freeze-dried plant samples varied from 0.38 cal/gm-°C to
0.42 cal/gm~°C. Havens (14) and Brown (4) reported similar
values for pine and cak wood samples.

The overall shape of the differential energy curves
for the freeze-dried samples is considerably different than
those obtained for wood and dead plant samples (4, 7, 14).
This difference is felt to be due to increased amount of
extractives in the freeze-dried plant samples. The Northern
Forest Fire Laboratory reports freeze-dried Ponderosa pine
needles are 37.96 percent extractives when extracted with a
2 to 1 mixture of benzene and ethanol (41). Furthermore, an
energy measurement of the extractives of freeze-dried Ponderosa
pine needles reveals a large exothermic transition from
approximately 175°C to 275°C as shown in Figure IV-8. A

similar exotherm has been shown on all measurements of
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freeze-dried plant extractives while only endothermic transi-
tions have been found on extractives of dead plant samples.
The freeze-dried samples apparently have retained a plant
constituent not found in the dead plant samples. Differential
energy curves of the remaining freeze-dried plant samples are
shown in Appendix G.

Figures IV-9 and IV-10 show the total energy curves
of living Ponderosa pine needles heating at 40 and 160°C/min,
respectively. These curves are obtzined by integrating the
differential energy curves from 0°C. These measurements assume
that the specific heat is essentially constant below 100°C.
The values of the total energy are generally lower than
those obtained by Duvvuri (7) from dead plant samples. This
result is to be expected in licht of the large exotherm due
to the extractive from the freeze-dried sample. Total energy
curves for the other freeze-~dried samples are found in

Appendix H.
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CHAPTER V

CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK

As shown in Chapter III of this work, plant samples
which have been freeze-dried retain the extractives and other
components (except for water) which are lost with dead plant
samples. This result is verified by thermogravimetric analy-
sis. Furthermore, initial chemical analysis results indicate
the level of extractives to be considerably higher for freeze-
dried samples.

Contrary to the conclusion of Duvvuri (7), heating
rate does have an effect on the kinetic parameters of cellu-
lose and punky wood in the heating rate range of 10°C/min to
160°C/min. When the kinetic parameters are plotted against
heating rate on logarithmic paper, the available data des-
cribe a straight line. The results for cellulose are especially
good. However, the punky wood may have more deviation since it
is not a pure substance and may not be perfectly homogeneous.

Weight loss and rate of weight loss data were obtained
for freeze-dried Ponderosa pine needles, Douglas fir needles,
lodgepole pine needles, chamise foliage, manzanita leaves,
and aspen leaves. In all samples the pyrolysis occurred
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primarily between 200°C and 450°C, with the peak rates of
pyrolysis occurring between 280°C and 390°C.

Energy measurements were obtained on the freeze-dried
samples through the use of a differential scanning calori-
meter (DSC). The overall shape of the differential energy
curve appears to be changed somewhat by the large amount of
extractives which have a large exothermic transition. This
exotherm is not found with samples of dead plant extractives.
The total energy for all samples varied from 153 cal/gm to
188 cal/gm at 450°C.

There appears to be a need for more work in the
following areas:

1. Basic kinetic data for holocellulose and lignin need to
be obtained and the decompositions modeled.

2. The decomposition of the various extractives needs to be
studied by thermogravimetry and calorimetry.

3. The effect of inorganic components of plants needs to be

studied.
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APPENDIX A

WEIGHT LOSS AND RATE OF WEIGHT LOSS CURVES

Weight loss and rate of weight loss curves for fresh

and freeze-dried samples of holly leaves and spruce needles.
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APPENDIX B

DATA ON FREEZE~DRIED SAMPLE COLLECTION
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DATA ON FREEZE-DRIED SAMPLE COLLECTION

Sample Date

Time Elevation Tree Size

Location

Ponderosa 8/7/74
Pine Needles

Quaking Aspen 8/7/74
Leaves

Douglas fir 8/7/74
needles

Lodgepole 8/7/74
pine needles

Chamise 8/74
foliage

Eastwood 8/74
manzanita
(Arctostaphylos

glandulosa)

4:00 pm - 54,6 ft tall,
16.7 in dia

4:00 pm - 40,2 ft tall,
4,9 in dia

2:00 pm 4600-4800 ft 27.3 ft tall,
4.1 in dia

2:00 pm 4600-4800 ft 20.1 ft tall,
4.1 in dia

1/4 mi southwest of
Grant Creek ranch

headquarters, Missoula

Montana
As above

Maximum elevation of
Snow Bowl R4 north of
Missoula, Montana

As above

Near Riverside, Calif.

As above

€0T



APPENDIX C

DATA FROM WEIGHT LOSS MEASUREMENTS
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DATA FROM WEIGHT LOSS MEASUREMENTS

Heating Rate Initial Weight Final Weight Maximum Rate Maximum Rate Temp at

of Wt Loss of Wt Loss Max Rate
_ =1 -1 of Wt Loss
°C/min mg mg min °C °C
Freeze-Dried Ponderosa Pine Needles
10 1.75 0.49 0.0662 0.0066 328
40 1.61 0.40 0.2658 0.0066 362
160 1.61 0.40 1.0269 0.0064 386
Freeze-Dried Aspen Leaves
10 1.49 0.34 0.0638 0.0064 320
40 1.72 0.35 0.2552 0.0064 354
160 1.25 0.28 1.0069 0.0063 375
Freeze-Dried Douglas Fir Needles
10 1.70 0.48 0.0676 0.0068 336
40 1.56 0.42 0.2457 0.0061 375
160 1.78 0.46 0.8542 0.0053 392
Freeze-Dried Lodgepole Pine Needles
10 1.81 0.51 0.0716 0.0072 341
40 1.82 0.46 0.2799 0.0070 373
160 1.63 0.39 0.9447 0.0059 392
Freeze-Dried Chemise Foliage
10 1.69 0.43 0.0553 0.0055 279
40 1.52 0.35 0.2158 0.0054 325

160 1.76 0.38 0.8887 0.0056 342

SOT



TABLE~-Continued

- Heating Rate Initial Weight Final Weight Maximum Rate Maximum Rate Temp at
of Wt Loss of Wt Loss Max Rate
-1 -1 of Wt Loss
°C/min mg mg min °cC °C
Freeze~-Dried Manzanita Leaves
10 1.59 0.47 0.0505 0.0051 279
40 1.83 0.49 0.1991 0.0050 310
160 1.75 0.43 0.7900 0.0049 325
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APPENDIX D

DATA OF ENERGY MEASUREMENTS

107



DATA OF ENERGY MEASUREMENTS

Heating Rate Initial Weight Final Weiocht C_ at 100°C Max 4E'/A4T Temp at
p '
Max 4E'/4T
(°C/min) (mg) (mo) (cal/gm=-°C) (cal/gm=°C) (°C)

Freeze-Dried Ponderosa Pine Needles

40 4,052 1.38 0.395 0.602 190
160 2.670 0.86 0.405 0.640 230
Freeze-Dried Aspen Leaves
40 2.676 0.80 0.390 0.550 188
160 4,023 1,34 0.385 0.572 222
Freeze-Dried Douglas Fir Needles
40 3.858 1.24 0.417 0.610 200
160 4,107 1.32 0.390 0.622 225
Freeze-Dried Lodgepole Pine Needles
40 4,272 1.48 0.395 0.624 187
160 2.699 0.76 0.400 0.596 228
Freeze-Dried Chamise Foliage .
40 4.719 1.58 0.385 0.595 185
160 2.235 0.64 0.375 0.588 210

Freeze=-Dried Manzanita Leaves

40 4.79%4 1.76 0.385 0.650 210
160 3.306 1.00 0.385 0.628 242
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APPENDIX E

WEIGHT LOSS CURVES FOR FREEZE-DRIED ASPEN LEAVES, DOUGLAS
FIR NEEDLES, LODGEPOLE PINE NEEDLES, CHAMISE FOLIAGE,

AND MANZANITA LEAVES
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Figure E-1. Weight Loss of Freeze-Dried Aspen Leaves.
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Figure E-2. Weight Loss of Freeze-Dried Douclas Fir Needles.
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Figure E-3.
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SAMPLE TEMPERATURE (°cC)

Weioht Loss of Freeze-Dried Lodaepole T'ine Needles.
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Fioure E-4, Weiaht Loss of Freeze-Dried Chamise Foliage.
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APPENDIX F

RATE OF WEIGHT LOSS CURVES FOR FREEZE-DRIED ASPEN LEAVES,
DOUGLAS FIR NEEDLES, LODGEPOLE PINE NEEDLES, CHAMISE

FOLIAGE, AND MANZANITA LEAVES
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Figure F-1. Rate of Weight Loss of Freeze-Dried Aspen Leaves.
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| l 1 |
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Figure F~2, Rate of Weight Loss of Freeze~Dried Douglas Fir Needles.
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Figure F-3. Rate of Weight Loss of Freeze-Dried
Needles.

Lodgepole Pine
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Figure F-4. Rate of Weioht Loss of Freeze-Dried Chamise Foliage.
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Figure F-5. Ilate of Weight Loss of Freeze-Dried Manzanita Leaves.
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APPENDIX G

DIFFERENTIAL ENERGY CURVES OF FREEZE-DRIED ASPEN LEAVES,
DOUGLAS FIR NEEDLES, LODGEPOLE PINE NEEDLES, CHAMISE

FOLIAGE, AND MANZANITA LEAVES
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Figure G-1.

200 300 400
SAMPLE TEMPERATURE (°C)

Differential Energy of Freeze-Dried Aspen Leaves.
Heating Rate, 40°C/min.
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Figure G-2.

200 300 400
SAMPLE TEMPERATUPE (°C)

Differential Energy of Freeze-Dried Aspen Leaves.
Heating Rate, 160°C/Min.
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Figure G-3.

200 300 400
SAMPLE TEMPERATUPE (°C)

Differential Energy of Freeze-Dried Douglas Fir
Needles. Heating Rate, 40°C/min.
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Figure G-4.

200 300 400
SAMPLE TEMPERATUPE (°C)

Differential Energy of Freeze-Dried Douglas Fir
Needles. Heating Rate, 160°C/min.
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Figure G-5.

200 300 400
SAMPLE TEMPERATUPE (°C)

Differential Energy of Freeze-Dried Lodgepole Pine
Needles. Heatina Rate, 40°C/min.
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Figure G-6.

200 300 400
SAMPLE TEMPERATUPE (°C)

Differential Energy of Freeze-Dried Lodgepole Pine
Needles. Heating Rate, 160°C/min.
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Figure G-7.

200 300 400
SAMPLE TEMPERATUPE (°C)

Differential Energy of Freeze-Dried Chamise Foliace.
Heating Rate, 40°C/min.
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Figure G-8.

200 300 400
SAMPLE TEMPERATUPE (°C)

Differential Energy of Freeze-Dried Chamise Foliage.
Heating Rate, 160°C/min.
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Figure G-9.

200 300 400
SAMPLE TEMPERATUPE (°C)

Differential Energy of Freeze-Dried Manzanita Leaves.
Heating Rate, 40°C/min.
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Figure G-10.

200 300 400
SAMPLE TEMPERATUPE (°C)

Differential Energy of Freeze-Dried Manzanita Leaves.
Heating Rate, 160°C/min.
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APPENDIX H

TOTAL ENERGY CURVES OF FREEZE-DRIED ASPEN LEAVES, DOUGLAS
FIR NEEDLES, LODGEPOLE PINE NEEDLES, CHAMISE FOLIAGE,

AND MANZANITA LEAVES
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Figure H-1.

200 300
SAMPLE TEMPERATURE (°C)

Total Energy of Freeze~Dried Aspen Leaves.
Heating Rate, 40°C/min.
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Figure H-2., Total Energy of Freeze-Dried Asgen Leaves.
Heating Rate, 160°C/min.
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Figure H-3.

200 300 400
SAMPLE TEMPERATURE (°C)

Total Energy of Freeze-Dried Douglas Fir Needles.
Heating Rate, 40°C/min.
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Figure H-4.

200 300 400
SAMPLE TEMPERATURE (°C)

Total Energy of Freeze-Dried Doudlas Fir Needles.
Heating Rate, 160°C/min,
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Figure H-5.

SAMPLE TEMPERATURE (°C)

Total Energy of Freeze-Dried Lodoepole Pine Needles.
Heating Rate, 40°C/min.
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Figure H-6.

200 300 400
SAMPLE TEMPERATURE (°cC)

Total Energy of Freeze-Dried Lodgepole Pine Needles.
Heating Rate, 160°C/min.
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Figure H-7.

SAMPLE TEMPERATURE (°C)

Total Energy of Freeze-Dried Chamise Foliage.
Heating Rate, 40°C/min.
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Figure H-R8,

200 300
SAMPLE TEMPERATURE (°C)

Total Eneray of Freeze-Dried Chamise
Heating Rate, 160°C/min.
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Foliage.
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Figure H-9.

200 300 400
SAMPLE TEMPERATURE (°C)

Total Energy of Freeze-Dried Manzanita Leaves.
Heating Rate, 40°C/min.
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Figure H~-10,

200 300 400
SAMPLE TEMPERATURE (°C)

Total Energy of Freeze-Dried Manzanita Leaves.
Heating Rate, 160°C/min.
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