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” ' ABSTRACT \\
+. - The kinetics of the pyrolysis of Douglas fir bark has | K
been investigated by the}mogravimetric ahalysis (TGA). The -

.
L
effects of varlous varlables such as heating rate, partche

. size and catalysts on the decomp051tlon of the bark have

been studied. Experimental data were obtalned in the temﬁ”

perature range 20 800°¢ and at atmospherlc pressure.,

.Bidgher heatlng rates. resulted in hlgher leyels of. con-

version and rapid decomposition of the bark. Ia the range

L _ . . - . N
75-710 microns, the conversion of bark to.gaseous products was
not influenced appreciably by varying the particle size.

. . The use‘cf the alkali carbonates as catalysts had

.-

the'effect of significantly inéreasfnc-the rate of pyrolysis.
andlcohversioh of tae bark. This was most noticeable in the
temperature range-Z?O—SOOoc.

A kinetic model has been prcposed for the pyrolysis
of the ﬁch-catalyZed and catalyzed;bark. It_was based on

the decomposition of the volatlle mater;als in- the samples

- -

The kinetic constants were estlmated. The activation energy
3

was - found to be 15.3 kcal/gmole for. the noh- catalvzed bark

and varied from 9.0 to 15.0 kcal/gmole for the catalyzed

-1

éark The frequency factor was 3.0 x 10 {(mgmin) for the

non-catalyzed bark and varied from 0.1 x 10 to 6. 7 x 107 (mg

min) ;for the,catalyzed samples. The crder of reactlon was

found to be "“two in both caSes,

s
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CHAPTER I

L

INTRODUCTION | - K

The worla's'supply of‘géuid fossil fuels is being

- rapidly depletéd. This results from the enormous con-

-
-
b

sumption of energy per capita in the developed nations.
In Canada, the consumption increases by about 3.3% per
capita (Science Council-ié?G) every vear. Fossil fué;s

are, however, not limitless, and once they have been burned

-

they are gone forever. ' ) =

Petroleum and naturél gas have been the major soﬁrces of
energy since the discovery of vast 0il fields in the Middle
East in ‘the early 1950's. Only within the last 10 vears, and
in particular since the oil embargo of 1973, has the limita-
tion of the world supply of crude oil been recoénizéd: In
fact, the rate‘of consumption has exggeded the rate 6f dis-
cévery., This has prompted af intenseeeffort in the developﬁent
of alternate and renewable sources of energy. The three major
energy alternatives being extensively investigated and ”
developed are nuclear energy, solar energy and coai.

Nuclear energy. has associated with it environmental,
economic and security concerns. Soiar eneféy is a renewable
source, is essentially inexhaustible and-&s poliution free.
However, until thé overriding costs for soiar equipment aré
reduced, the use of solar energy will not be economical.

Coal has been one of the primary resources explored by

both government and industrial sectors. Extensive catalytic



-

science and'tébhnoiogy qﬁe being applied to convert coal

to clean-burning gaseous and liquid fuels, as ﬁq}l as
chemical and petrochemicai feedstocks. The problems involved
in the conversion of coal include considerable emissions of
'partlculates, oxides of nitrogen and oxides of sulphur.
Also,people. are increasingly reluctant to expose themselves
to the dangeés and discomforts of-working in mines. Strip
-mining for suféace coal deposits is less hazardous. but
involves considerable land reclamation problems.

In view of the problems.mentioned in the preceding
paragraphs, an economical aﬁd a clean source of fuels and
chemicals becomes particularly attractive. Forest products .
and agricpltural.wastes fall into this category. These
materials are collectivgly-known as bioﬁass. Biomass can be
defined as solar energy stored in the form of plant matter
or residues which have some positive value as a chemical
reSOugée. It is a renewable source of energy with minimal
pollutfﬁn problems, due to its low sulphur content.

The application of biomass fo? énergy cpnsu@ption is
not a new idea. Indeed, long before man knew there was oil,

wood was used as fuel. In many pargg;of the world today,

-
L

T . ) - -
anlmal residue is used for fuel These uses are very limited
N - -

and provide only heat. In order to maintain our current
standard of living, processes must be developed to convert

plant matter and animal residues to liquid and gaseous fuels

and chemical feedstocks.
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- .
- Some of the principal biomass conversion technologies

are:

i) direct combustion - this is the most common method of

recovering energy from Qood.by‘simply burning the material -

in an excess of air and utilize the heat so produced:;

ii) gasification - this is a complex chemical process which ~
occurs’ when heat is appligd to organic matter with a
deficiency of oxygen. The product will be a mixture of

gases Fontaining hvdrogen, carbon moncxide, carbon dioxide

and hydrocarbons. The exact composition will depend on the
temperature; pressure, times, and présence of catalyst. If

air is used as a feed instead of oxygen, large .amounts of

" nitrogen will also be produced - this will have to be removed

to create a synthesis gas. Synthesis gas can then be used

. to produce methanol through catalytic combination of hydrogen

and carbon monoxide, synthetic natural gas through methanation,
or hydrocarbons through Fischer-Tropsch synthesis;

iii) hydrogasification - in this process, part of the biomass

is first converted to hydrogen by gasification and the
resultant gas is shifted to increase the hydrogen content.

The hyvdrogen-rich gas then reacts-with the remaining biomaks
at a high temperature and pressﬁre to yield a product gas
with a high methane content which is theﬁ upgraded to pipeline
quility s&nthetiq natural gas: . .

iv) hydrogenation - this is also referred to as ligquefaction

or carboxylolysis. It is a reduction reaction in which carbon



‘monoxide reacts with cellulosic material at 250-350°C and ,-

pressures of 70-350 atmospheres. The iesultiﬁg liquid fuel <«

has a heating wvalue of about 30- MI/kg: oo 0

v)' pyrolvsis -'whléh is the phys;cal and chemlcal decom—
position of organic matter by the action of heat in the
absence of oxvgen. Varying compositions of gases, liguids .
and chars are produced, depending on the condition of -the
reaction. 'The gaseous mixture, liqﬁid and char produced.
can be used as fuel. Synthetic natural ~gas, methanol, or
liquid hydrocarbons can also be produced-

vi) 2Anaecrobic digestion - this$ is the conversion by bacterial

action in the absence oqksxygen of slurried organlcﬁmater;pl
to a (70:30) gas mixture of methane and carbon dloxlde. The
process operates at 25°C and retention times can be as high

as 15 days, thus necessitating equipment of a large volume.

Ligninxinterferes with the process and thus may require
removal beforehand.

Anaeorobid digestion is ideally suited for treatment

of livestock wastes.
vii) hydrolysis - ip this process cellulose can be converted
into wood sugars including glucose ﬁhrough the action of
either acids or special enzymes.

The sugars produced by acid or enzymic hydrolysis can
then be fermented, using enzyme containing yeasts, to.;thanol

or higher alcchols. Alternatively, the sugars can be digested

anaeorcbically to produce a methane-rich gas. Such processes

P T TISY FUPRE Pe- ST T PR TS RPN
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are very tlme—consumln? for the liguors to be fully converted.‘

v111) steam reformzng - thls is now commonly used to

convert hydrocarbons, such as natural gas, to hydrogen and

K

carbon monoxlde, Whlch can be’ used to produce varxous _
products such as meuhanol. ~It can-also be used to convert
the various hydrocarbons produced in pyrolv51s/ga51flcatlon
process to synthesis gas. This could then be used to
produce methanol. )

Regardless of the type of technology, any near-term S

implementation of conversion processes for biomass should .

~
,
»

provide:

a) a readily marketable groduct,

b) . operatability on a variety of fged materials,

c) economic feasibility with respect to low capital
cost and utilization of conventlonal construction

materials for components,

d) modest operating o0nditions, favourable kinetics,
and high energy efficiency,

— v

e) accommodation of both small, dispersed biomass
sources and large, concentrated sources,

£) solution of waste disposal problems or at least,
not producing additional large. volumes of new
wastes.
Most of the preceding requirements can be met by thermo-
chemical gasification. This type of process involves both
pyrolysis and gasification..
The products of present thermochemical processes for

pyrolysis/gasification of biomass are low (approximately

150 Btu/cu £t) to intermediate (300 to 500 Btu/cu ££) Btu'

]

2
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gas, and perhaps tars and char...A§§Egti1izatipn.§f these
proQucts is limited. They aré.mést sﬁitéblé for use as
ihﬁustrigl fuels. fhey cannot directly replace'naéural' i
gas, chemical. synthesis gaées{ or be dire&tly‘used for ...

chemical -process feeds. 25" ~am

-

In summary, the near-term application of present biomass -

thermochemical pyrolysis/gasification processes is limited'~;:f—

S . . - >
to their inability to produce high calorific value prodpctét

for which-la;gg demand exist. Methods of converting_biomass
to medium and/or high Btu gas are almost the same as fpose'
proposed for'coalg There i$§ increased sign;ficant research
being done on pyrolysis of biomass to produce gaseous products‘
- for utilizatioh as fuel or as féwyéhemical feedstocks.
An understanding of the kiﬁ%tics of pyrolysis is essential
to the proper choice, design an&’analysis of suitable reactors
#_ for this biomass conversion process. Therefore, the major
objectiveé of this study were to -
“1) iﬁvestigate the effects of various_opéra;ing variables
on ébe pyrolytic converéion of Douglas fir bark (a
wood residual), | -
1i) develop a kinetic model from the weight—loésrdata
which were to be obtained by thermog;avimetric

analysis (TGAa),

iii) estimate kinetic parameters from the proposed model.

b



- . CHAPTER II

LITERATURE SURVEY .

Introduction . ; e e T

The therﬁal or pyrolytic degradation of carbona;ebu§
maﬁe:ials (é.gi wood) has a long history (1), datiﬁé back

to the ancient Chinese and Egyptians, who u‘ed the tarry
products foﬁ‘eﬁbalming:~ In 1792 ﬁobert Muéoch introduced
fuels‘produced by pyrolyzing wood (2). Coal quickly
superseded wood for ﬁhe production ofa éynthetic gas.

Wwithin the last five years intensive research has been

Eérried out on pyrolysis of plant material. Technical
sessions.and exclusive seminars are often beihg held on
pyrolgsiségasification 6f biomass.

vén this section, the kinetics of pyvrolysis, tﬁé effects
of heating raté, particle size and catalysts on the
gasification of carbonaceous materizls will be reviewed.
In addition, some of the methods used for obtaining and
analyzing pyrolytic data will be disc%s;ed.

e

Pyrolysis -

During the past ten years many reséarch projects
(3, 4, S, 6, 7) have been carried out on the pyrolysis of
cellulosic matefials. This thermal decomposition process

produces a number of valuable organic compounds. However,

the yield.of the individual chemical species is low.



' Mechanism of Pyrolysis. ' - _ : ;. -

.. The product arising‘from the pyrolysis g&é%fieation
of riqmass includes a variety of combustible éhd non-
combustible componeﬁts. They are:

-

- carbon dioxide

- garbon monoxide

- hydrogen a

= hydrocarbons (C H )

- methane -

- water vapour

- tarry vapours {(primarily aromatlcs) -

- particulates (ash and carbon) ‘ .

- nitrogen (inert gas medium)

The above coméonents are known collectively as "producer
gas", witk' a loﬁ Btu rating (150-200 Btu/sdcf).

‘Tie mechanism‘by which'éuch pyrolytic components ;re
proauced involves avery cémplex series of poorly defined
concurrent and conseCutlve reactions (3). Furthermore, a
ﬁull understanding of the nature and extent of the 1nd1v1dua1
reactions has not been properly ascertained. It has been
determined that the‘yiela ﬁf'pyrolytic products are highly
influenced bf the physical and chemical conditions under
which the pyrblysis stép occurs.

A general ﬁechanism,rattributed to Shafizadeh (3)
suggests that_the pyrolysis process can be divided into
primary and secondary reactions (see Figure 1}. The primary
lreactions, 1, 2, and 3, are based on‘cellulose while the
secondary ones involve the reactions of the intermediate

products. Reaction 1 occurs below,250°C and involves

depolymerization, hydrolysis, oxidation, decarboxylation,
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~ @ehydration, and the formation of carbonaceous.char, -
Reaction 2 is the formation of levoglucosan and takes place
above 250°€. _Reaction 3 involves frégmentation and
formation of combustible pfoducts. These reactions are
competing for the ééhe.initial-réacgant, so depending uﬁon
the reaction conditions, one could have‘dbminance over the
ot%sfs. Shafizadeh (3) further ppinted out that it is |
difficuTt to extend the data obtained from the pyrolysis

of cellulosic material to yood and plant cell walls, because
the latter contain not only a substantial amount of cellulose

-

but also some hemicellulose and lignins. .

.

The Reéction Xinetics of Pyrolvsis

Tﬂere is a gehgéal concensus among investigators-‘
studying the kinetics of pyrblysis of carbonaceous materials,
that it is almost impossible to study’fgch pyrolysis reéction
individually (3). The application of thermal analysis
techniques does not provide accurate identification and
definition of each éeparate reaction.

Tran and Rai (8) have summarized the resulfs reported
by various workers using different types of feed stoéks and
experimental conditions (see Tables 1 and 2). It is seen
tha£ the values for the activation emergy vary from 3.5 to
54l3‘£cal/gmoie whereas the frequency factor varies

20 _. -1

from 3.2 to 1.6 x 10 min ~. Some researchers have

concluded that the pyrolysis process follows the kinetics

[
-
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Author Feedstocks ] Sample Size - Temperature COC)
Stamin Douglas fir stick | 93.5- 250
Douglas fir sawmdust 110 - 220
Cellulose from Douglas fir 110 - 220
Hemicellulose from D. fir ' . 110 - 220
Lignin from Douglas fir 110 - 220
Browne & Tang Ponderosa wood 250=-500 mg 1200 - 400
Chatterjee Cotton . . _ T 100mg 270 = 310
Lipska & Parke acellulose "173-191mg = 250 - 300
Akita & Kase a—cellulose 100-200 mgy 250 - 300

Modified cellulose

Mack & Donaldson  Cotton 10- 17 mg 300 - 450
Maa Birch wood Birch cylinder 400 -1200
Douglas fir 6/33 in. dia.
1% in. long
Leaw Spruce, redwood - =40 mesh 250 - 450
Barocah & Long wood - 40 g 180 - 400 _
. Cellulose -

Tran & Rai Bark from Douglas fir 20 mg 25 - 850
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Table 2 ~

—

A

i~

§E§ETIC PARAMETERS CF PYROLYSIS AS OéiAINED

Author

Stamm

Lipska&Parke

Akit'é&Kase

Mack & Donaldson

Barcoah & Long

Tran & Rai

~—

B!VRRICIJSW)RRFRS

N

Feedstocks

Douglas fir stick

Douglas fir sawdust
Cellulose from Douglas fir
Hemicellulose from D. fir
Lignin from Douglas fir

Ponderosa wood

<

Cotton
oc—oe].'i.iﬁlose

a~cellulose
mdiﬁied cellulose

Birch wood

Douglas fir

Spruce < 54% conv/
> 54% conv.

Redwood < 54% conwv.
> 54% conv.’

Cellulose

Bark from Douglas fir

24.5-45.0

4

Activaticn gre?“ency
Energy X o1
{kcal/qmole) (min ©)
29.5 ¥ 3.1 x 105
' 1
25.0 - 1.1 x 104 .
26.0 2.0 x 10+
12
25.7 2.2 x 10
X
23.0 8.4 % 10
35.8
54.3
$33.0
50.0
53.5 1.0 x 10%8-8
32.0 -
41.2
7.5 0.1 cm/sec
3.5 0.03 cm/sec
51.9 1.6 x 10%°
7.3 x 10%7
44.2 3.3 x 1087
1.0 x 10%8
4.3 (<330%) 3.2
20.0 (>33°%0) 1.4 x120°
17.0 2.4 x 10°

1.28 x 10%°
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of a first-order (or pseudo first-order) reacfion§ .However,

the difficulties in understanding the mechanism of the

"pyrolysis of carbonaceous materials have produced -conflicting

. . Y .
kinetic data, resulting in a wide range of kinetic parameters.

Most investigators have proposed kinetic models based
on the weight of residue and tried to obtain iumped kinetic ..
parameters of primary and secondary reactions of pyrolysis.

The equations of Stamm and van Xrevelen are often used to

' describe the pyrolytic data of many investigators.

The equation proposed by Stamm (5) is as follows:

dWL ‘ ‘
I = k(lTWL) ‘ N (1)

It is based on the premise of a simple first-order reaction

with respect to the fraction of the weight loss, Wy - It

“also implies an equilibrium state of complete Geight-loss

and therefore is not likely to be valid at high walue of
conversion (8). For this reason, van Kreﬁelen (9) suggested
a different model incorporating both the weight of the

residue, W, and the weight loss after- an infinite time, W_:

W ‘_ _ n ~ . l i’/
W - k-, J (2)

o7}

where n is the order of reaction.

-

The estimation of W _ is a difficult task'énd its definition

’

varies from one investigator to another. Barooah and Long

(10) havé‘proposed +hat Stamm's model be qged to describe the

&
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priméfy stage ef'decompesitiOn and van Krevelen‘e equaﬁion
with n=2 to describe the secondary stage; They f0uné that
the primary stage covers about 85% of the total weight loss
while the secéndery stage eovers the last ISé of the weight

loss (8). ' ) ' N

-

Effects.gf Heating Rate.

The vield of pyrolytic produzts'frem cellulosic

. “materials depends on the heating rate’ (11). With slow

WY

heating rate procesées‘more char, little tar, and some

flammable gaé are broducedu For -slow héat;ng_rate, the

decomposition occurs in an orderly manner, hence, stable
molecules are formed. Such molecules are richer'in carbon
and converge toward the more stable hexagonal structure of

3l
graphite carbon (12, 13) Hence, the react1v1ty of carbona

'lS decreased and less flammable gas is produced during slow

-

heating rate processes.
Rapid'heating of cellulosic materials tends to yield

more tar, less char; and more flammable gas of higher heat-

" content, that is, rich in hydrogen, hydrocarbons, and

carbon meeoxide (8). ~-

The literature has not revealed sufficient data on
the effect of heating rate oa the pyrolyeis of wood and
wood residuals.(e.gL bark)}. Furthermofe, shafizadeh (3)
has pointed out the difficulty in trying to extend the

data obtained from cellulosic materials to wood wastes,
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because the latter contain some lignins and hemicellulose

plus cellulose. e

Heinrich (14) and Goldfarb (15) found that at very =
high heating rétes, higher temperatures are needed to
achieve a specified-weight loss for wood. This fact was

later confirmed.by Sliepcevich and Leu (16).

Effect of Particle Size

According to the work of Maa (17), the pyrolysis'of
wood at high temperature, in the range of 400 to 1200°C, is
infiuenged by the parﬁicle size. He conclﬁded that for
particles with a radius less than 0.1 cm, the rate of
pyvrolysis is.gontrolled by chemical reactions; This con-
clusion was based on the assumption of first-order kinetics

and'dsing-the unreacted shrinking core model. On the other
- -

, hand, for those particles having a radius of greater than

2 cm the rate is controlled by heat transfer procésses.

Finally, for particles with radius between 0.1 and 2 cm both
chemical reactions and heat transfer are important.

Tran (18}, using a fixed bed flow reactor with Boise

,'Cascade bark, studied the effect of particle size on

pyrolysis. The diameéer of the‘reactor was 2.54 cm,and
particles between 0.64 and 1.3 cm were tested. He \
concluded that for particlé sizes smaller than 0.64 cm,
the particle size has no influence on either the amount

*

of produ¢t gas or its heating value.
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Pyrolysis — The Role of Catalysis

The present pyrolysis-gasification systems are generally
uneccncemical because of their pbor thermal efficiency and
the heterogeneous nature of the product which must be further
refinedvto produce an acceptably pure "syngas" (primarily
CO and H,). The pﬁoduétion of methanol regquires a 2:1
stoichiometric ratio of hydrogen to carbon menoxide. Hence
N,, CO,, CH,, and other hvdrocarbons must be removed or
“shiftgd" for efficient methanol synthesis. Conventional
gasifiers (pyrolvzers) reguire high temperatures (>8000C)
for good gas yields, channqlling oftén occurs in the fuel
beds, and fusion or clinkering of products and ash may also
occur within the fuel bed. Catalysts may help to alleviate
gome.of these drawbacks by lowering the operating tem--
peratures and by producing a high yield of the syné;s
product. This would result in greater thermal efficiéﬁcy,
greater methanol yield, and a reductiocn of technical .

problems such as channelling and fusion (19).

The advantages of catalytic pyrolysis -- gasification

i) increased reaction rates
ii) 1lowered operating temperatures (greater efficiency)

iii) cracking of heavier hydrocarbons to form desirable
syngas products such as CO and Hz.

—




-

17

~

Furthermore, the syngas product desirable fér methanol
pr;duction results from the low teﬁperature-catalygéc
cracking of pyrolytic liquids eor from direct gasificafion
at high temperatures (20).

 In gasification technology, two classes of catalysts
are of particular interest: those which crack the tars and
pyrbligneous acids.to yvield lighter molecular weight‘gages
and, secondly, those which iifgz\the product distribution
of gases by,cracking methane and other light hydrocarbdns
to yield CO, Co, and H,--
Some of the catalysts emploved in pyrolysis—-gasification

research include inorganic salts, metals, and metallic oxides.

Inorganic Salts

‘?he influence of inorganic impurities on the kinetics
of the pyrolysis of carbon is widely known. Even very

small concentratiogg of salts of the alkali and transition*)

.metals exert great catalytic effects on the various

reactions which occur during pyvrolysis (21, 22).

Early gasification research revealed that alkali car-
bonates such as KZE:O3 anﬁfﬁazco3 were excellent catalysts-
for carbonaceous materials. Studies by White (23, 24) found
cho3 to be a good catalyst and that the optimum carbonate

catalyst proportion is 20 percent (by weight) of the

- carbonacecus fuel feed. He further noted that alkali

carbonates also catalyzed the water-gas shift reaction

during steam gasification:
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co + Ey0 ATKall Carbonate = 02 * Hj

_ The investigation of Lewis et al (25) was on the rate of
gasification of wood charcoal catalyzed with K-ZCO3 (10 per-
cent by weight) at 650°C. This catalyst greatly increased
reaction rates. The catalvzed rates at 650°C were appro-
;imatély equal to the non-catalyzed rates at 870°c.

5C04 for
the pyvrolysis of solid municipal waste, using temperatures

Appell et al (26) recommended the use of Na
‘ .

from 250~380°C and pressurés between 500 and 5000 psig.
Fung (27) noted that cellulose treated with Na,COq yield
less tar and more C02, co; and H20 than untyeated cedlulose
at the expense of levoglucosan (a tar component).

Trén (18} found that K2CO3 and black liguor concentrates °
were’vezy effective in increasing the amgunt'of gés produced
and the rate of pyrolysis of Douglas fir bark. About 15
weight percent of potassium carbonate or 20 weight percent
black ligquor concentrate was found to be_the optimum for
maximizing the rate of gasification.

'Further literature review of the work of Madorsky et
al (28), Appell (28), Hooverman (30), Love (51), and Tang
(32) has given reinforcement to the evidence that alkali
carboﬁgﬁes increase reaction rates and overall gas vields
in pyrolytic-gasification of biomass, cellulose and refuse.
The overall concensus is that these cérbonates catalyze

the water-gas shift and carbon-steam reactions..
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Metals - 3

Many investigators have found that certain metals,
acting as catalysts, can greatly enhance gas yields and
éésifibatioh rates. The alkali and grdup VIII transition‘
metals are of particular value with nickel being recognized
as one of the most effective catalysts. The results of
using nickel indicate a greater net vield of combustible
gaseous products than yould otherwise be realized.

During the gasification of bark and spent pulping
liquors at atmospheric pressure and 1000°C{ with a nickel
_catal?st (33)'higher conversion of residual hvdrocarbons
occurred. In addition, only 0.0l to 0.09 per cent by volume
' of methane in the product gas remained, compared to 2.3 to
3.0 percent in the non—catalyzéd product gas. The;efore,
syngas yields could be catalytically increased by 10 fercent
using nickel and this catalyst increased the CO and H

2
proportion in the product gas at the expense of CH4 and CC,.

2

In the gasification of bark and pulping ligquors, Tran
and Rai (22) referred to nickel as the methanation catalyst.
They found that nickel did not increase the amount of gas
produced or the overall gasification rate. However, at 600°C
and atmospheric pressure, nickel promoted the methanation -
reaction, resulting in a higher BTU gas than would EOrmally
be produced under non-catalytic conditions.

Nickel appears to be an excellent catalyst for gasifi-

cation reactions, however, some confusion exists as to the
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exact product distribution of the gases under varying .

-condifions_of_pressure and temperature (19). An examination

of the thermodynémics of the reactions catalyzed by nickel
should provide a solution. WNickel is éostiy'and mugt be AN
maintained in a highly reduced state, therefore, these
factors are against its éommefqial use in large-scale
gasification. : C |

Cobalt, a group VIII-transition metal has proved
to'be an excellent catalyst. Weiss (34) has reported that
cobalt sulphide and cobalt hvdroxide gavé goéd liquid yields
in the pérolysis of wood at 400°C. Appell and Pantages (26)
showed that cobalt, added-as cobalt cafboﬁyl in the gasi-
fication of sawdust at .625°C, inc;eased the gas vield bf
50 ‘percent and favoured the prodﬁction of hydrogen and carbon
monoxide. Nickel'is reported to be superior to cobalt in
catalyfic gasification. Both nickel and cobalt exhiﬁited

high activity and selectivity in promoting the direct

. decomposition of carbonaceous material to hydrogen and

carbon monoxide.

Stern (35) used steel wool as a catalyst in the. direct
gasification of sawdust and sugar at 1000°c and atmogpheric
pressure. Hydrocarbons formed as initial pyrdlysis products
of wood were cracked by the steel wool and he suggested the’
following reaction shifted to the right %n the presence of

this catalyst:
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CHy + H2° Steel Wool > Co + 3H2 -

. i w
Thfs is only one of the many gasification reactions ﬁhat
result in the proéuction of hydrogen and carbon monoxide

or both. Stern's experimental results indicate- a reduction
in methane but a significant increase in the CO, Hy, and
net gas éield. Gasification on steel wool resulted in an
overall equimolar mixture ;f hydrogen and carbgn monoxide .
whereaéinon—catalytic gasification gave considerable
quantities of methane and higher molecular weight hydro-
carbons f19)- Therefore,nsteel wool appears to be of
particular interes%jfor tﬂe production of ‘a relatively

pure -syngas mixture suitable %?r methanol synthesis.

Metallic Oxides

Several metallic oxides have been used in the
catalytic gasification of carbon,biomass and coal. Willson
{35) revigyed some of the relevant literature and. concluded

that metallicfoxideé act similarly to alkali carbonates by

favourlng the production of llghter hydrocarbons and by

catalyzing the carbon—steam reactlons. 0x1des of copper,
iron, lithium, magnesium, molybdenum, potassium, strontium,
and zinc have been u;%lized as effective catalysts in the
gasification of coal, biomass and refuse (25, 36, 37)1
Various mixtures of silica (Si02) and alumina (A1203) have

been used in bromass gasification only recently, so the



“opportunity exists for intensive research. Although metallic -
oxides are considered to be good catalysts, alkali car-
bonates are generally more economical and slightly more

efficient.

Methods Used in Obtaining Pyrolysis Data

I

Pyrolvsis of carbonaceous material has been studied
by many researchers using different experimental methods

and ways of analyzing their data. Some of these methods are:

A. Thermal Analysis

The two most common methods used in thermal analysis
are differeptiai thermal analysis (DTA) and Fhermogravimetry
(TG) . Othér known methods include evolved gas detection, S
thermomechanical analysis, and differential scanning
calorimetry.’ .

The differential thermal analysis (DTA)rtechn?que has
been used to study reaction kinetics. It involves the measuring

of change in enthalpy of the censtituents of the sampie as

a function of temperature. In addition, the temperature

difference between the éample under study and a chosen

standard sample is measured. The following problems havé

limited the widespread use_of this method (38, 39):

1) the temperature difference makes interpretation of
reaction kinetic data from a DTA curve a difficult

task,
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ii) parameters such as sample size, composition of the
atmosphere used;‘and the nature of the reaction
being studied could aéfect the DTA curve.

Blazek (40) did a re&igw of the use of éhermogr#vi-
metric (TGi technigques in studyving reaction kinetics by
isothermal and‘non—isothermal methods. _The isothermal or
static method entails the determination of any. weight change
as a function of time; at constant temperature. Certain
disadvantages (41, 42) exist‘in using.this technique. They
include the following: -

i) many expérimental runs are regquired in Ordér to
comélete a data set, )

ii) the effect of heating rates cannot be studied,

iii) a time lapse occurs before the sample attains the
required temperattre, and during ;his pqéiod the :///
reactions have proceeded to a certain é%éea&iuf/yl

iv) a buoyant effect is produced when the cold sample
is subﬁected to extremef& high temperature.

The dynamic or non-isothermal method involvés the
determination of thé weight change as a functiop of time
while the températﬁre increases linearly. The following .
advantages of tﬂe non-isothermal method have beén-reported

-

by Wendlant (42):

r
i}, since only one sample is used, less data is required,

ii) kinetic parameters can be estimated over theﬁgntire

temperature range in a continuous manner.
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The most serious disadvantage of the‘dynamic method
is that the reaction mechanisms cannot be studied (40,
42). Therefore, kinetic parameters estimated firom data
using ‘the dynémic method are pertinert to only that

particular set of experimental conditions. i -

_B. Flow Techniques

These methods involve the use of several different
’types of flow reactors such as fluidized bed, free fall, packed

bed and entrained@ flow reactors. There are many advantages

as well as disadvantages associated with using flow

techniques. Flow reactors can be used to study the effect

N\

of particle size, residence time, producf quality, and
heat and mass transfer in feedstock particles. Although

this technique is closer to the pilot plant stage, a flow

reactor requires complex mathematical analysis of heat

and mass transfer equations (18).

Pyrolysis Models

There are many published reports on kinetic models
for pyrolysis of carbonaceous materials (1, 5-10, 16-18,
43-47). Msst of the investigation was done using DTA and
. TGA methods. The evaluation of kinetic parameters from
tﬁe;mogravimetfic curves has been the topic of many research
papers (46-53). These papers have pfoposed a fairly large

number of analytical methods for obtaining kinetic parameters
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from TGA and DTA_cufves. COnsequéntly, the results have
been: conflicting kinetic data plus a wide rande of kinetic
parameters. . l

Most reported kinetic models are based on either the
weight of the sample (feedstock) or the decomposable weight.
This is so, because it is impoééible to identify all the

individual chemical reactions which occur during the

thermal decomposition of cellulosic materials. The models

of %;gmqéii)and van Krevelen (9) are frequently used by

other researchers in desé;ibing their data.

Tran and Rai (8) developed a kinetic model for the
pyrolysis of‘Douglés fir bark. They defined the conversion
of solid feed to gaseous and liquid prod;ct in terms of
fractional weight loss and on a catalyst-free basis as:

W, - W

X= — ' _ f (3)

?hey assumed that. the apparent actiéation enerqgy is dependent
on Epe extent of ;he reaction, becéuse pyrolysis occurs “
through many steps where‘the molecules)of the feedstock are
changed physically and chemically. -The presence of many
concurrent and consecutive reactions during pyrolysis makes
it impossible to singlelout an activation enefgy for any
particular reaction. From their experimental data, the

apparent activation energy was found to be a direct function
» . R ’-"':M
of conversion, that 1is,
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E = E, + aX | (4)

M~ A

where E, is the activation energy at X = 0 and a/ithQ__
constant which measures the sensitivity of E with fespect
" S

to X. Furthermore, they proposed the following 2™ order

kinetic equation to describe the rate of weight loss of

the bark during pyrolysis: s
_ 1 4w _ -E/RT n -
W, at kge £ (W) (_'.f»)

. N
where £{W) is a function of the residue and can be written
as: _ . \

g™ = (Wwy)" | (6)

n is the order of reaction, ko is the frequency factor as-
descrlbed by Arrhenius® law, R is the unlversal gas
constant, and T is the absolute temperature at which the
pyrolysis reaction occurs. Tran and Rai- (8) used the
dynamic.-TGA and graphical technigques to obtain values for
the apparent activation energy, the frequency factor, the
‘reaction rate constant, and the order of reaction. fn
’general, theif results compared fairly well with values
obtained by other investigators using different feedstocks

as well as’ other experimental set-ups. LT

Conclusions

In this section, ‘the kinetics of pyrolysis, the effects

of heating rate, particle size and catalysts on the

-

»



_ P

1

gasification of carbonaceous materials have been reviewed.

Furthermore, some of the methods used for obtaining and

analyzing pyrolytic data were discussed. The literdture

review has given rise to the following conclusions:

1) The kinetic parameters such as the reaction rate
constant and the apparent activation energy--for pyroltysis

6f carbonaceous materials have been invéstigated bf

various ;Sikeré at different particle sizes and temperatures,
but the reported results in the literature show great

Ce oy

inconsistency. . , s -

2) Factually, the carbon content in carbonaceous materiais
becomes felatively less and less as the pyfolysié reaction
proceeds, and also differeﬁt reactions Bécur sequentially

as well as simultaneously during the pyrolygis step.

3) Catalystslcan be used to increase gas yields and alter
gas composltion ;n the pyrolysis-gasification of carbonaceous
materials. The alkali carbonates,'particularly KZCQB, seem
+o be the most effective catalysts. Nickel appears- to be

an excéllent catalyst for gasification reactions. However,
special attention should be given to-the relative recovery
methods and costs for any potential cétalyst.

4) The dynamic thermogravimetric Eechnique when compared

+o the static method appears to be a simpler and less time’

consuming approach. The data obtained from the dynamic
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-me-!:hod‘ is adequate for the estirnatibn of A-'.\rarious_,‘ kinet-::l.c
parameters. “
5) If a thermal analysiS' technique is used to c->\bt-ain-x
kinetic parameters, then ti;ere shgﬁld be verification of
“~the resulting kinetic model with 'ci'ata obtained frém a
flow reactor to establish the.accux:écy of the- proposed

model.

g -
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' g CHAPTER III
EXPERIMENTAL . .

A. Description of Apparatus

-

*The pyrolysis of Douglas fir bark was carried out inl
the gpéatétus'schematically shown in Figure 2. The dynamic
weight loss daté which were obtained provided the infor-

" mation needed to evaluate some kinetic parameters, such as
reaction rate.pSnstant and activation energy.

The apparatus may be divided inté three sections:

i) Eeed . |
ii) "Reaction Assembly
iiif Control Section

i) Feed Section

.'Nitrogen was used to produce ;he inert atmosphere
required for éyrolysis. The gaé was obtained from a high
pressure cylinder pasSed through ‘a filter and a drying
’ﬁﬁbe.packed with drierite (Fisher Cat. No. C-140) and
then through two flowmeters (tube and float series 601,
Matheson Co.). The das lines for nitrogen also had two
needle valves which kept the gas at atmospheric pressure.
These stainless steeg, micrometer control valves are
;manfacturea by Nupro Company, part number 8828G with
0.08 cm orifice. They are supplied byLOttawa Valve, and.
Fitting Company.

There were also two 50.8 c¢m standard cleanout mercury
manometers (Merian Instrument Company, Cleveland, Obio)

which indicated the pressure of nitrogen entering the

- . -~
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reactor and thermogravimetric balance. One end of each o
manometer was opened to the atmosphere while the other
was connected to the line leading to either the top or

the bottom of TGB - and - reactor assembly. _ » !

>

PN SR

ii} Reactoi Assembly

This sectiocn of the aéparatus consisted of a thermo-
gravimetric balance (TGB),‘héngwire and sample bucket,
reactor and furnace. .

The TGB (supplied by Mettler Instrumepts, Zurich,
Switzerland) had £eatures which Qrovided direct weight
Toss data during the bark pyrolysis. A block diagraﬁ
of the TGB is shown in Figure 3. The beam scanner (5) . s
records the.beam deflection which occurred during weighing.

It controlled the control amplifier (6). The latter - oo
generated a current proportional to the weiéht in the .
moving ceil of the compensation system (2) by way of the

range selector switch (7). The current generated a magnetic

epposing force, which kept the beam at rest in the case of

minimum deflection.

Tﬁe héngﬁi;e.;uspending the sémpIe bucket had a
60.0 cm length and a diameter of‘0.03 cm. The bucket
was 1.2 cm in diameter and 1.0 cm deep. Both items were
made of qﬁartz (Vandernof, glassblower, NRC, Ottawa). |

The ‘control socket of the TGB was modified into a

Quartz reactor 72 cm long and 4.0 cm 0.D. It had two side
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Schematic Diagram of Experimental Apparatus

S ol _ ‘ -~ Item

E . ‘ Furnace B )

LTP Linear Temperature Programmer
M -Manometef‘ .

NV Needle Valves

Nz. : Nitrogen Supply

OR ' - Quartz Reactor

R . Rotameter

s ; } Sample Bucket

TC Thefmocouple

TGB Thermogravimetric Balance

v Two-way Valves for Flow Control
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Legend for Block Diagram of TGB (Figure 3)

Weighing systeﬁ
Maghetic compensation system
Pan brake
. Power supply
Inductive beam scanning
Control amplifier
Contreol for pﬁn brake
Range selector
Measuring amplifier
Taring and zero point

Analog oﬁtput signal
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openipgs for the entry of nitkogen'and the exit”of the
gaseous pyrolytic products fplus nitrogen). The top of
the reactor was élampeé“to'the TGB.

- In order to heat the reactor, a Lindbérg type fﬁrnaqe
was used. . It had two vertically split half circle heating
units (2 K.W.). A paste of asbestos powder mixed with
water was applied to’/the outside of the héating elements
for insulation. The asbestos Qas slowly dried to prevent

cracking. The wires of the furnace were connected to the

 power and control section of the set-up.

1

iii) Control Sectioq'
)
The TGB had a control unit. This was used for cali-
bration and taring purposes. A strip chart recorder

(Series B-5000, Houston Instrument, RAustin, Texas) was

. connected to the 10 volts analog ocutput of the control unit.

The output signal in millivolts wastr@nsferred to the
recorder.

A digital readout unit (Mettler ME 22) was placed on
top of and connected to the control unit. Tﬁe recbrder
énd the digital readout unit gave the sample weight at any
particular time.

A temperature programmer/controller (Model PC-GOlli
was sipplied by the Valley Forge Instrument Company,
Phoehixville, Pa. .The programmer could be operated isother-

mally or used to maintain a change of temperature at a
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"precise” rate. The heating rate could be varied from
5-50°C/min. It had aiégﬁtrolled servide outlet to provide
power to the furnace, and requiﬁed only one cqnnection to
the power line to operate the entire system. A large dial
indicated the temperature set point, program process, and
maximbm téhéerature limit.
A chromel versus alumel (Tvpe K) thermocouple was
inserted into the ;Ehrtz reactor& close ko but not touching
. the suspended sample bucket. The leads of the thermocouple
were connected to the terminals marked "SENSOR" at the
rear of the proérammer,_observing the polérity as ﬁarked.
The  thermocouple was supplied by Thermoelectric Canada Ltd.,

Brampton, "Ontario.

B. Calibration of Equipment

It was necessary“to tare and calibrate the.thermo-

gravimetric balance before any experimental run. The power
+ ) )
*

switch was turned on fqr the recorder, the control and digital
readout units of the TGB. About 15 minutes was allowed for
the warming up of the instruments. A.zero reading for the

TGER was obtained by using the taring knob on the control

unit. This was done with the hangwire, sample bucket and
»

the- reactor in place. Simultaneously, the recorder was

' adjusted to give a corresponding zero reading. A 10 mg

calibrating ring was hung from the TGB. The readout unit

and recorder should display readings of 10 mg-and 10 mv,
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-rate. The data are found iIn Appendix A.
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respectively. On removing the calibrating rings, zero

readings should be obtained. If tlre zero ppiﬁt is B

incorrect, the taring and calibration steps are .repeated.
The thermgcéuple (Type K) wasipalibrated_uéing a
mercury thermometer, a potentiometer and a controller—
heater—reactor assembly. The heater and controller were
used to obtain isothermal conditions ii a stainless steel
reactor. The thermometer and the thermocouple were tied
togethe; and suspended in the reactor. The leads of the

thermocouple were connected to the millivolt potentiometer.

A ﬁLot of the thermometer reading versus the E.M.F. of the ™’

potentiometer is shown in Figure 4.

Temperature profiles were obtained for the LTP at“
heating fates of 15 and 50 degrees Celsius per minute.
These were done to ascertain the actual temperatuée in the

guartz reactor when the LTP was set a specified heating

c. Experimental Procedure

The following steps were. performed for each run:

i) The TGB was tared and calibrated simultaneously with

- the analog recorder.

~ii) The sample was placed in the bucket which was then

-suspended by the hangwire in th%(ﬁiTCtor.
s el -
iii)} The reactor assembly was then purged with nitrogen

to remove -air from the entire system. This was done
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Figure 4 - Calibration Curve for the Thermocouple of the LTP

32



_lv)

v)

vi)

. ML *

vii)

viii)

ix)

for about half an hour. Fuﬁthermore, the assembly
was checked for any leaks.

The LTP was set in the isothermal mode at 20°C as the
starting temperature. -A period of 30 minutes was
allowed for thermal equilibrium,.

The flowrate of nitrogen through the system was set
;t 150 ml/min after the purging steb. A bubble-meter-
at the outlet wes used to determine the correct
flowrate. ‘ |

The needle valves were adjtsted (if necessary) to
obtain atmospheric pressure in the system.

A heatlng rate and the heating limit (800° C) were
selected on the LTP.

The recorder's chart speed motor was turned on
simultaneously w;th the LTP in the "rise to hold"
mode of operatlon.

As the temperature of the furnace rises, the reactor
is heated the weight loss data of the sample are
obtained from the strip_chart of the recorder.

At the limit (800°C) the heating is continued for 5
minutes more. After this time the LTP is turned
off. The recorder is stopped. Nitrogen is ellowed
to continue passing through the system to vent the

pggduct gas.
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D. Sampies and Chemicals -

' The Douglas fir bark was obtéined from the Eastern
Forest Products Laboratory, OFtawé,-Ontario. The bark
wés poﬁdered, écreened, and then dried for 30 minutes.
The powdered bark was stored in a dessicator._ Table 3
shows én example of aﬁalyses done on two samples of the
powderéd.S;rk.

Catalyzed bark was prepared by tﬁe impregnation method.

The bark and a solﬁtion of the. catalyst were mixed together.
Then this mixture was oven dried (at 100°C) to form catalyzed
bark of a particulér percentage by weight.(of catalyst).
The cgmpounds uéed as catélysts were supplied by the Fischer-
Scientific Co., New Jersey, U.S.A. The nitrogen used was

obtained from Liguid Carbonic, Ottawa, Canada.

3
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CHAPTER IV

LY

C e T RESULTS

The dynamic or non-isothermal method was used to obtain

the experimental data during this investigation. However,

_—l

-

the temperature rise indicated by the LTP was non-linear.

This was determined by the temperature profilés obtained:

'mﬁor the LTP at heating rates of 15 and 50 degrees Celsius ’iﬁEﬁh

L4

per minute (see Tables 4 and 5).
The effect of various variables, namely, heating rates,
partiélé size, nitrogen flow rate, and catalysts on the

conversion of Douglas. fir bark to gaseous products were

- studied.
Conversion (X) was defined in terms oquractional <
weight loss and on a catalyst-free basis as:.’
_ W - W
X=—
0 .

Tables 6 and 7 show- the results.of using heating rates
of 15 and 50°C/min, respectively. Figure 5 is a plot of
conversion versus time (temperature) for the two heating
rates. It ié.observed that a Heating rate of SOOC/min when
compared to one of 15°¢/min gave higher levels of conversion
and in a shorter period of time. Héhce, t@e higher heatiﬁg
rate was used for thgvrest of the experimentél rﬁns. N

Thé effect'of'barticle size on conversion was studied :a'
in the size range 75-710 microns using a heating rate of
50°C/min. The data are shown in Tables B—IG:T-The élots

’
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of conversion against time (temperature) with particle size

as a parametér ware shown in ﬁigures 6 and 7. A particle

size‘qf lSO_microns gave the highest levels of conversioﬂn
the;gfo:e, it was used for the mass transfer and catalytic
studies. ’

To investigate the effect of mass transfer on éanvgrsion,
ekperiments were done using different flowrates of nitrogen
in the reactor. Tables 17-20 show the data obtained.
Figure 8 depicts the plot of conversion versus time
(temperature) with nitrogen flow rate as a paraheter.

The effect ofjcatalysis on the conversion of bark was
investigated using the carbonates, chlorides of potassium
and sodium, the nitrate of nickel and potassium hydroxide.
Tables 21-31 are the results of the catalytic“stﬁdies.

Figures 9-13 are plots of conversion against time (temperature)

. with the parameter being percentage (by weight) of catalyst.

The experimental data for the non-cataiyzed and
catalyzed pyrolysis of bark revealed thét.the rate of weight
loss (-dwW/dt) varied with time (temperature), refer to
Tables 8-16 and 21-31. Figures 14 and 15 show examples of .
plots of -dW/dt versus timgv(temperature) for noncatalyzea
and catalvzed samples. -

All the data are given in Appendix B;

.
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Rate of Weight-Loss (-dW/dt), mg/min
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Figure 14 - Rate of Weight-loss for Various Particle
Sizes of Non-catalyzed Douglas Fir Bark
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Flgure 15 - Rate of Wélght-loss for Catalyzed Bark
at Varying Weight Percentages of
Potassium Carbonate
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. CHAPTER V
DISCUSSION OF RESULTS

In this section, the effect of various operating
variable's on the pyrolysis of Douglas fir bark will be -
‘discusséd. The development of a kinetic model based on the

exéerimental data will be presented.

A. - Effect of Heating Rate v

Tables 6-7 and Figures 5 are the results of the effect-
offheating rate on the pryolysis of bark. For the lower heat-
ing rate, there was slow weight loss especially in the tempera-
ture range 220-500°C. Lower levels of conversion were obtained
throﬁghout the héating ra;ge_(ZO—SOOOC) while using the lower
héating rate. | B

These results are suppofted by other_ investigators (4, 12,
'13). For slow heating rates, the decomposition occurs in an
orderly manner, resulting in the formation of stéble'molepﬁles.
These molecules being richer in carboh converge toward the
more étable hexagonal .structure of graphite carbon. Hence, the
reactivity of the carbon is decreased resulting in lower lévels
of convprsion and less raéid weight loss during slow heating
rate processes. ) -

At the higher héating rate, higher temperatures were
;equired in order to achieve a specified weight loss or level

of conversion. Similar behaviour has been observed (14, 15, 16)

during the decomposition of other carbonaceous material.

;
™



55 “, . | .. ‘

-

B. Effect Sf Particle Size | . : B
' In this study, the particles usedrwere.in‘the size range
ffo; 75 fo'?lo microns. The data in Téblés‘B—iS and the plots

in ?igutes,e ané—J-show na appreciable difference in the
results obtained.for any particular particle sizgfi However,
particles of 150 microns showed slightly higher leﬁ@is of con- )
#ersion.ié‘the lattér stages of the pyrolytic reaction.
Conversion of the wood bark was highest for the smallest
particle size (fS miéroﬁS) during the earliest phase of the

pvrolysis. This trend was reversed as the reaction proceeded.

¥

It would seem likely that the smallest particle size became
agglomerated parficles. Becausé of this agglomeration, the
effective particle size would be increased thus lowering the
con&ersion.

For particles,with a radius of less than 0.1 cm, the rate
of pyrolysis is éontrolled‘by chemical reactions (17). This
information was used to-choose the particle size range used ih
this project. It could possibly explain the_izgk‘of any clear
pattern in the results obtained.

A random selection of duplicate runs was done for some of
‘the particle sizes. The reproducibility of the experimental .

data was reasonably good, since the deviation in any set of

duplicate runs was less than 5%. Tables 33-36 show this trend.

C. Mass Transfer Effect

Nitrogen flow rates of 50, 80, 120, and 150 ml/min were

used to study mass transfer effect on .the pyrolysis of bark.

-
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‘fhe results in Tablés 17-20 and Pigure 8 seem!@o indigate
that there is 1it£1e or no maég transfer effect at these flow
rates. This‘agrees witp the findings of Berkowit2~(54f.,;Hé
‘reported that gsing activation energy as an indicééion of mass
'tiénsfer‘effect, it was'fodﬁd that at 150 ml/min gas flo@ rate

the effect of mass transfer is minimized.

D. Effect of Catalysts | .
A < : .
Catalysts play a major role in conventional hyvdrocarbqn

3

i

processing, but their application to conversion of carbonaceous ‘5
material to gases or liquids has not been.intensively investi-
gated except in the coﬁversion of coal to synthetic fuels. - In
principlé, catalysts Will accelerate or retard chemical
reactions, thus enabiing selectivity of prodﬁcts in chemical . -
processes. A iiterature review has shown that certain compounds
acting as catalysts are capable of'beaeficially influencing the <
. Qasification of carbonacgouglmate£ials. ]
‘ The chemical compéunds used as catalysts in this project
we;e potassium ca;bonate, sodium ‘carbonate, nickel(ous) nitrate,
. potassium hydroxide and sodium chloride. The effectiveness of )
these catalysts were determined at Ya:ying_concentrations (i.e.
§ weight percentages). The results of these studies afe shown in
s 'Tables 2931 and Figures 9-13. The data reveal that in the

time interval 7-12 minutes. and the temperature range 270-500°C,

the greatest amount of thermal decomposition or pyrolytic con-

«

version occu;red. Table 32 shows some of the results of the

p&rolysis for catalyzed and non-catalyzed bark in this time
period and temperature range.

3
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The overall reéuits indicate thaﬁ small amounts (5% by
weight) of ﬁoté?&f&hﬁand sodium cérbonates'seem to be the
most.effec;ive of the céfalYéts. éﬁwever, a cléa; rankiné éé )
the cataiyst-effectiveness was. not possible. Other investigators
(18, 23,,24, 25, 26, 27) have éonﬁirmed the effectiveness
of the.alkali carbonates as excellent catalysts for the

‘pyiolysis of biomass. Others (8, 32, 45, 55, 56) have
reported that these carbonates prevent the carbon of the
feedstocks from forming stable struciures by various proposed
mechanisms. .Hence, these additives lowered the pyrolytic tem-
perature required to continue the reaction. The data

in Table 32 show that, in general, a higher temperatuie‘

is required for the non-catalyzed bark toAattain the same
level of conversion as the‘catalfzed bark. .Therefore, the
catélysts‘have'tﬁe effect of lowering the operating
temperatures resulting in greater thermal efficiency. The
catalysts greaﬁly iﬁprove the conversion of bark to gaseoﬁs

products and, also*increase the.reaction .rates.

E. Kinetic Ana;ysi; of Experimental Data

Thermogravimetric analysis (TGA) has become increasingly
useful in investigations of the pyrolysis and combustion
behaviour of solids. If, for example, some powdered bark
is heated in an inert'ggsgspheie at a linearly prograrmed
{or non-linear) rate, a record o£ its weight as aifunction

of time produces a curve such as that shown in Figure Is.

. ..-...44’ A s s o P 4




ﬁeightéloss

Time
Figure 16 - Typical Thermogram of Solid
Pyrolysis

Rate of Weight-loss

Time

Figure 17 - Typical Rate of Weight-loss
vs Time Curve for Solid
Pyrolysis . N



These data can be ﬁtilized to determine the kinetic
parametefs s;ch as activation energy and order of these
reactions. ' |
Differentiating the curve in Figure 16 gives the
results shown in Figure 17. It is shown that, the
5 decomposition occurs at a very slow rate until a critical
temperature region is reached. Then the pyrolysis rate
increases very rapidly to a maximum, after which, as the
sample further decﬁmposes, the rate drops even more
rapidly. This behaviour is characteristic of a large
number of decomposition reactions, e.g., pyrolysis, and a
significant number of methods have been proposéd fo;hobtaining
the kinetic parameﬁers of such reaCtions from the recorded
, thermogram (Figure 16) or its derivative (Figure-17). The
proposed models differ in their complexity and in the
precision of the results which may be obtained. Hence,
there have been large vari;tions in the values of the kinetic
parameters which have beep'determined from TG curves;

Extreme caution is necessary to evaluate and interpret such

results.

Model Developmént

From gpe expefimeﬁtal weight-loss data it was possible
to determine the rate of weight-loss with increasing
time (temperature). The computer program used for the

. . calculations was DGT3 in the Scientific Subroutine Package

-
=

-



of IBM. Table§'6—31 are the results of the,C9mputations.-
Figures 14 and 15 show plotS'of the rate of weight-

loss versus time for the non—qgtalyzed and catalyzed
Douglas fir bark, respectively. These curves are similar
‘to that of Figure 17. fhey show that tﬁe initial pyrolvsis
reaction occurs at a slow rate until a critical temperaéure
is attained. Then thé rate increases very rapidly.to a

- maximum, after this, with further decomposition, the

¢ Tate drops more rapidly..

The initial weight of any sample of Douglas fir bark

consists of the weights of the volatile materials and the

- -

char. In mathematical form, this can be written as

i - WO = Wﬁo + WE (7)

=
At any time t, the weight of the .sample is

W=WV+WC ' -(8)_

Assuming a first-order thermal decomposition of the

! | ' volatile materials, then at time t

: _ -kt -
o W, =W, e _ | (9)

But from Arrhenius' law, the rate constant is

x = Ae_E/RT
\
[

Hence, the weight of the sample at time t becomes

l . t
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tR)]

- - (Aexp-E/RT) t
W=W_e ‘ | + W, |

.

On assuming an nh order reaction for the pyrolysis of
the volatile materials, the weight of a sample at time t

is given as

~

-n+l _ -n+l

W W,

-0 + (n=-1)kt + Wc 12

where n # (see Appendix C).

Equations 1l and 12 represent the two proposed models
which were used to estimate the kinetic parameters from
the experimental data. This was achieved by using the
Box—Mogifiéd Gauss method and the computer program NONLIN

from the WATFIV Library (see Appendix C).

BEstimation of Parameters

The literature review (3,-7, 8, 10, 16, 18) on the
pyrolyvsis of cgrbonaceous materials has shown that ﬁany
investigators report this process as a first or second
order thermal decomposition. This would seem to indicate
fhat for the pyrolysis of Douglas fir bark, the experimental-
data should be fitted to a first or second order ﬁgdel.
Therefore, models with first, second, as well as fractional
order of reaction were tried for the experimental data.

Residual analyses were done on the d;ta for each run
to determine which model gave the most adequate fit to’

the experimental results. Table 35 shows the values of

the sum of sguares of the residuals which were obtained
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 Figure 20 - Thermogram for Catalyzed Bark Pyrolysis
(5% KOH); (n=1)
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Figure 21 - Thermoéram for Catalvzed Bark Pyrolysis
(5% KOH); (n=2) . :
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Figure 22 - Thermogram for Catalyzed Bark Pyrolysis
(5% Sodium Carbonate)} (n=1)
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, e Experimental Data
Predicted -
o 2 4 6 8 10 12 14 16 18 20 22 24 26

Figure 23 -_Thermdgiam for Catalyzed Bark Pyrolysis

Time (min)

(5% Sodium Carbonate); (n=2)

TN




Normalized Weight, Y = Wt/wo

0.4,

- 68 ’

Y

- -

Experimental Data
Predicted

8 12 16 20
Time (min)-

24

-y

Flgure 24 - Thermogram-for Catalyzed Bark Pyreolysis
* (10% Potassium Carbonate); (n—l)

U
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.data. Hence, from equation (2) with n=

from equatlon (33).

70 : .

from the aﬁ%lyses. The:%esults show that there is a
decrease in the sum of squares of the residuals as the
order of reaction is increased from one to twb. Based on
the trend shown in these results, it was "concluded éhat'al
second order mogel gave-thé "best" fit to the experimental

data. Figures 18-23 3re plots of the predicfed and actual’
values of hhe normalized we%ght IWt{WO) versus time ?or \
bothfthg_fir5£ ana.égcothmoﬁgls. Ehegs plots confirm

hhat the secondégrder_model is 2 fbeit;i it for the

. the results of "

this study on the pyrolysis of Douglas fir barf‘can be

-

represented by the following model

WO .- .
.W’=---——v + W ‘ G3)

c
1+ Wvokt
Table A contalns the kinetic parameters whlch were estlmated

L

L4

The value of the actlvatlon energy was found to be

15.3 kcal/gmole for the non-catalyzed bark, while for the

catalyzed bark the activation energy varied from 9.0 to

15.0 kcal/%pole. ‘The values of the activation energy were

' smaller for th%'catalyzed bark than for the non—cé%alyzed

bark. Thls is to be expected since catalysts such as the
glkallfcarbonates prevent the carbon of the sample.from
forming a stable structure, thereby decreasing the amount

of energy required for the decomposition.

L J—



Table A

-

| APPARENT KINETIC PARAMETERS FOR PYROLYSIS OF
'DOUGLAS FIR BARK FROM THE EXPERIMENTAL DATA

‘Sample PrequenC{ Factor ' Activation Energy
Sample ) {mgmin) - . (kcal/gmole)
NON~CATALYZED 3.1 x 107 ’ 15.3
5% Na,CO., 0.84 x 107 12.3
22% Na,CO, 0.07 x 107 . 9.0
- - . - 7
6% K,COy 3.6 x 10 »14.1
11% K,CO, 2.0 x 107 13.3
208 K3CO,. 0.5 x 10’ 12.4°
" . 5% KOH 6.7 x 107 15.1
10% KOH ~ 1.5 x 10’ 12.7
. 7
. 6% Nl(N03)2 2.3 x 10 14.%, )
108 Ni(NOy), * -1.9 x 107 14.3
- ”

Order of reaction: n=2 for both non-catalyzed and
catalyzed samples.

-



The frequency factor was 3.0 x 107'(mgmin)_l for the

non-catalyzed bark® I ' -9 0.1 x'107 to

The wvalues the actlvatlon energy and the frequency
factor obtalned/from this study e lower - than mostAand
different from those reported in the literature (see_
Table ?1?' This is not unusual since the investigators
have followed varying techniqueg and approaches in inter-
preting their TG data in order fo estimate the kinetic

parameters.. All the inveétigators (cited 'in Table 2)

except Tran have used feedstocks other than Douglas fir

" bark. Therefore, only the results of Tran can be cempared

with those of thiélstudy.

-

Tran (8) base§ his model on the assumption that the
activation energy.is a linear function of the conversion

‘and that there were linear heating rates during pyrolysis
of his samples. His proposed model was '

-

_L @ _ . -E/RL¥ n .
Wo at_. o® G (14)
. o - .'_‘ - e 0
In terms of conversion equation (8) becomes
':é—x-—-k‘eE/RTlX) : | e
aE - %o ( S - ©(15)

- -

~ Tran's results are found in Table B. They ghow that the

activation energy is .
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E = 24.3 + 34.1 X kcal/gmole.
for the non-catalyzed bark, and
: o

E = 24.5 + 20.6 X kcal/gmole

for the catalyzed bark. The order of reaction was one and
two for the non-catalyzed and catalyzed bark, respecti#ely.
Although the feedstock was Douglas fir bark for

Tran's and this project, there are differences in the

results. Tran's values for the activation energy and

frequency fact r are higher than thoseecbtained in this

study (refe to Tables.ﬁisnd B].' This is to be expected
51nce he has assumed that the activation energy is a

linear function of conversion. Hence, ‘with lncrea51ng
conversion the activation energy also 1ncreases. He has.
also considered the total mass of the sample in the analysis
of the decompesition data. In this study each sa@ple was
treated as consi§ting of volatile materials (about 70% by
weight) and char. .Tran in his.analysis included the char .

as an integral part of the weight at ény time dufing thew
pyrolysis. As time_increases,.the effect of qhar becomes
more predominant because he is considering the pyrolysis

rate to be proportlonal to the total welght of the sample*\\\
This study 1s based on the dependence of the pyrolysis rate_<
on the weight of the decomposable material. This approach
was taken since the kinetic rate of gaseous evolution should

depend on the volatile matter:
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It shoulqébe‘rei;erated that the pyrolysisfof
carbonaceous materials ‘proceeds through a c°mpléx series
of consecutive apd competinglreactions.CB), hence the
estigated values of the kinetic parameters from weight-loss
data have’been conflicting and variéd.

;n‘conclqsion, the large variations in the values of
the kinetic parameters calculated from TG curves make it
necessary to_evaluate such.results: Although TGA curves )
offer an extremely efféétive short cut’ to the accumulation
of considerable kinetic data, ﬁhey.must be treated with
great caution if they are not to add more cqnfusion thaﬁ

enlightenment.
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CHAPTER VI

CONCEUSIONS, RECOMMENDATIONS AND SUMMARY ]

Thermogravimet;y has been used to étudy aﬁe effects
of certain variables on the pyrolytic conversion of
‘Douglas fir bark. In addition, a Finetic model was proposed’
for the pyrolysia process. The followiag conclusions about
the pyrolysis of ba:k have resulted from this Stuéy:

1) Higher levels of- conversion and rapid decomposition

were obtained with a higher heating rate.

"2)  In the range 75 ~-710 microns, conversion was not

_appggcza@%y,lnfluenced .by varvying the partzcle size.

3) For nitrogen flowrates of 50 to 150 ml/min, ~

conversion levels did not differ significantly.

This would indicate an absence of mass transfer

effect.

4) Catalysts such as potassium and sodium carbonates,
as well as potassium ;ydroxide were effective in
incrieasing the cohversibn and rate of decomposition
of¢the bark. ‘

5) For the non-catalyzed and catalyzed bark, the

following kinetic model was proposed:

[l

W,
W:.;o.{.w

/ S .

The order of reaction, n, was found to be two for

both the non—catalyzéd and catalyzed bark‘samples;
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' 6) ~TGA provides an extremely effective method of

accumulating considerable amounts of reproducible

kinetic data but the treatment qf'such data

requires great caution in- their interpretation.

r

" Recommendations

fhese recommendatipns are ﬁropoéed as possible guide-
lines for future inveséggations: . ; -

a) A linear temperature progrémmer capable of higher
heating rates is reﬁuired. The LTP shouid have a
thermocouple which has been Eaiibrated with the unik.

b). A suitéble and highly sensitive unit for the continuous

. anélysis of the product gas should be included in the
apparatus. This would provide additional data for

r

.mass balance and heating value calcul

c) The propdsed model could be further refi eﬁ,bf taking

a distribution of the activation- energy apd then

éstimating the kinetic parameters. This would be a

more realistic approach. ' ®

Summary

It has been estimated (Eastern Forest Products
Laboratory Bulletin) that approximately six million tonnes

of bark are produced each year in Canada by the wood

”,
7’

processing industry. Less than one-half is put to any

use and the balance is either incinerated or dumped as

-em T
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landfill. Bark has been used as a source of energy for -

many years in some forest industries, e.g.,_in the pulp

. And paper industry bark is used to generate process steam

and power.

Tﬁe rate of depletion of_petroleum'and natural gas
reserves plus ﬁhe high costs of these fuels have resulted
in greater attention seing_given to conversion of wood
wastes (e.g., bark} to clean, convenient fuels. Pyrolysis.
is a useful technique for recovering enérgy from wood
residuals and other plant materials. Substantial amounts
of kinetig data will EF required for the selection oflthe
proper design and cons?ruction of reactors for pyrolysis
aﬁd other conversion processes; TGA provides the tool for

the treatment and interpretation of the pyrolysis data.

{

o,

)
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APPENDIX A

Analyses of powdered Douglas fir bark. s »
Data for temperature profiles with the LTP set at

heating rates of lSOC/min and 50°C/min.
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Table 4

TEMPERA?URE PROFILE DATA FOR PROGRAMMER AT 15 C/MIN

Lk
- P
- . —
-
-

Time Programmer Temperature . - Actual Temperature
o (min) o (®Cy e N (T
-0.0 200 ‘ : . 20
"1.0 35 o 20
~ 2.0 50 . . 24.
4.0 * .80 R 74
5.0 . 95 o 100

6.0 C 71100 N 120, \
7.0 125 ~ ' 124”7
8.0 140 : 138
9.0 - 155 - ‘ © . 162
10.0 17¢ . - . 184
11.0 185 ) 200
12.0 . 200 . 214
13.0 215 . 230 P
15.0 245 b 276
16.0 - 260 .7 288 .
17.0 275" 306
18.0 290 : 326
19.0 305 344
20.0 320 356 -
21.0 335 a 372
22.0 . 350 s 394
23-9 365~ 7 414
24.0 . 380 : 428.
25.0 . . 395 . . 448
26.0 - 410 ' 462
27.0 425 . - 480
28.0 440 . 500
29.0 455 520
30.0 470 536
31.0 485 . 548
32.0 500 . 564
33.0 515 : 584
34.0 530 . : 600
35.0 545 ~ 616
36.0 560 " 632
37.0 ' 575 - : 648
38.0 590 . . 668
39.0 605 , . 682
40.0 620 . : 696
41.0 635 740
42.0 - - 650 . 740
43.0 665 . 752
44.0 . 680 - 772
- 45.0 695 _ 788

46.0 710 ' . 804,



Time
~1ne
{min)
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15.0
16.0
17.0
18.0 -
19.0
20.0
21.0
22.0
23.0
24.0
25.0 °

- ' - VA
- 88 ; ~
- ‘ :
- Table 5 i i
. ‘ .
TEMPERATURE PROFILE DATA FOR PROGRAMMER AT 50°C/Mﬁi>7‘ .
- . L8 T -
Programmer Temperature Actual Temperature
15C) i - (5C) -
20 20
0 ‘;9 30
120 40 -
170 76 )
220 120
270 168
320 . 216
370 268
420 320
470 372
520 420 -
570 460 - O L
620 500 Y
670.1 540
72— 568
770 600
800 628
664
688
716
742
* 768
786 IS
© 800
~ 844 2 -
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PYROLYSIS DATA

Heating rate effect
Particle size effect

Mass transfer effect

=

Catalvtic studies . .

Replicate data for particle size effect

ﬁesidual analysis data
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oo Table 6

*\w' : WEIGHT-LOSS AND CONVERSION FOR BARK

150 microns

OO0 OoO O 0OCO0O0OO0O0000 s

HHPH
W
L]

15.0
16.0
17.0
18.0
19.0
"©20.0
21.0
22.0
23.0
24.0
. | 25.0
. - ' 26.0
' 27.0
28.0
29.0
. . 30.0 °

31.0
32.0
33.0

34.0 .
35.0

Particle Size: |

Weight
(mg)

50.1
50.1
50.1°
50.1
50.1
49.9
49.8
49.3
49.2
49.0

'49.0

48.9
48.9
48.9
48.7
48.2
48.0
47.0
45.8
44.1
42.1
39.6
36.0
31.1

~26.5

24.7
23.5
22.2
21.3
20.6
19.9
19.2
19.0
18.4
18.0
17.8

Conversion

(%)

I T R R . R T T T T R S T S DY Y T I T I )

OHOOOORNNONOLLELBNMNOOAMOOOOO

N : '
HFANOALRWNNONMNMMNMOMHHFEOOOOOOO

8]
w

w
o]
'

47.1
50.7
53.0
55.7
57.5
59.0
60.3
61.7
62-.1

63.3 .

64.1
64.5

. AT HEATING RATE = 15°C/MIN

e s
Flowrate Nitrogen: .

_ 150 ml/min

Rate of Weighﬁ—Loss
- (mg/min}

QOO0
.

[ ] » ] .

B WM B U d~JOHWUNOWHWOWUOHAMMLBHORHMHENWWN
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- Table 6 (continued)

WEIGHT-LOSS AND CONVERSION FOR BARK
‘ﬁ\T HEATING RATE = 15°9C/MIN

L

Particle Size: Flowrate Nitrogen:
150 microns SO 150 ml/min
Time Weight Conversion Rate of Weight-Loss
(min) {mg) (%) - (mg/min)
36.0 17.2 65.7 0.4
37.0 - 17.0 66.1 0.2
38.0 16.8 66.5 0.3 -
39,0 . 16.4 67.3 0.4
40.0~ 16.0 68.1 0.3 !
41.0 - 15.9 £68.3 0.2
42.0 15.7 68.7 0.3
43.0 . 15.4 69.3. 0.3 -
44.0 15.2 - 69.7 0.2
45.0 15.1 70.0 0.1
46.0 15.0 70.1 0.1

Cy
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Table 7' - : o

- /

WEIGHT-LOSS AND CONVERSION FOR BARK
AT HEATING RATE = 50°C/MIN

- -

Particle Size: 150 microns Initial Weight: 49.3 mg

Flowrate Nitrogen: 150 ml/min ' Weight Residue: 13.4 mg
Time - Weight Conversion Rate of Weight-Loss -
(%) (mg) ‘ (%) - (mg/min)
0.0 49.3 0.0 0.0
. l.0 49.3 ¢.0 - 0.0
2.0 49.3 0.0 0.1
3.0 49.2 0.2 0.2
4.0 49.0 -0.6 0.4
5.0 48.4 1.8 0.5
6.0 48.0 2.6 0.3
7.0 47.8 3.0 1.2
8.0 45.6 7.5 -3.5
9.0 40.8¢ 17.2 7.8
10.0 30.0 39.1 9.4
11.0 22.0 55.4 5.2
12.0 19.6 ©60.2 2.0
13.0 18.1 . 63.3 1.3
14.0 17.1 65.3 0.8
15.0 16.5 66.5° 0.6
16.0 16.0 67.5 0.6
17.0 15.3 9.0 0.5
18.0 - 15.0 70.0 0.4 -
19.0 14.6 70.4 0.4
20.0 14.2 a 71.2 0.3
21.0. 14.0 71.6 0.1
22.0 14.0 @ ~71.6 0.2
23.0 13.8 72.0 0.2
24.0 . 13.6 72.4 0.2
25.0 ‘13.4 72.8 0.2



DECOMPOSITION DATA FOR PARTICLE SIZE

£
e

Table 8

Flowrate Nitrogen: 150 ml/min
*Heating Rate: 50°C/min

Time ‘Weight Conversion
(min) (mg) (%)
0.0 50.0 0.0
1.0 ~50.0 0.0
2.0 50.0 0.0 .
3.0 50.0 0.2
4.0 49.2 1.4
5.0 48.6 - 2.6
6.0 . 47.8 . 4.2
7.0 43.4 13.0
8.0 36.8 26.3
9.0 30.5 39.0
10.0 27.0 . 46.0
11.0 24.5 51.0
12.0 23.1 53.7
13.0 22.0 56.0
14.0 21.0 " 58.0
15.0 20.4 59.1
16.0 19.7 60.5
17.0 19.0 62.0
18.0 18.8 62.3
19.0 -18.3 63.5
20.0 18.0 64.3
. 21.0 17.8 64.7 °
22.0 17.6 65.0
23.0 17.5 65.5
24.0 17.2 65.7
25.0 17.0 66.0
* Programmer's rate .

00000000 CO0COKRHNWMINNOOOOOO
[ ]

0

75 MICRONS.
Initial Weight: 50.0 mg
Weight Residue: 17.0 mg

Rate of Weight-Loss
- (mg/min) ’

. d [} LI} L ) [] . 2 . [ | []

. ] .« 3 . 9 .
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' ‘Table 9. _
: - ) - ’ B ’
. DECO@QS%;ION DAT2 FOR PARTICLE SIZE = 106 MICRONS
*Heating Rate: /min \ . Initial Weight: 5—.2?mg
Flowrate Nitrogen: 150 ml/min Weight Residue: 15.1 mg
Time  Wei ht Conversion Rate of Weight-Loss
{min) ) (ﬁg\% (%) - (mg/min) .

\

/
£
o
[ ]
(o 3 o 8 o}

Y

L)

ooco0oooo

0 0
0 0
! 9.0 0
3.0 0.0 .0
2.0 0.0 .2
5.0 0.6 -6 :
6.0 2.3 7
7.0 3.3 0.5
8.0 4.3 1.2
9.0 8.6 4.0
10.0 41.0 19.9 7.8
;‘_1;2/ 31.2 . .39.1 8.1
i 24.8 ° 51.6. 4.6
{13.0 '22.0 © ° ..57.0 2.1 :
14.0 20.7 - 3% » 1.2,
)15.0 - R 7 ™os r
16.0 18.9 63.1 0.8 '
17.0 © '18.0 . 64.8 0.7 .~
18.0 17.5 55.8 0.7 C
19.0 16.7 . 67.4 1. 0.7 -
20.0 . 16.2 - 68.4 < 0.4
21.0 ¥6.0 . 68.8 0.2 .
22.0 - 15.9, 68.9 0.2
23.0 15.6 69.5 - g3 F
24.0 15.3 70.1 3
25.0  »15.1 70.5 - /2.1 /
| | A
_ Y
- -
/ 'l

-



d : Table 10 . B N
_DECOMPOSITIdS DATA FOR PARTICLE SIZE = 125 MICRONS

) L]

-

Flowrate Nitrogen: 150 ml/min ' ' Initial Welqht 53.5 ng

*Heating Rate: 50°C/min - ) Welght R331due' 15.4 mg
Time Weight. Conversion Rate of Welght-Loss'
(min)- . (mg) (%) N —(mg/mln) .

0.0 53.5 0.0 0.6 .

1.0 53.5 0.6 0.0 '

2.0 53.5 0.0 0.0

370 53.5 - 0.0 0.3~ .

4.0 53.0 0.9 ~ 0.4

5.0 52.7 1.5 0.5 . .
6.0 . 52.1 2.6 0.4
7.0 51.9 . 3.0 1.3 -

8.0 . 49.6 7.3 4.0 : .
9.0 44.0 17.8 8.8
10.0 32.0 40.2 9.6
11-.0 24.8- 53.6 . 5.0

“12.0 22.0 58.9 2.2 .
13.0 20.5 61.7 1.2 *
14.0 19.7 o 63.2 d " 0.8
15.0 18.9 64.7 0.9
16.0 18.0 66.4 0.8 ;

17.0 - 17.4 67.5 0.5
18.0 17.0 68.2 0.3
19.0 .16.8 68.6 0.4
20.0 16.3 .- . 69.5 0.4
21.0 16.0 70.1 0.2
22.0 15.9 - 70.3 . 0.1
23.0 15.8 - 70.5 . 0.2
24.0 15.5 71.0 L3 0.2 .
0.2 *

25.0° 15.4 71.2
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Table 11 °
DECOMPOSITION DATA FOR PARTICLE SIZE = 150 MIéRONS

*Heating 'Rate: 50°C/min - * Initial Weight: 53.1 mg
Flowrate Nitrogen: 150 ml/min - - Weight Residue: 14.8 mg .
“Time Weight Conversion Rate of Welght-Loss '
(min) (mg) . (%) - (mg/min)
0.0 53.1 0.0 0.0 |
1.0 53.1 0.0 0.0
2.0 53.1 0.0 - 0.1 >
3.0 53.0 0.2 0.2
4.0 52.8 0.6 0.6
5.0 51.9 < 2.3 0.8
6.0 51.2 3.6 -~ 0.5
7.0 51.0 4.0 - 1.1
~ 8.0 49.0 7.7 3.6
3.0 43.8 i7.5 9.0
10.0 31.0 41.6 10.3
11.0 23.2 56.3 . 5.0
12.0 21.0 . 60.5 1.8
- 13.0 19.6 . .63.1 1.2 .
14.0 18.6 €5.0 0.8 .
15.0 18.0 66.1 6.8 . -
l6.0 17.1 67.8 .6 .
17.0 . 16.8 . 68.4 , N
18.0 16.1 - 69.7 0.
19.0 l6.0 . 7G0.0 0.3
20.0 15.5 71.0 0.4
21.0 15.2° 71.4 0.2
22.0 " 15.1 ’ 71.6 0.1
23.0 15.0 .7 71.8 0.1
24.9 14.9 72.0 0.1
0.1

25.0 l4.8 72.1
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' Table 12

DECOMPOSITION DATA FOR PARTICLE SIZE = 180 MICRONS

r
-

-t

Flowrate Nitrogen: 150 ml/min " Initial Weight: 54.0 mg
Heating Rate: 500C/min Weight Residue: 16.0 mg
Time ~ Weight Conversion Rate of Weight-Loss
- (min) Amg) - (%) - —(mg/min)
0.0 54.0 0.0 0.0
1.0 54.0 0.0 ~ 0.0
0 54.0 0.0 0.0
3.0 . 54.0 0.0 0.1
.0 53.8 0.4 0.6
.0 52.8 2.2 1.0
6.0 51.9 3.9 0.8
7.0 51.2 5.2 1.4 .
8.0 . °~ 49.2 8.9 3.6
9.0 ' 1 18.3 7.8
10.0 ggf? 37.6 8.9
11.0 26.4 51.1 5.3
12.0 23.2 57.0 - 2.7
13.0 °  21.1 61.0 1.6
14.0 20,0 ° . 63.0 1.0
" 15.0 19.2 64.4 0.7
16.0 . 18.7 65.4 0.6
.17.0 18,0 66.7 0.6 N
18.0 17.6 67..4 0.4
19.0 . 17.2 68.1 0.3 .
20.0 17.0 ‘ 68.5 0.2
21.0 16.8 9.0 0.1
22.0 16.8 69.0 0.3,
23.0 - 16.2 ©70.0 0.4
-24.0 16.0 70.4 0.1
25.0 16.0 70.4 0.1
o
A 1 N
- N A
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. Table 13

DECOMPOSITION -DATA FOR PARTICLE SIZE = 250 MICRONS

-
L]

Flowrate Nitrogen: 150 ml/min Initial Weight: 50.2 mg
Heating Rate: 500C/min “Weight Residue: 14.9 mg
Time Weight Conversion Rate of Weight—Loss
(min) (mg) (%} - (mg/min)
~ 0.0 50.2 0.0 0.0
1.0 50.2 0_0%? 0.0
2.0 50.2 0.0 0.0
3.0 50.2" 0.0 0.1
4.0 - 50.0 0.4 0.2
5.0 49.9 0.6 0.2
6.0 49.5 1.4 1.0
7.0 48.0 4.4 3.0
8.0 43.8 . 12.7 7.4
9.0 33.2 34.0 9.5
10.0 24.8 ' 50.6 5.9
11.0 21.4 57.4 2.5
12.0 15.9 60.4 1.2
13.0 19.0 62.2 1.0
L . 14.0 18.0 £64.0 0.9 i
15.0 17.3 65.5 . 0.6
16.0 16.9 66.3 0.6
17.0 16.2 67.7 0.5
.18.0 16.0 68.0 0.2
19.0 15.8 68.5 0.2 .
20.0 15.6 69.0 0.3
~ 21.0 15.2 70.0 0.3
22.0 15.0 70.1 0.2
23.0 14.9 70.3 0.1
24.0 14.9 70.3 0.0
0.0

25.0 14.9 70.3



~ DECOMPOSITION DATA FOR PARTICLE SIZE

Flowréte Nitrogen: 150 ml/min

.99

- Table 14

Heating Rate: 50°C/min

Time
{min)

P T T T R T T R I
000000 OODOQOOO0ODC0CDOODO0OOO0O

b 4t |
NHFOWOD-IOWUNHLWNEFEO

o
o W

17.0
18.0
19.0°
20.0
21.0
22.0
23.0
24.0
25.0

Weight

(mg)

52.8
52.8

52.8"

52.6
52.4
52.0
51.8
51.2
49.2
44.8
36.0
28.0
23.6
21.4
20.2
19.3
18.8
18.0
17.6
17.1
16.9

16.7

16.2
16.0
16.0
16.0

Conversion

(%)

P S T T S
OOMMNODOWNOHOOCO

b L
~SNHUOADWHRHOOOOO

55.3

w
\D
[

w

61.7
63.4
64.4
65.9
66.7
67.6
68.0
68.4
69.3
69.7
69.Y7
69.7

COO0O00OOOOO0OKHHWANAWHOOOOOOO

355 MICRONS
Initial Weight: 52.8 mg-
Weight Residue: 16.0 mg

Rate of Weighf‘Loss
- {mg/min) '

CQOMLLHENDBUA~NH~IWNBANWBWWNEOO
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Table 15

DECOMPOSITION DATA FOR PARTICLE SIZE = 500 MICRONS-

. . Flowrate Nitrogen: 150 ml/min Initial Weight: 53.3 mg
*Heating Rate: 50°C/min : Weight Residue: 16.1 mg
Time Weight Conversion- " Rate of Weight—Loss -
{min) . {mg} (%) ) - {mg/min)
0.0 53.3 0.0 0.0 *
1.0 53.3 0.0 0.0
2.0 53.3 0.0 0.0
3.0 53.3 ' 0.0 0.1
4.0 53.1 0.4 0.2
5.0 52.9 0.8 0.3
6.0 52.5 1.5 0.7
7.0 51.5 3.4 3.8
8.0 45.0 15.6 8.3
9.0 35.0 ‘ 34.3 9.0
10.0 27.0 49.3 . 6.1,
11.0 22.8 57.2 * 3.0
12.0 21.1 60. 4 —. 1.4 _
13.0 v 20.0 62.5 1.0
14.0 19.2 64.0 0.7 *
15.0 18.6 65.0 0.6
16.0 18.0 66.2 0.5
17.0 17.6 ) 67.0 0.5
18.0 17.1 68.0 0.3
1.0 17.0 68.1 0.2
20.0 16.8 68.5 0.3
21.0 16.5 69.0 0.3
22.0 l6.2 ’ 69.6 0.2
23.0 16.2 69.6 0.1
24.0 16.1 . 70.0 0.1
25.0 16.1 70.0 0.1
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Table 16
DECOMPOSITION pAT$ FOR PARTICLE SIZE = 710 MICRONS
= T ' - -
" Flowrate Nitrogen: 150 ml/min . Initial Weight: 52.8 mg
Heating Rate: 50°C/min Weight Residue: 15.8 mg
Time Weight . ~Conversidn Rate of Weight-Loss A
(min) (mg) T (®) - (mg/min)
0.0 52.8 0.0 0.0
X0 52.8 0.0 0.0
2.0 52.8 0.0 0.0
3.0 52.8 0.0 0.0
4.0 52.8 - 0.0 0.2
5.0 52.5 0.6 0.3
6.0 52.2 1.1 0.8
7.0 51.0 3.4 2.5 °©
8.0 47.2 10.6 5.0
8.0 41.2 22.0 7.3
10.0 32.6 38.3 8.4
11.0 24.4 53.8 5.7
12.0 21.2 60.0 2.2
13.0 20.0 62.1 1.1 .
14.0 19.1 T 63.8 6.9
15.0 18.2 65.5 o6
l6.0 18.0 66.0 ,&,0.5
17.0 17.2 . 67.4 * 0.5
18.0 17.0 - 68.0 0.3 )
19.0 16.6 68.6 0.3
0 20.0 16.4 68.8 0.3
21.0 16.0 70.0 0.2
22.0 16.0 ’ 70.0 0.1
23.0 15.8 70.1 0.1
24.0 15.8 _ 70.1 0.1
25.0 15.8 70.1 0.1
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i Table 17 o
CONVERSION AND WEIGHT4LOSS DA'i‘A FOR .. ot | k .

NITROGEN FLOWRATE = 50 ‘ml/min

Particle Size: 150 miéroné_ , i N Initial Weight: 52.0 mg. -

*Heating Rate: 50°C/min o Weight Residue: 15.0 mg
* Time- , Weight .-+ Conversion Rate of Weight—-Loss
(min) Emgg ' © (%) - (mg/min)
0.0 52.0 0.0 0.0
1.0. 52.0° 0.0 0.0 -
2.0 '52.0 0.0 0.0 ~
3.0 52.0. 0.0 0.1 )
4.0 51.9 - 0.2 0.4
5.0 51.2 1.5 0.5
6.0 50.9 2.1 6.5
7.0 50.3 3.3 1.9 -
8.0 47.2 9.2 - 5.2
9.0 . . 40.0 23.1 ©10.1
10.0 © 27.0 -48.1 8.5
11.0 23.0 - 55.8 3.1
12.0 20.9 o 60.0 1.7
+13.0 19.6 - 62.3‘} 1.1
14.0 18.8 63.8 7 0.8
15.0 18.0 65.4 - 0.7
16.0 -17.4 ’ 66.5 0.5
12.0 17.0 o 67.3 0.6
18.0 16.3 68.7 0.5
19.0 16.0° - 69.2 0.2
20.0 15.9 - 69.4 . 0.2
21.0 15.6 - 70.0 - 0.3
220 15.3 ,70.6 0.2 .
23.0 15.2 «*70.8 0.2 £ -
24.0 15.0 71.2 0.1 N
25.0 15.0 - 71.2 0.1 {
o~
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Particle Size:'iso microns
*Heating Rate: 50°C.min

Weight

(mg)

52.0
52.0
52.0
52.0
51.8
51.3
51.0

50-6 -

48.0

. 42.0

29.0
23.2
21.0
19.8
19.0
18.0

- 17.6

17.0
16.5
16.0
15.8
15.6
15.5
15.0
15.0
15.0

Conversion
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CONVERSION AND WEIGHT-LOSS DATA FOR
NITROGEN FLOWRATE = 80 ml/min ~ .

-

Initial Weight: 52.0 mg
Weight Residue: 15.0 mg

'Rate of Weight-Loss

- (mg/min)

L. L] . L] L] [ L]

cowwNBUUSNIYONobBULWOBUAEAHOOO



- Table 19 .
o : CONVERSION AND WEIGHT-LOSS DATA FOR -
T‘\\ NITROGEN FLOWRATE = 120 ml/min " ° .
. - ¥
/' . .
/ Particle Size: 150 microns Initial Weight: 52.3 mg
o Heating Rate: 50°C/min ‘Weight Residue: 15.0 mg
o Time Weight Conversion Rate of Weight-loss
: r,/*\'-." (min) (mg) (%) - {mg/min) .
¢ e 0.0 52.3 0.0 0.0
| 1.0 52.3 0.0 0.0
J 2.0 52.3 0.0 0.0
’ 3.0 52.3 0.0 0.1
T 4.0 52.2 0.2 4 0.2 .
N 5.0 52.0 ~ 0.6 0.4
- 6.0 51.5 1.5 0.5 -
7.0 51.0 2.5 1.8 -
8.0 *48.0 8.2 ' 5
9.0 40.0 23.5 1x.0
) 10.0 26.0 50.3 | 8.8
11.0 22.4° 52.2 2.8 - \
12.0 20.5 60.8 l.6
13.0 19.2 63.3 1.1
14.0 18.4 64.8 0.7 ‘
- 15.0 17.8 66.0 0.6 >
16.0 17.2 67.1 - 0.5 {'
‘ 17.0 16.9 . 67.7 0.5
18.0 16.3. ) 68.8 0.5
15.0 . 16.0 7 69.4 0.3
20.0 15.8 70.0 0x3
21.0 15.5 70.4 0.3
22.0. 15.3 70.7 0.2 .
23.0 15.1 71.1 0.2
24.0 15.0 71.3 0.1
25.0 15.0 71.3 0.1
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1

Y Table 20

CONVERSION AND WEIGHT-LOSS DATA FOR
NITROGEN FLOWRATE = 150 ml/min

Tt

o

- . ¢
Particle Size: 150 microns Initial Weight: 50.0 mg
*Heating Rate: 50°C/min - Weight Residue:,14.0 mg
Flowrate Nitrogen: 150 ml/min ) . Rt
Time Weight Conversion Rate of'Weight-lLoss
(min) (mg) (8) ~ o - (mg/min) Py : .
¢.0 50.0 0.0 \ 0.0
1.0 50.0 _0.0 0.0
2.0 50.0 0.0 0.1
3.0 49.2 0.4 0.5
4.0 49.4 1:2 0.5
5%0 . . 48.9 2.2 . 0.4
630 . 48.6 2.8 ‘ 1.4 .
i 46.1 7.8 4.7
8.0 39.2 21.6 . . ©10.3 -
9.0 25.5 49.0" 9.0
10.0 21.2 . - 57.6 3.2
11.0 19.2 : 61.6 1.6
12.0 18.0 . 64.0 1.1
13.0 S T17.1 65.8 0.8
14.0 16.5 67.0 0.6
15.0 T 16.0 68.0 0.5
16.0 15.5 - . £9.0 0.5
17.0 15.0 70.0 0.3 o
18.0 14.9 70.2 0.1 7.
19.0 - 14.8 70.4 0.2
20.0 14.5 ] 71.0 0.3
21.0 14.3 71.4 g.2
22.0 14.2 71.6 0.2
23.0 l4.0 72.0 0.1
24.0 14.0 ‘ 72.0 0.0
25.0 14.0 72.0 0.0
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Particle Size:
*Heating Rate: 50°C/min

e e e LT a

Table .21 ;

*

150 microns

. _ Flowrate Nitrogen: 150 ml/min

Time
{min)

oOwO-TANMBWNHO
[ ] [ ] L ] [ ] [ ] [ ) L ] [ ] . [ ]
OO0 OOOO0OO0

(=
(-
.

o

Weight
(mg)

46.3
46.3
* 46.3
- 46.1
45.9
45.0
44.2
43.6
40.0
28.1
23.0
21.0
19.8
18.8
18.0
17.7
17.3
- 17.0
©16.9
16.7
16.4
l6.2
16.1
16.0
16.0
16.0

-~

Conversion’

(%)

WO OoOOoOoOO
[ ] 13 L[] . [ ] [ ] )
omowud oo

w e

03 W) b e
LI B R 0 |

HLgowum

[2)]
H
o

63 2.
65.0
65.7
66.6
67.3 &
67.6
68.0
69.0
69.2
69.4
69.6
69.6
69.6

-

-

r(mg/mln) : ~<F*’

.
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' DATA ROR 5% POTASSIUM CARBONATE (BY WEIGHT) ié CATALYST

ot

N - |
Initial Weight: -46.3 mg
iweighx Residue: 16.0 mg .

Rate of Welgﬁt‘zfgs
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. Table 22.

-

"‘DATA FOR 10% POTASSIUM CARBONATE (BY WEIGHT) AS CATALYST

Partigle Size: 15¢ microns Imitial Weight: 52.8 mg
JHeating Rate: 50°C/min ' Weight Residue: 19.2 mg
Flowrate Nitrogén: 150 ml/mi _
Time Weigh Conversion - Rate of Weight-Loss
(min) (mg) (%) - (mg/min)
0.0 - 52.8 . 0.0 0.0 R
1.0 52.8 0.0 0.0
2.0 52.8 0.0 0.2
3.0 52.5 0.6 0.3
4.0 52.2 1.3 0.6
5.0 : 51.4 . 3.0 0.6
6.0 © 51.0 - _. 3.8 0.7
7.0 50.1 5.7 2.5
8.0 46.0 14.5 9.3
9.0 31.5 45.3 . 9.3
10.0 27.4 54.1 3.2
11.0 25.2 59.0 1.8
12.0 23.8 61.7 «1.3
13.0 22.7 . 64.1 1.0
14.0 21.9 '~ 65.8 0.8
15.0 21.2 67.2 0.5
16.0 21.0 677 0.2
17.0 20.8 68.4 0.3
18.0 20.4 69.0 0.4 «
19.0 20.1 69.6 0.2
20.0 20.0 70.0 0.1
21.0 19.9 70.0 0.2
22.0 19.7 70.4 0.3
23.0 19.4 71.1 - 0.3
24.0 ' 19.2 71.5 0.3
0.1

25.0 19.2 71.5
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Table 23 |

DATA FOR 20% POTASSIUM CARBONATE (BY WEIGHT) \|AS CATALYST o

' . \\_’/ - T )
Particle Size: 150 microns - Initial Weight: 54.0 mg
*Heating Rate: 50°C/min - Weight Residue: 21.4 mg
Plowrate Nitrogen: 150 ml/mI -
Time Weight Conversion . 'Rate of Weight-Loss
(min) (myg) (38 . .= (mg/min)
.0 54.0 0.0 0.0 .
1.0 54.0 0.0 0.0 )
2.0 54.0 0.0 0.0
3.0 54.0 0.0. - 0.3
4.0 53.5 1.2 0.8
3.0 52.4 3.7 1.0
6.0 51.6 5.6 0.7 *
.7.0. 51.0. 7.0 1.3 -
8.0 49.0 11.6 - 4.0
9.0 43.2 25.0 8.5
10.0 ) 32.0 51.0 7.0
11.0 29.5 57.0 2.4
12.0 27.3 62.0 1.8
- 13.0 25.9 65.0 1.2
14.0 25.0 . 67.1 0.8
15.0 - 24.3 : 69.0 0.5
16.0 ., 24.0 69.4 0.3
17.0 . 23.7 70.1 0.3 ~
18.0- 23.4 71.0 0.4
19.0 23.0 T 71.8 0:3
20.0 22.8 .- . ' 72.2 0.3
21.90 22! ’ 73.0 -3
22.0 -~ 22.2 . 73.6 0.3
23.0 . 22.0 74.1 0.2 -
24.0 21.8 - 74.5 . 0.2
0.2

25.0 2l.4 75.5 '




Table 24
DATA FOR 5% SODIUM CARBONATE (BY WEIGHT) AS CATALYST
" S :
: ;/,. g Particle Size: 150 um ~ Initial Weight: 53.1 mg
TeRs T *Heating Rate: 50°C/min Weight Residue: 19%.0 mg
b Flowrate Nitrogen: 150 ml/min - ' .
- . - . - .
Time Weight Conversibn - Rate of Weight-Loss
\? imln)_ img§ (%) - =(mg/min) .
. 0.0 - 53.1 0.0 0.0
‘1.0 53.1 . rQ.O 0.0
2.0 53.1 _0.0 - 0.0
3.0 - 83.1 - 0.9 e 0.1
B 4.0- 53.0 0.2 Y 0.
5.0 52.3 1.6 77—
6.0 - 5l.6 { 3.0 -9
' 7.0 . 50.5 ° 5.2 2\ 7 A
| 8.0 ' 46.2 - 13.7 88
1 9.0 33.0 - 40.0 9.1
} 10.0 28.0 50.0 3.5
| 11.0 26.¢* 53.7 1.5 ¢ -
‘ 12.0 : 25.1 . 55.5 1.6
, 13.0 22.9 " 60.0 1.6
| 14.0 - - 22.0 61.7 0.8, )
15.0 21.3 . ., 63.0 0.5
; 16.0 : 21.0 63.6 0.2
' 17.0 20.9 63.8 0.3 -
18.0 20.4 " 64.8 0.5
: 19.0 20.0 65.6 .0.3
. 20.0 19.9 65.8 0.2
21,0 19.6 66.4 . 0.3
22.0 19.3 ‘ . 67.0 0.3 a
23.0 19.1 67.4 0.2
24.0 19.0 67.6 0.1
25.0 19.0 ' 67.6 . \0.1
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=~ Table 25

-

DATA FOR 10% SODIUM CARBONATE (BY WEIGHT) AS CATALYST

Particle Size: 150 microns S Initial Weight: 63.0 mg
*Heating- Rate: 50°C/min - Weight Residue: 20.1 mg
Flowrate Nitrogen: 150 ml/min
Time Weight . Convention - Rate of Weight-Loss
_(min) (mg) (%) - (mg/min)
- : . &
0.0 53.0 - 0.0 0.0
1.0 53.0 0.0 ~ - 0.0
2.0 53.0 - 0.0 0.0
3.0 53.0 0.0 0.2
4.0 "52.6 0.8 0.5
5.0 52.0 2.1 0.8
6.0 51.0 4.2 0.9
7.0 50.0 7.8 . 2.5
8.0, 45.8 15.1 7.4
5.0 34.8 38.2 7.8
10.0 *30.0 48.2° 3.5
11.0 27.8 52.8 3.0
12.0 26.0 56.5 1.6
13.0 24.3 60.2 1.5
14.0 23.2 - 82.5 c.7
15.0 - 23.0 ) 63.0 0.2
16.0 . 22.8 63.3 0.4 -
17.0 22.2 64.6 0:4.°"
18.0 22.0 © 65.0 0:1"
19.0 22.0 : 65.0 092
20.0 21.6 66.0 0.4
21.0 21.2 67.0 6.3
22.0 21.0, 67.1° 0.2
23.0 20.9 67.3 0.3
24.0 20.4 : 68.3 0.4
0.2 »

25.0 20.1 69.0



111

L

- -

Fa - Table 26

.DATA FOR 20% SODIUM CARBONATE (BY WEIGHT) AS CATALYST

Particle Size: 150 microns ' Initial Weight: 52.3 mg
*Heating Rate: 50°C/min Weight Residue: 24.0 mg
Flowrate Nitrogen: 150 ml/min
Time Weight Conversion Rate of Weight-Loss
(min) (mg} (%) - (mg/min)
0.0 . 52.3 0.0 0.0
1.0. 52.3 0.0 - 0.0 .
2.0 52.3 0.0 0.1
3.0 52.2 0.2 0.2
4.0 - 52.0 0.7 0.2
5.0 51.8 1.2 0.6
6.0 50.8 3.7 1.3.
7.0 49.2 7.6 4.3 i
8.0 . 42.3 24.5 - 7.2
9.0 34.8 43.0 5.1
10.0 32.1° 50.0 2.2
11.0. 30.5 53.4 . 1.6
12.0 29.0 57.1 . 1.3
13.0 28.0 60.0 & 1.0
14.0 27.0 62.0 0.6
‘15.0 ., 26.8 62.5 0.3
16.0 26.5 63.2 0.3
17.0 26..2 " 64.0 0.3
18.0 26.0 - 64.5 0.1
19.0 . 26.0 64.5 0.1
20.0 25.9 65.0 0.3
21.0 25.5 N ©65.7 0.4
22.0 25.2. 66.4 0.3
23.0 25.0 67.0 0.3 !
24.0 24.6 ' 68.0 6.5
25.0 24.0 69.3 0.7
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Table 27

DATA FOR 5% POTASSIUM HYDROXIDE-(BX WEIGET) AS CATALYST

Particle Size: 150 microns Initial Weight: 51.0 mg
*Heating Rate: S50°C/min . : Weight Residue: 18.6 mg §
Flowrate Nitrogen: 150 ml/min .
™~ - .
Time Weight Conversion Rate of Weight-Loss
(min) (mg) : (%) - (mg/min}
g.0 51.0 0.0 B 0.0
1.0 51.0 0.0 0.0
2.0 51.0 0.0 0.0
3.0 51.0 0.0 0.1
4.0 50.9 0.2 0.4
5.0 50.3 1.4 0.5
6.0 50.0 2.1 0.6
7.0 49.1 3.9 2.1
8.0 45.8 10.7 - 7.7
9.0 33.8 35.5 9.7
10.0 26.4 © 50.8 4.7
11.0 24.5 "54.7 1.7
12.0 23.0 57.8 1.3
13.0 21.9 60.1 1.0
14.0 21.0 62.0 0.7
15.0 20.5 63.0 0.5
16.0 20.1 63.7 0.3
17.0 15.% 64.2 ¢.3
18.0 18.6 . 64.8 0.3
159.0 19.3 65.4 0.3
20.0 ] 19.0 66.0 0.2
21.0 19.0 - 66.0 0.1
22.0 18.8 66.4 0.1
23.0 18.8 66.4 0.1
24.0 18.6 - 67.0 0.1
25.0 18.6 67.0 0.1
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Table 28

.

DATA FOR 108 POTASSIUM HYDROXIDE (BY WEIGHT) AS CATALYST

R
&

Particle Size: 150 microns Initial Weight: 51.0 mg
*Heating Rate: 50°C/min . Weight Residue: 19.8 mg
Flowrate Nitrogen: 150 ml/min )
Time Weight Conversion Rate of Weight-lLoss
(m1in) (mg) (%) _ - {mg/min}) Y
0.0 51.0 0.0 0.0
1.0 51.0 -7 0.0 0.0
2.0° 51.0 0.0 0.0 -
3.0 51.0 0.0 0.1
4.0 50.9 0.2 0.2 N
5.0 "50.6 0.9 - 0.5
‘ 6.0 50.0 2.2 1.1
E 7.0 48.4 5.7 4.0
f 8.0 42.0 " 19.6 9.6
; 5.0 ©29:3 47.3 7.4
10.0 27.2 52.0 -2.1
11.0 25.2 56.2 1.7
12.0 23.8 59.3 1.2
13.0 22.9 61.2 0.8
14.0 22.3 62.5 0.5
15.0 22.0 3.2 0.4
< - 16.0 21.5 64.3 0.4
! 17.0 21.2 65.0 0.3
{ 18.0 21.0 65.4 0.2
i . 15.0 20.9 65.6 0.2
| 20.0 20.6 66.2 0.2
: 21.0 20.5 66.4 0.2
| 22.0 20.2 67.1 0.3
: 23.0 20.0 67.5 0.1
| 24.0 20.0 67.5 0.1
0.3

| 25.0 19.8 68.0
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Table 29
DATA FOR 5.6%‘NICK§L(0US) NITRAig AS CATALYST
Particle Size: 150 microns t Initial Weight: 52.7 mg

*Heating Rate: 50°C/min Weight Residue: 15.0 mg
Flowrate Nitrogen: 150 ml/min '

Time ~  Weight Conversion Rate of Weight-lLoss
(min) ' ng; (%) - (mg/m1in)
6.0 52.7 6.0 0.0
1.0 52.7 0.0 ¢.0
2.0 52.7 0.0 0.1
3.0 52.6 0.2 0.1
4.0 52.5 0.4 0.3
5.0 52.0 1.3 0.6
6.0 51.3 2.7 0.8
7.0 50.5 4.2 2.1
8.0 47.1 10.7 5.5
9.0 39.5. 25.2 10.3
10.0 26.5 50.0 8.3 .
11.0 23.0 56.7 2'8\\“/ )
12.0 2L.0 60.5 d.7
_ 13.0. . 19.7 63.0 1.1
14.0 18.8 64.7 0.9
15.0 18.0 66.2 0.6
16.90 17.6 67.0 0.5
17.0 17.0 68.2 0.4
18.0 16.8 ) €8.5 0.5
19.0 l6.1 70.0 0.4
20.0 16.90 70.1 0.2 :
21.0 - 15.8 70.4 0.3
22.0 - 15.5 71.0 0.2
23.0 15.4 71.2 0.2
"24.0 15.1 71.8 0.2
25.0 - 15.0 72.0 0.0



DATA FOR 10% NICKEL(OUS} NITRATE AS CATALYST
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Table 390

Particle Size: 150 microns
*Heating Rate: 50°C/min-:
Flowrate Nitrogen: 150 ml/min

Time
{min)

WO~k WNHO

el el el
oo b o =
L]

L)

16.0

[}
~J
L]

o

18.0
1%.0
20.0
21.0
22.0
23.0
24.0
25.0

Weight

(mg)

52.0
52.0
52.0
52.0
52.0
51.6
51.0

49.5

46.3
41.0

. 28.3

23.2
21.1
19.9
19.0
18.0
17.7

“17.1

16.7
16.1
16.0
15.7
15.5
15.2

"15.0

15.0

Conversion

(%)

NUONNMNOODOOOO
L TR S

N+
o w

nonunNWwWHOYOOOQOO

23}
[
.

66.0
68.6
70.5
72.6
73.3
74.6
75.4
76.7
77.0,
77.6
78.0
78.6
79.1
79.1

COO0OO0O0O0OO0COOOHKHRWOWVWLABNHNOOOOOO

Initial Weight: 52.0 mg
Weight Residue: 15.0 mg

Rate of Weight-Loss
~ (mg/min}

Hb—lwwwm.hmmmq_os—audc\mowhi-ammoooo
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IR . ‘ Table 31

DATA FOR 20% SODIUM CARBONATE (BY WEIGHT) AS CATALYST

Particle Size: 150 microns Initial Weigh®y 52.0 hg
*Heating Rate: 50°C/min Weight Residue:™N24.3
Flowrate Nitrogen:_lso ml/min .
Time Weight Conversion Rate of Weight-Loss
(ra1n) (mg) (%) - - (mg/min)
0.0 52.0 0.0 0.0’
1.0 52.0 0.0 0.0
2.0 52.0 0.0 0.0
3.0 52.0 0.0 0.1
4.0 51.9 0.2 0.5
5.0 51.0 2.4 0.8
6.0 50.3 4.1 0.7
7.0 49.6 5.8 1.7 .
8.0 47.0 12.0 4.3
9.0 41.0 26.4 7.4
10.0 32.2 47.6 5.4
11.0 30.2 . 52.4 1.7
12.0 . 28.8 * 55.8 1.3
13.0 27.6 59.0 0.9
14.0 27.0 60.1 0.7
‘15.0 26.2 62.0 0.5
16.0 26.0 62.5 0.4
17.0 , 25.5 ’ 63.7 0.4
18.0 . 25.2 64.4 0.3
19.0 - 25.0 65.0 0.2
20.0 24.9 65.1 0.1 -
21.0 24.8 65.4 0.2
22.0 24.6 66.0 0.3 N
23.0 - 24.3 66.6 0.2
24.0 24.3 66.6 0.0
25.0 24.3 66.6 0.0



Table 33

REPLICATE RUN FOR PARTICLE SIZE = 500 MICRONS

* Flowrate Nitrogen: 150 ml/min Initial Weight: 50.6 mg

*Heating Rate: 50°C/min ‘ ‘Weight Residue: 15.0 mg
5 Time Weight conversion Rate of Weight-loss
H : (min) (mg) (%) ) = (mg/min) -
{' .0 ' 50.6 0.0 0.0
.0 50.6 0.0 c.0
2.0 50.6 0.0 0.0
3.0 50.6 0.0 0.3
4.0 50.1 1.0 0.5
5.0 49.6 2.0 0.4
. . 6.0 49.3 2.6 0.9
7.0 47.9 5.3 3.1
8.0 43.1 14.8 6.5
9.0 35.0 30.8 - 8.1
10.0 27.0 46.6 6.5
11.0 22.0 . 56.5 3.5
12.0 26.0 60.5 1.5
13.0 15.0 62.5 1.0
14.0 18.0 64.4 0.8
15.0 17.4 65.6 0.5
16.0 17.0 66.4 0.5
17.0- 16.5 67.4 0.5
18.0 .7 16.0 68.4 0.4
19.0 15.8 68.8 0.1
20!0£ i 15.6 69.2 0.1
21.0 15.3 69.8 .
22.Q 15.2 ) 70.0
23.0 15.0 70.4 - o ' -
24.0 15.0 70.4 '
25.0 15.0 70.4
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Table 34

'REPLICATE RUN FOR-PARTICLE SIZE

Flowrate Nitrogen: 150 ml/min

*Heating Rate: 50°C/min

Time
{min)

owo~JounbhiwNHO
L[] [ 1] L] L[] » » [ [ ] . [ .
CO0O0O0OCOoO00ODOOOO0O

o s el
w

14.0
15.0
16.0
17.0

18.0

19.0
20.0
21.0
22.0
23.0
24.0
25.0

Weight.
(meg)

49.6

49.6
49.6
49.4
48.9
47.8
- 47.4
46.2
41.8
32.4
22.9

19.9

1 18.0
17.1
16.5
15.6
15.0 -
14.8
14.0
13.9
13.7
13.6
13.4
13.2
13.0
13.0

]

Conversion

= 150 MICRONS

(%)

o G Oy 1YW
NMWOoOWbUIARWHOOOO

NUOOIIONOBBEOOOD

66.7
68.5
69.8
70.2
71.8 .
72.0 -
72.4
72.6
73.0
73.4
73.8
73.8

Initial Weight: 49.6 mg
Weight Residue: 13.0 mg

Rate of Weight-Loss <
- {mg/min) -

~NoobaHOO

L] [ L] . ] 4 L] - ’ [ . L] [

O NRMNNNINOULE -] UTWWVM WD

. DODOOOOOOOOOOI—‘NO\\DO\NDOOOOOO
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Table 35

»

REPLICATE RUN FOR PARTICLE SIZE = 125 MICRONS
;

Flowrate 'Nitrogen: 150 ml/min Initial Weight: 52.0 mg~
*Heating Rate: 500C/min Weight Residue: 15.0 mg
Time Weight " Conversion Rate of Weight-Loss
(min) 1mgi (%) ' ; - (mg/min)
-0.0 - 52.0 0.0 - 0.0 4
1.0 52.0 0.0 0.0
2.0 52.0 0.0 0.0
3.0 52.0 0.0 0.2
4,0 51.6 0.8 R 0.5
5.0 51.0 1.9 0.6
6.0 —-50.5 . 3.0 1.0,
7.0 49.0 5.8 3.6 °
8.0 1 43.4 16.5 ‘-‘ 9.0
8.0 31.0 40.4 9.9
10.0 23.6 54.6 5.0
11.0 21.0 59.6 2.0
12.0 19.6 62.3 1.1
13.0 18.8 63.8 0.8 .
14.0 18.0 65.4 0.9
i15.0 17.1 67.1 0.7
16.0 l6.6 68.1 0.5
17.0 16.1 69.0 0.4
18.0 15.8 69.6 0.3
19.0 15.5 70.2 0.2
20.0 15.4 70.4 0.2
21.0 15.1 71.0 0.1
22.0 15.0 71.2 0.7
23.0 15.0 71.2 0.1
24.0 15.0 71.2 0.1 -
25.0 15.0 71.2 0.1
—~—
b4 B
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Table 36

REPLICATE RUN FOR PARTICLE SYZE = 75 MICRONS

Flowrate Nitrogen: 150 ml/min- Initial Weight: 53.2%mg

*Heating Rate: 500C/min ' - Weight Residue: 19.0 mg
Time Weight Conversion Rate of Weight-Loss
0.0 53.2 0.0 0.0
1.0 53.2 0.0 0.0
2.0 53.2 0.0 0.0 - -
3.0 53.2 0.0 0.1
4.0 - 53.0 0.4 0.6
5.0 52.0 2.3°7 0.7
6.0 51.6 3.0 1.4
7.0 49.2 7.5% 4.4
8.0 42.8 19.5 7.2
9.0 34.9 34.4 6.3
10.0 30.2 T 43.2 4.0
11.0 27.0 ) 49.2 2.5
12.0 25.3 52.4 1.5
13.0 24.1 54.7 -x_ 1.1
l4.0 23.0 56.8 6.8
15.0 - 22.0 58.6 ' 0.6
l16.0 . 21.4 59.8 0.6
17.0 20.8 60.9 0.4
18.0 - 20.3 ) 6l.8 0.3
19.0 “- - 20.0 62.4 0.4
20.0 19.8 62.9 0.4 Ve
21.0 19.3 63.7 0.2
22.0 19.0 64.3 6.1 'ﬁj
23,0 19.0 64.3 0.0
24.0 19.0 64.3 0.0
25.0 . 19.0 64.3 0.0
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. APPENDIX C

*

th

Derivation for n Order Reaction

Programs used for_computations
a) =~ program used to obtain conversion and rate
of weight?loss data
b) -.érogram'used for estimating the kinetic-
parame;ers from'the'proposea model with
n=2 ' '
c) computation- of the kinetic parameters (A and E)

using the program NONLIN.



PPN PSR

- hd ] ' 123 B -'r
Derivation for ,th Order Reaction .

v . . 3
® tonsider an n™ order reaction for the rate of weight-

loss of a sample of bark, then

B miiiel) Rt

-n+1
A -

—n-!-l) -n-i-j. _

- Wo = (n-1)kt

—n+l f*w%

. W e ‘
-‘-f\/t/ ) ~ . ,.
. <

-n+l
£ ¥a

2 -
valid for n # 1 and n where

CLowetl o + (mL)kt

<

Mot

.

= pe E/RT

¢
)
Yy

——

f
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a) Program used to obtain conversion and rate of
weight-loss data for catalyzed and non-catdlyzed
bark

L4

FORTRAN IV G LEVEL 21

1 DIMENSION W(l00),TEMP {100),TIME(100),
Z(100),X(100),2Z{100)

2 5 CONTINUE

3 * READ(5,100) J,W0,RH,DP,CATP

4 WRITE(6,203) J,W0,RH,CATP : )

5 203 FORMAT(/23X,'NO OF OBS=',13,5X,'INITIAL WEIGHT=',
y F5,2,5X, "BEATING RATE='F5,2,5X,'CATALYST,
: PERC*',F5.2)

6 NDIM=J

7 " 101 FORMAT(20F4,1)

8 READ (5,101) (W(I}.,I=1,J) e

9 WCAT= (CATP*W0/100. :

10 ' DO 6 T=1,J . t .

11 ° X(I)=(WO=W(I))/(WO=WCAT)*100

12 ~ TIME(I)=1.*I=l.

13 IF(I,GE,17) GO TO 7

14 TEMP (I)=20.+(I=1) *RH

15 . GO TO 6 _ -

16 7 °  TEMP(I)=800.

17 6 - CONTINUE

18 CALL DGT3(TIME, W,2,NDIM,IER)

19 WRITE (6,33) IER

20° . WRITE(6,204) DP =

21 204 FORMAT(50X,'PART. SIZE',F6.2)

22 WRITE (6,201)

23 33 FORMAT (//50X'IER="13)
24 201 FORMAT(/15X'TIME',l0X,'W',15X,'TEMP’, 15X,
. '2',12%,'X") . .
25 . WRITE(6,202) (TIME(I),W(I),TEMP(I),
. TEMP(I),Z(I),X(I),I=1,J) )
26 202 FORMAT(//2X,5F15.4) -~

27 GO TC 5
28 100 FORMAT(I2,4F10.4)
29 STOP

30 - END . 2,
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*JOB SF339372,NIDHI,PAGES=50,TIME=500
DIMENSION X(2,420},Y(100),THETA(10) ,FMT(20),MT (300
COMMON/DATA/X,Y, THETA,MITER, IWRITE, EPS, LAMBDA
COMMON/DIM/ NVAR,NPAR,NDATA,NVND,NPNP,NPND
COMMON/WEIGHT/W (100) , IWATE .
COMMON TITLE(20)
COMMON/COMF/A,B,WR .
REAL*4 LAMBDA -
1 FORMAT (202a4) .
2 FORMAT (4F10. 4) | {
% READ(5,1) TITLE
NPAR=2 . ‘
NVAR=2 ) B LT
EPS=0.0 '
IWRITE=0
MITER=0
LAMBDA=0. . :
IWATE=0
J=26 :
77 READ(S5,2) (THETA(I),I=1,NPAR)
READ(5,9) ¢MT(I),I=1,J)
) FORMAT (261I3)
12 FORMAT (20F4.1) *
NDATA=J , .
Do 3 I=1,J -
X(1,I)=(I-1)*1:/60.
3 CONTINUE
Do 4 I1I=1,J3
TB=700.
MT{(I)=MT(I)+273.
X(2,I)=(MT(I)-TB)/MT(I)
4 CONTINUE . -
70 READ(5,21)W0,WR,PER,CA,TA,LY,ST

' 21 . FORMAT(3F4.3,434)

WRITE (6,126) WO,WR,PER,CA,TA,LY,ST @
126  FORMAT(/50X,2E12.3;5X,F10.2,4A4)

WCAT=WO*PER/100.

WO=WO=WCAT

READ (5,12) (Y (I),I=1,J)

DO. 15 I=1,J

Y (I)=Y (I)-WCAT

Y (I)=Y (I)/WC
15 CONTINUE

p WR=WR-WCAT .
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44 ~  WR=WR/WO

45 A=1.-WR :

46 ~ CALL NONLIN(1) .

47 A2=THETA (1) *EXP (THETA(2) )

48 E1=THETA (2) *TB .

49 - WRITE(6,127) A2,El

50° 127 FORMAT(//50X, ‘Al—',ElZ 3,5%,'El=',E12.3)

51 GO TO 70 -

52 RETURN

53 . " END

54 SUBROUTINE DERIV(Z, ‘THETA,X,P,DELT, TPD,D)

55 COMMON/DIM/ NVAR,NPAR,NDATA, NVND,NPNP,NPND

56 _ COMMON/WEIGHT/W(lOO) IWATE

57 COMMON/COMP/A,B,WR

58 DIMENSION Z(NVND) D {NPND) , X (NVAR) P(NPAR),‘
m  w—————""THETA (NPAR) , DELT (NPAR)

59 - DIMENSION TFD(NPAR)

60 M1=-NVAR .

61 M3=-NPAR"™

62 DO 100 KR=1,NDATA

63 - M1=M1+NVAR

64  M3=M3+NPAR

65 . DO 101 J=1,NVAR

66 M2=M1+J

67 X(J)=% (M2)

68 101  CONTINUE

- 69 AA—EXP(THETA(2)*X(2))

70 . Al=1.+A*X (1) *THETA (1) *AA

71 . P(l)=-A*X (1) *AA/A1l/Al *A

72 .P(2)=P (1) *THETA (1) *X(2)

73 DO 132J=1,NPAR

74 N4=M3+J

75 D (M4)=P (J) *W (KK)

76 132 CONTINUE
77 100 ' CONTINUE

78 RETURN
79 END
80 . SUBROUTINE RESID (Z,THETA,Y,NOP,X,DELY,SS)
81 COMMON/WEIGHT/W(100) , IWATE
- 82 COMMON/DIM/ NVAR,NPAR,NDATA,NVND,NPNP,NP
83 COMMON/COMP/A,B,WR
84 DIMENSION Z(NVND) Y (NDATA) ,DELY (NDATA) ,
. THETA (NPAR) X(NVAR)
85 FORMAT{5X%, 15 5X,3E20.5) '
86 FORMAT(*1"', 2ox 'RESIDUAL ANALYSIS‘,/,GX,'RUN

NUMBER' lBX,'PREDIC'

112X, 'ACTUAL' 13X, 'RESIDUAL',/)
87 IF (NDP.EQ.3) WRITE(G 2)
88 M1=NVAR
89 §S=0. -
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90 . DD 100 I=1,NDATA
91 " IF(IWATE.EQ.0) W(I)=l1l.0
g2 M1=M1+NVAR
83 DO 101 J=1,NVAR :
94 M2=M1+J ‘ -
95 N(J)=2 (M2)
96 101 CONTINUE . - -
97 F=WR+l./(A*X (1) *THETA (1) *EXP (THETA (2) *X (2))+1.) *A
98 DELY(I)=Y(I)-F ‘ )
99 IF (NOP.EQ.3) WRITE(6,1)(,F,Y¥Y(I),DELY(I)
100 DELY (I)=DELY (I) *W(I)
101 - SS=SS+ (DELY (I} **2)
2102 100 CONTINUE A Lo
103 RETURN
104 END
3
=
}
1\
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c{\\ijifutation of the kinetic parameters (A and E) using NONLIN

In order to calculate the kinetic parameters (A and E) the
prcéfam NONLIN was used. This program incorporated the use of the
Box-Modified Gauss method of parameter estimation. It computes

two parameters €7 and 97, from which A and E were evaluated.

- From the proposed kinetic model one can define a function (F)

for the predicted weight of the sample (at any time) in terms
of time, fémperatuf;; the actual weight, €7 and €7. Mathemati-
cally this can be written as:

F = £(071, 82, time, temp, actual weight)
In the computer program the function is given as:

F = Wp + 1
afax (0ér, eP2X(2), 1]

initial values of 81, and @7 were given to NONLIN to calculate
the predicted value for F. This value for F wés then compared
to the actual weight as measured during the experiment. The
sum gf squarei'(ss) were-calculated énd‘compared to £ (0.001).
The iteration was terminated, if SS is less than or egual to

E. If SS was gfeater than (or not équal to) E, new estimates
of the 6's were calculated from using ‘the term lambda “specified
in” the NONLIN program. This iteration is repeated until con-
vergence ‘occurs for the.SS and the 0's.

"The final values for &;, and @7 were then used to calculate

A and E: where A = Gileez

, and E 87 TB
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APPENDIX D

~

This section offers a brief discussion of some of the
. problems encountered in this study. Some of the limitations of
the TG technique used will also be presented.

The major problems associated with this project were related

~ to the experimentai set-up. The solution of these problems

[

" brought this study to completion.

Experimental problems‘— these included:

(a) ordering and obtaining a linear ﬁemperature programﬁer g&?P)

from a supplier in the United States. It took one-and-a-

half vears for the order to filled. ,

(b). tAe LTP did not function as the manufacturers specified.
The¢ programmed heating‘wates were non-linear. _Thig
necessitated calibratihg the instrument with a standard

N type K thermocouple. It is recommended that attempts be

made to calibrate any LTP and thermocouple in an experimental
\

~

set-up.

(&) selecting alsuitable material for the hgngwire and'the
sample bucket. Iniéiglly, the hangwire was platinum but it
did not hang verfically due to coiling. Other matarials,
such as staiﬁless steel,.yere also tried but they also
proved inadequate. Finally quartz was chosen and another

-

obstacle was overcome.
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(d) inétalling'a small potentiometer between the TGB énd the
analog recorder, so that both instruments could be cali=
brated simultaneously. This was very iméortant sincekall
the data’to be collected were to be printed on the strip

chart of the recorder. .

These argajust sqme'pf the many experimental difficulties which

occurred in this study.

-

.. A - - /
Limitations of the technique:

It must bé emphasized that the TG technigque used in this

study is one of several mgthods used to generate data from which
kinetic_éaéaméters‘can_be estimatéd. However, these kinetic
_parameters estimated f;om the data are pertinent to only the
particular set of experimental conditions. Hence, such para-
meters.shoﬁla not be regarded as "univers;l“ but as apparent
constants estimated from a set of experimental data.

The other‘lim;tatibns involvwe:

(2) thg actual temperature of the sample could not be accurately
'monit9red during the pyrolytic decomposiéion. Theithermo—
couﬁle wéuld have to be.placed in the sample (and .in the
bucket). This was physically impossible.

(b) there is somé time lag between the temperature of the sample

and the inert medium during increased heating. The lag

would be greater when using high heating rates.

h ) 9
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Regardless of the limitgtions of the technique, TGA does
generate considerable data which could indicate the values of

*

some kinetic parameters relative to the set of experimental

conditions.





