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ABOUT THE ATLAS

Biomass is recognized as a major source of renewable energy. It has been predicted
that biomass as the potential to supply 20% of U.S. Energy by the year 2000 [OTA, 1980].
Recently a major review has summarized ten years of work on biomass thermal
conversion [Stevens, 1994].

In order to convert biomass energy to more useful forms, it is necessary to have accurate
scientific data on the thermal properties of biomass. We have written this Atlas to supply
a uniform source o that information. '

Some thermal data such as proximate and ultimate analysis have been used routinely in
evaluating coal, biomass and other fuels for over a century. In the last few decades
additional Thermal analysis (TA) tools such as thermogravimetry, differential thermal
analysis, thermo mechanical analysis etc. have become more important. The data
obtained from these techniques can provide useful information in terms of reaction
mechanism, kinetic parameters, thermal stability, phase transformation, heat of reaction,
etc. for gas-solid and gas-liquid systems. Unfortunately, there are no ASTM standards set
for the collection of these types of data using TA techniques and therefore, different
investigators use different conditions which suit their requirements for measuring this
thermal data. As a result, the information obtained from different laboratories is not
.comparable. This Atlas provides the ability to compare new laboratory results with a wide
variety of related data available in the literature and helps ensure consistency in using
these data.

The first book on thermal analysis "Thermografica” was published by Berg, Nikolaer and
Rode in 1944. Since that time a large number of books and articles have appeared and
there is now an International Confederation on Thermal Analysis (ICTA) with annual
meetings, publications and recommendations. Concurrently, a number of companies have
produced a wide variety of apparati for acquiring thermal data and powerful software to go
along with it.

An Atlas of Thermoanalytical Curves prepared by Liptay was published in Hungary
[Liptay, 1972]. This Atlas contains primarily information for inorganic samples. There is
however, no collection of such information for organic materials or specifically for fuel
samples. The preparation of this Atlas is an attempt to bridge this gap in thermal analysis
literature.

Thermal analysis data is useful both for researchers and practicing engineers. For
researchers the thermal analysis data provide the information for the identification of
different reaction mechanism, determination of kinetic parameters and optimization of
conditions to favor one reaction over the other. The specific temperatures at which
various heterogeneous reactions occur, their reaction rates and the energies involved in
these reactions are invaluable information for engineers involved in system design.
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This Atlas presents thermogravimetric (TG) and differential thermal analysis (DTA) data
taken under comparable conditions on a wide variety of organic materials such as
biomass fuels, coal and municipal solid wastes making it easy to find and compare data
on this large variety of energy sources. Some data has been coliected by changing the
operating conditions to show the effects of parameters such as particle size, heating rate
etc. on the decomposition pattern of a solid sampie. This information can then be used to
provide a guideline for the extrapolation of the bulk of the data and data previously
available in the literature but obtained at different conditions.

In Thermogravimetric (TG) analysis the weight of a sample is recorded as a function of
time or temperature while heating the sample in a pre-set time-temperature program.
Experimental data for a typical thermogram on a 15 mg sample of Western red cedar is
shown in Fig. 1 as recorded by the (Seiko SSC 5200) apparatus. The heating program
used on this and most other samples is shown in the upper right corner. The sample is
heated in a flowing nitrogen atmosphere. The actual recorded temperature T and the
recorded weight, TG, are shown as a function of time. The loss of water below 125 °C
and the loss of volatiles in the range 200°C to 400°C is clearly seen. At 900°C air is
admitted to the system and the charcoal is burned, leaving ash. The difference in
temperature between the sample pan and an inert sample is shown on the DTA curve in
uV. The endothermic loss of water and volatile material are represented by negative
peaks, while the carbon combustion is a positive peak.

These data has been selected and analyzed using TG software in Fig. 2 to show the most
important features. The TG curve shows weight loss. The Differential Thermogravimetric
Analysis, DTG curve shows the rate of weight loss. Thedifferential thermal analysis, DTA,
curve shows the heat required for volatilization.

The sidebar on each thermogram summarizes the numerical data on each graph and
includes heating rate, moisture free sample weight, TG data, weight % remaining at
650°C and the area under the DTA peak, proportional to AH.., the heat of volatilization
and decomposition.

The temperature at which there is the first sign of weight loss in the sample being heated
is shown as Tintia - Tstart point IS Shown as the beginning of the S curve as obtained from
the method for determining glass transition temperature. Tend point iS the temperature at the
end of the S curve. T point refers to the mid point between the beginning and the end of
S curve. The point Trax On the DTG curve shows the temperature at which the maximum
rate of reaction occurs.

Another widely used characterization for fuels is the Proximate Analysis. The Proximate
analysis for the samples measured for this Atlas was determined by ASTM methods. it
gives the amount of material that volatilizes up to 850°C in an inert atmosphere, the fixed
carbon and the ash content. Since moisture varies widely all values are on a dry basis.

We have included as Appendix A a new large collection of both proximate and ultimate
analyses collected from the literature with both experimental and calculated heats of
combustion. A new formula relating the heat of combustion to the elemental (ultimate)
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analysis is given [Chaniwalla, 1992].

Almost all of the data are presented with the same scale coordinates so that the data for
different samples can be compared. We have provided Figure 3, a blank graph, to enable
the reader to trace one curve and compare it with any other by making a transparency copy
of Fig. 3 and then tracing the curves.

Biomass is the generic name for agricultural, forestry and other naturally occurring organic
materials and wastes when considered as a source of energy and chemicals. Though
biomass occurs in innumerable forms, the principal components are cellulose, hemicellulose,
lignin and extractives. Chapter 1 contains data on these components of biomass.

Chapter 2 contains TA data on the natural forms of woody, agricultural and aquatic
biomass. Thermal analysis data on processed biomass such as paper, pellets, etc. is
collected in Chapter 3. Municipal solid waste (MSW) and waste components such as
plastics are arranged in Chapter 4. Solid fuels such as coal and lignite representative of
fuels with high fixed carbon content are presented in Chapter 8. Liquid fuels are brought
together in Chapter 6.

In Chapter 7 the variations due to the plant age, growth conditions and anatomy are shown.
As discussed previously, TG thermograms also known as TG fingerprints vary with the
conditions of measurement. The effect of varying the experimental conditions are shown in
Chapter 8. One set of standard conditions was used for most of the samples presented in
this atlas (3-10 mg samples; heated at 10 C/min. as discussed in Chapter 10 on
experimental data), but the examples in this chapter make it possible to extrapoiate these
data to other conditions for most of the samples when used in conjunction with the kinetic
equation given in Chapter 10.

Chapter 9 gives an overview of TG, DTG and DTA, techniques. Chapter 10 discusses how
thermal analysis data obtained by TG and DTA respectively can be used to derive kinetic
data and extrapolate to other conditions. The experimental apparatus and the conditions
used for collecting the data in this atlas, along with the causes of errors during the data
collection, form the basis of Chapter 11.

An initial scanning of the Atlas shows a great deal of similarity between the various
thermograms. For instance, one is tempted to say about biomass that it starts to break down
about 200°C and is essentially completely decomposed by 500°C. For some purposes this
generalization is sufficient. However, for other purposes a more exact knowledge of the
temperatures at which mass or energy changes occur is absolutely necessary. We have
taken the liberty of making a few observations in each chapter on particular features that we
have observed. We hope the reader will look at the thermograms for the differences, rather
than the similarities and find useful information.
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We present this ATLAS OF THERMAL DATA in the hopes that it will be useful for scientists
who wish to understand more about the mechanism of pyrolysis and to engineers working in
the field who need accurate data to design experiments and projects.

Siddhartha Gaur and Thomas B. Reed

Chemical Engineering and Petroleum Refining Department
. Colorado School of Mines, Golden , Colorado, 80401
January, 1995
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Chapter1

i

COMPONENTS OF BIOMASS

The word biomass was coined in the early 1970s to refer to all living matter, but particularly
with respect to use as a source of energy and fuel. It includes forest and agricultural species
and even animal by-products such as manure and fats. It can refer to biomass grown
specifically for energy, to biomass residues and even to municipal waste. Plants are
composed primarily of cellulose, hemicellulose and lignin plus various particular “extractives
(such as tannin) as shown in Table 1.1. These then constitute the majority of the thermal
data in this section.

Table 1.1 Composition of Typical Biomass plants

COMMON NAME CELLULOSE HEMICELLULOSE LIGNIN  OTHER
Softwoods 422 28 25-35 ca 0-1
Hardwoods 42.2 38 1520 ca 0-1
Flax : 712 186 22 8.0
Jute 716 133 13.1 2.0
Hemp 744 17.9 3.7 4.0
Ramie 76:2 14.6 0.7 8.5
Sisal 73.0 13.0 14.0 0.0
Abaca 70.2 21.8 57 2.3
Cotton, crude 85.3 0.0 0.0 4.7
Cotton, Purified 99.9 0.0 0.0 0.1

. Carbohydrate is the generic name for cellulose, starch, inulin, sugars, chitin and other
products of vegetable and animal metabolism [Kirk, 1983]. The name signifies hydrated
carbon and comes from the fact that the formulas have the approximate ratio of CH,O.
Sugars represent available energy and chemicals in plants; starch and inulin are long term
energy storage (insoluble) carbohydrates; cellulose and chitin are structural carbohydrates.
The large carbohydrates (polysaccharides) are polymers of 5 and 6 carbon sugars, and in
many cases can be hydrolysed to form the sugars.

1.1 Cellulose
Cellulose is by far the most common component of biomass and constitutes 30-100% of all

or parts of plants as shown in Table 1.1. It is synthesized by marine and terrestrial plants
but also by a few bacteria, animals (tunicates) and fungi. It forms the major part of the cell
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walls of all plants and is practically pure in the fibers of cotton, flax, jute and ramie [Kirk,
1983].

The cellulose molecule is a polymer of d-glucose of typically 1000 units (wood) up to 3,000
units (cotton). Regions of high crystalinity alternate with amorphous cellulose, forming
elementary fibrils typically 3.5 nm in width and indefinite length.

The cellulose molecule has been studied more than any other component of biomass, and is
relatively constant in structure compared to the other components. Therefore, there is a
disproportionate amount of data in this Atlas on cellulose.

Celiulose can be converted back to glucose by acid or enzymatic hydrolysis, a process of
interest in the production of ethanol from biomass and animal feeds [Kirk, 1983]. Essentially
pure cellulose occurs in cotton and other plants. About 5X10'1 tons is biosynthesized in
nature each year. It is commercially extracted from wood, primarily softwoods with long
fibers, in the manufacture of paper [Weber, 1982] By far the largest use of cellulose , 45 X
108 tons/yr., is in the paper industry, while 400,000 t/yr. is used for textile fibers.

1.2 Hemicellulose

Cellulose is a linear single compound, whereas, hemicelluloses are assembled from the five-
and six- membered sugars d-xylose, d-glucose, d-mannose, d-glactose, l-arabinose, d-
glucuronic acid, and many others [Kirk, 1983; Graboski 1981]. Hemicelluloses are
composed of fewer monomers than cellulose, typically 300 and are often branched and may
be attached to other functional units, particularly acetyl units.

Hemicellulose generally constitutes 12%-40% of most biomass [Table 1.1]. There are
probably as many hemicelluloses as plant species, xylan is the most abundant of the
hemicelluloses and is a polymer of the pentose d-xylose, (CsH,,05).

1.3 Lignin

Lignin constitutes 4-35% of most biomass and is the principal non-carbohydrate fraction. It
is a three-dimensional polymer of sinapyl, coniferyl and coumary! alcohols based primarily
on the phenylpropane structure. It is deposited in an amorphous state surrounding the
cellulose fibers in wood and is bound by ether bonds directly to the cellulose and has no
exact structure. Approximately 30 X 108 tons/yr. of lignin is extracted from wood. Much of it
is burned, but some could be available for synthetic fuels [Kirk, 1983; Graboski, 1981].

1.4 Extractives

In addition to the above universal components, most biomass contains specific extractives
such as terpenes (in coniferous trees, dessert plants, skins of fruits etc.) tannins (from oak,
acacia etc.) oils, fragrances etc. These extractives may evaporate on storage or heating at
relatively low temperatures and so typically do not show up in the thermograms in this Atlas.
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1.5 Observations

The thermogram of native and refined cellulose shows a very sharply defined decomposition
over a range of about 30°C , typically with a midpoint between 320°C and 380°C. There is
usually very little char remaining. An exception is the acid catalyst, ZnCl.., a fire retardent,
which drops the midpoint to 270°C and leaves over 30% char at 500°C.

The lignin decompositions extend over a range of over 100°C with a midpoints between
300°C and 400°C and leaves much more char. The range is so broad that it is not possible
to define an energy for the reaction. The hemicellulose xylan decomposes at the lowest
temperature, 275 °C .
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Chapter 2

NATURAL BIOMASS

The energy potentially available from biomass has been estimated to be about 20% of US.
energy consumption [OTA, 1980]. The distribution of these sources amongst the various
biomass forms are shown in Table 2.1.

Table 2.1 - Biomass resources as energy in the US. [lnman, 1981]

RESOURCE 10° Dry Tons/Year Quadsl/yr®
Crop Residues 278.0 ' 4.15
Animal manures 26.5 0.33
Unused mill residues 241 0.41
Logging residues 83.2 f | 1.41
Municipal solid wastes 130.0 1.63
Standing forests 384.0 6.51

Totals 925.8 14.44

a4 quad = 1015 BruAr.

To date, most of the biomass for energy has come from existing residues. However, a great
deal of experimental work has been done on energy farming, for raising high yield biomass
crops such as fast growing trees and grasses directly for energy [Inman, 1981}

21 Softwopds

Softwood is the common name for tree species more properly called coniferous. (The name
is a poor choice because many hardwoods are often softer than some softwoods.)
Softwoods typically have larger cells and longer cellulose fibers than hardwoods, and so
they are used primarily for paper making.

Wood energy is most easily derived from residues already collected at the mill. Mill wood
and bark residues amount to 86.1 million tons/yr. of which 62 million are already used for
energy. In addition, there is about 83 million tons/yr. of residues left in the forest during
logging operations and some of this could be harvested for energy [inman, 1981].
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By far the largest existing resource is the surplus and non commercial components of the
standing forests, about 383 million tons/yr. [Inman, 1981]. The harvest of this resource for
energy would probably be closely associated with commercial timber stand improvement
practices and harvest. However, environmental concerns would have to be addressed
before any harvesting is done, but foresters agree that a managed forest is in many cases
healthier for both flora and fauna.

2.2 Hardwoods

Hardwood is the common name for tree species more properly called deciduous, or leaf '
bearing trees. Many hardwoods are relatively dense and often ornamental, so they are used
in applications where this is important. Many of the fastest growing, high biomass
productivity trees, such as poplars, are called hardwood but are actually quite soft, so this
term is not very accurate. The species growing in the tropics are often quite different from
those in temperate climates and will be of especial interest for energy in developing
countries.

2.3 Agricultural Residues

Agricultural residues are the straws, the hulls, the seeds, the linters and other by-products of
agriculture. They are widely available at low or negative (on site) cost for energy use.

While woods have low ash contents of 0.1% to 2%, agricultural residues typically have 2-
6% and in some cases up to 20% (rice hulls). Annual availability of crop residues is shown
in Table 2.2

Table 2.2 - Annual Availability of Crop Residues [inman, 1981]

RESIDUE CATEGORY MILLION DRY TONS/YR.
Com and sorghum (field) 96.6
Small grains and grasses (field) 131.8
Other crops 423
Collected residues 7.3
Total 278.0

2.3 Aquatic Biomass

Aquatic biomass is a potential source for energy. On the plus side, it grows in the oceans
which cover 80% of the globe, in lakes, streams and rivers while, on the other side, aquatic
biomass typically contains a great deal of water and can be high in ash. There have been
many proposals to collect and use various forms of aguatic biomass for energy, but none
have become commercial yet. Indications are that if these resources are properly tapped
then algae can turn out to be a major oil (triglyceride) producing source.

2-2
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2.5 Observations

Since Table 1.1 shows that there is little difference between the C/H/L (cellulose,
hemicellulose and lignin) composition of hardwood and softwood, it is not surprising that
their thermograms are quite similar, and appear to be the arithmetic sums of the behavior of
C,Hand L. (This is also shown in Chapter 8.) This is also true of many of the agricuitural
specimens. One may even expect that the thermograms could be deconvoluted to give the
proportions of C/H/L. (However, ash plays a major catalytic role in determining volatility, so
would have to be removed before this could be attempted.)

It is clearly seed that as a class agricultural materials contain more ash and produce more
fixed carbon than woody materials. This suggests that agricultural residues could become a
major source of charcoal, with briquetting for fuel use in developing countries. This would
decrease the deforestation in these countries, since the residues are of little current vaiue

The aquatic specimens are unique in having a sudden loss of mass at about 120°C. Since
all the specimens are dried equally at 110°C before running the thermograms, this is
puzzling. Perhaps there are small, impermeable cells containing water that explode at this
temperature.
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An Atias of Thermal Data . Processed Biomass

Chapter 3
PROCESSED BIOMASS

3.1 Paper

The manufacture of paper represents the largest use of wood. Paper can also be
manufactured from other biomass fibers such as rags or kenaff [Weber, 1982]. In general
newsprint is relatively low in ash, while magazine grade paper is high in ash (i.e. 30%) due
to the clay or other filler used for whiteness. Chemical pulping produces a business paper
from softwood called lightweight paper and the one produced from hardwoods is called as
heavy paper for exampie manila folders.

The papers used in this Atlas were obtained from The Institute for Paper Scnence and
Technology, located at Georgia Tech in Atlanta, Ga [IPST, 1993]

3.2 Densified Biomass

Biomass occurs in many forms, often of very low density, unsuitable for storage and
transportation as fuel. The density of biomass can be increased many times by briquetting,
cubing or pelletizing processes in which pressures up to 10° atmospheres squeeze out the
- void space and cement the particles together [Reed, 1978; Bain, 1981]. However, it is
observed that the thermal decomposition parameters are very little affected by the
processing.

3.3 Observations

Since paper is primarily composed of the cellulose fibers of wood, it is not surprising that the
thermograms all have midpoints in the 315°C - 350°C range (like cellulose itself). Posssbly a
paper chemist would see significant differences.
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Chapter 4

'MUNICIPAL SOLID WASTE
4.1 Municipal Solid Waste

Municipal solid waste, (MSW), is a potentially large source of several quads of energy as
shown in Table 2.1. While it contains some plastics, the major combustible portion is ligno-
cellulosic, and so MSW is classified with biomass. The degradation of MSW is being
considered from the view point of environmental aspects as well as a source of energy.

Samples of many of the typical components in MSW are found in the previous chapters.
Samples of several well characterized RDFs were obtained from NREL and their thermal
data are listed in the Atlas.

4.2 Plastics

A significant fraction of RDF is plastics and we show thermograms of the common plastics
also obtained from NREL. The midpoint of the breakdown curve is higher than cellulose for
all of the plastics shown except a part of PVC and PVA. This makes it easy to distinguish a
large component of plastic from biomass in thermograms.

4.3 Observations

All three of the MSW samples show a toe of about 10% on the curve that is probably due to
the plastic content. Again, it is possible that thermograms could be used to estimate the
plastic content of the samples, since all the samples except PVC decompose at a
temperature well above that of cellulose, the marker for paper.
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Chapter 5

HIGH CARBON SOLID FUELS

5.1 Charcoal

If wood and other biomass materials are considered as humankind's earliest fuel, then the
oldest synthetic fuel is charcoal. The use of wood for fuel produces a smoky low efficiency
fire, unless it is burned in well designed stoves and furnaces. On the other hand charcoal
produces a very clean and hot fire, needed for indoor cooking, metal working and now used
in many chemical processes. Conversion of wood to charcoal is a very old art. In early
times charcoal was made by the slow heating of wood in the absence of air [Earl, 1974].
More recently processes have been developed to make pyrolysis oils and charcoal
simultaneously [Dieboid, 1988, Richard, 1994].

The name charcoal does not begin adequately to describe the hundreds of varieties of
materials in commercial use. One simple index of charcoals is the percent of volatiles
remaining after pyrolysis. A very high volatile charcoal called torrefied wood is produced in
the range 230-270°C. It is claimed that torrefied wood contains most of the fuel value of the
original wood in a much higher concentration.

If wood is pyrolyzed in the range 300-360°C, the hemicellulose is selectively destroyed,
while the strength and cellular structure of the wood is preserved. This material is rendered
hydrophobic and oleophilic and is an excellent absorbent for oils and chemicals marketed
under the name Sea Sweep [Reed, 1994].

If wood is heated to about 300°C the reaction becomes exothermic and can go
spontaneously to about 450°C. This composition would represent the “cooking charcoal”
still widely used around the world and responsible for much deforestation. While most easily
made from wood, cooking charcoal can also be made from rice hulls, bagasse and other
waste materials if it is briquetted. Such processing could reduce the deforestation now of
concem.

Charcoal for metallurgical purposes typically is produced by heating above 450°C. It has a
very low sulfur content and is used in making high grade steel among other things.

Finally, if charcoal is heated to 800-900°C, or chemically treated, an activated charcoal
results which has a very high internal surface area. Typically only 20-40% of the original
biomass remains, so that the density is very low. Activated charcoal is useful for absorbing
large molecules, toxics, etc. Activated charcoals for liquid purification (i.e. sugar
decolorizing) are used in small particle size. For gas purification, large particles are required
and so the original biomass must be very dense in order to maintain physical structure for
example samples like coconut hulls are good for this purpose.
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The thermograms of charcoal show the degree of volatiles still remaining and thus indicate
the degree of charring. .

5.2 Coal

Coal has been an excellent fuel for hundreds of years and provided the energy basis of the
industrial Revolution. Coal is produced from biomass by varying degrees of compression
over the last billion years. A number of degrees of conversion exist from lignite, a soft brown
coal, through bituminous to hard anthracite coal. The representative samples studied in this
Atlas were obtained from the Argonne National Laboratory, Argonne, Illinois and illustrate
the variability in volatiles, fixed carbon and ash [IGT, 1978].

5.3 Peat

Like charcoal, peat has been burnmed as a fuel and used for fertilizer for thousands of years.
It is bumed commercially to produce power, particularly in Ireland and Finland. Peat is the
remains of plants that have decomposed, usually under water in bogs. The peat must be
dried before use. The International Humic Institute, located at the Colorado School of Mines,
collects and analyses various forms of peat and has contributed the samples studied here

[IHI, 1993].
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Chapter 6

LIQUID FUELS

Biomass suffers from being a solid fuel, hard to collect, hard to store, hard to feed into
combustion equipment. The simplest liquid fuels made from biomass are methanol (wood
alcohol) from synthesis gas; ethanol (grain alcohol) made by fermentation of sugars from
starch or cellulose. However, these chemical compounds have exact boiling points, so that
TGA is not applicable. However, there is wide interest in a number of other liquid fuels from
biomass. A recent survey [Stevens, 1994] summarizes ten years of work of the Department
of Energy Laboratories on conversion of biomass, primarily to liquid and gas fuels.

6.1 Vegetable oil

Vegetable oils such as olive oil and animal fats such as whale oil and tallow have been used
for fuels and for cooking for thousands of years. They are remarkably similar in composition,
being the esters of glycerol with high molecular weight fatty acids of primarily 16-18 carbon
atoms. Most animal fats contain saturated fatty acids primarily stearic,(C,5) and are solid at
room temperature. Vegetable oil fatty acids typically have one or two double bonds (oleic,
linoleic acids) and are liquid at room temperature [Swern, 1979].

The very high vaporization temperature of fats and oils (triglycerides) accounts for their use
in cooking. However, it makes them less desirable as lighting or diesel fuels.6.2 Biodiesel

6.2 Biodiesel

" Recently a superior diesel fuel called biodiesel has been made from the reneWable fats and
oils by transesterification with methanol or ethanol [Reed, 1992; Reed, 1993]. The resulting
fuel has a high Cetane number and low sulfur which leads to clean combustion in diesel
engines.

Conversion of the corn oil to its methyl ester lowers the vaporization temperature by 150°C
which is part of the reason it can be used as an alternate diesel fuel.

6.3 Pyrolysis Oils

If the volatile materials emitted during charcoal manufacture (slow pyrolysis) are condensed,
they form an agqueous layer, pyroligneous acid and an insoluble layer of tar. Many chemicals
can be separated from these materials and they formed the basis of our chemical industries
(along with coal volatiles) through the 1930s.

When biomass is heated rapidly to about 200°C it begins to decompose a liquid consisting of
the monomer, oligomers and fragments of the polymers hemicellulose, cellulose and lignin.
These oils have been calied “Fast pyrolysis” oils and they can be used as boiler fuels, for
chemical synthesis and even as a diesel fuel. A recent conference explored the use of these
oils [NREL, 1994].

Processes are now being developed that give yields up to 70% (including 10% water) yields
of pyrolysis oils[Scott, 1980; Diebold, 1988; Graham, 1988; NREL, 1994]. A number of
laboratories are now producing pyrolysis oils on an experimental basis. Several fast
pyrolysis oils are included in this section.
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6.4 Hydrocarbons

Crude oil has provided most of the liquid fuel for the 20th century and will continue to provide
energy for the next century until it is gone or environmental considerations limit its use. A
thermogram of diesel is included in this Atlas for purposes of comparison. A sample of
paraffin is also included.
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An Atlas of Thermal Data ’ Variations in Biomass

Chapter 7

VARIATIONS IN BIOMASS

7.1 Effect Of Plant Storage

A number of species supplied by Agblevor at NREL were tested for the effect of storage.
Fresh samples were divided into two parts. One part was refrigerated, the other was stored
at room temperature for half a year to see the effect of storage.

Examination of the samples shows that storage increased the volatlllty and decreased the
fixed carbon (except for bagasse).

When wood is decomposed in the forest, typically the cellulose and hemicellulose are
decomposed, leaving a form of lignin thought to be relatively unaltered. The samples of
brown and white rotted woods look very similar to the other lignins, but have a much hlgher-
ash content.

7.2 Effect Of Plant Anatomy

The various parts of plants have different compositions appropriate to their structures and
functions. We show several examples of these differences. We also show several extracts
from plants.

7.3 Effect Of Growth Conditions

The conditions of growth of a plant affects its composition in terms of volatiles, ash content
and fixed carbon. We show the affect of irrigation on the thermal behavior of cotton.
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Effect of operating conditions
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Chapter 8 ]

EFFECT OF OPERATING CONDITIONS

The thermograms shown in this Atlas were taken at one set of conditions except where
otherwise noted, and thus are directly comparable. However, the data can be extrapolated
to a wider set of conditions. In this chapter the effects of varying the standard experimental
conditions are shown so that the user can estimate the effect of various conditions.

8.1 Effect of heating rate

The heating rate is the most important factor in determining the temperature at which the
decomposition reactions occur. it has been noted by many researchers that an increase in
heating rate causes the thermogram to shift towards higher temperatures, and the effect is
predicted theoretically in kinetic studies (see Chapter 10). It is important to understand this
effect because most of the thermal data is collected at low heating rates while, the
engineering application of kinetic parameters obtained from this study may be applied to
cases where the heating rate is several orders of magnitude higher or lower.

We have provided thermograms of some samples at different heating rates to enable the
user to compare their data with the use of kinetic equations given in chapter 10. In this
example (Western Red Cedar) a tenfold increase in heating rate increases the
decomposition temperature about 70°C.

8.2 Effect of Sample size

The sample size is an important aspect in determining the temperature of decomposition.
For large sample size, say greater than 10-20 mg for most of the biomass materials at
heating rates greater than 10°C/min, there is a time lag for the heat transferred from the
sample surface to its center. This causes the establishment of a temperature gradient in the
sample. This then makes the temperature of the sample measured by the TG less
meaningful, because the temperature gradient tends to smear the TG graph to unknown
higher temperature. We have shown this effect in a thermogram on a small and large
sample. One way to control this effect is to decrease the sample size with the increase in
heating rate. This is equivalent to keeping the Biot number of the sample less than 0.1. This
aspect is discussed later in chapter 11.

8.3 TG additivity

It is an unwritten assumption of TG that a mechanical mixture of materials would give a
thermogram that would be the arithmetic sum of the proportional quantities of each
component. It is not quite so evident that this would occur for the components of bnomass
which are intimately mixed at the molecular level. It has been shown that kinetic
measurements on several components can be added arithmetically to give the observed TG
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curve [Antal, 1994]. Fritsky has shown that The TG curves for several components of MSW
can be added arithmetically to give an observed mixture [Fritsky, 1994].

We are indebted to Dr. Agblevor for supplying a sample of the cellulose, lignin and xylan
components obtained from populous deltoides. These were mechanically mixed in the
proportions in which they are bound together in the natural plant. We show that the
thermogram of the both the sampiles, the natural plant and the component mix are quite
similar, if not identical. This suggests that at least in this case there is little or no interaction
between the components to affect their temperature of volatilization.
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Chapter 9

OVERVIEW OF THERMAL ANALYSIS METHODS

9.1 Introduction

The name thermal analysis (TA), applies to all analytical techniques where the dependence of
any physical property of a substance can be related to temperature measurements under
controlled conditions. Analytical techniques such as Proximate and Ultimate analysis,
Thermometry, Thermogravimetry (TG), Differential thermogravimetry (DTG), Differential
thermal analysis (DTA), Differential scanning calorimetry, (DSC), and Thermomechanical
analysis (TMA) are all classified under thermal analysis [Wunderlich, 1990].

The proximate analysis is an older technique, originally applied to coal, but it has been widely
used for biomass and MSW (ASTM method D3172-73)[ASTM, 1989]. It includes the
determination of moisture content, fixed carbon, volatile matter and ash content of the sample.
The ultimate analysis was also originally developed for coal and provides the composition of
elemental carbon, hydrogen, oxygen, nitrogen and sulfur in a combustible sample (ASTM
method D3174-89) [ASTM, 1989]. '

A given reaction can be followed either by keeping a record of mass change — .
thermogravimetry, and differential thermogravimetry; heat change differential thermal analysis
or differential scanning calorimetry; or dimensional change Thermomechanical analysis, as a
function of time. The interrelationship of these various methods are illustrated in Figure 9.1.

Thermogravimetry (TG) involves the measurement of mass change during a reaction. The
technique is applied to reactions where significant volatilization of sample mass occurs.
Thermogravimetry was formerly known as thermogravimetric analysis, or TGA but the
International Confederation on Thermal Analysis recommends against using this term.

SAMPLE
PROXIMATE ULTIMATE
ANALYSIS ANALYSIS
o N < CHOSN
| - |
ENERGY MASS
CHANGE CHANGE CHANGE
dVAT —V—-\/—— X L_\———_
T T T
DsC , \_A_DIG
BT~ ’
T T

Figure 9.1 Relationship of various thermal techniques
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9.2 Proximate analysis

The proximate analysis is a determination of moisture content, fixed carbon, volatile matter
and ash content of the sample. It sometimes includes the heat of combustion of the sample,
.ASTM method (3173-87)[ASTM, 1989].

9.3 Ultimate analysis

The ultimate analysis provides the composition of elemental carbon, hydrogen, oxygen,
nitrogen and sulfur for a combustible sample (ASTM D3177-84) [ASTM,1983]. While no
ultimate analyses were performed on the samples in this atlas, we have included analyses on
over 100 samples in Appendix A [Channiwala, 1992].

A number of investigators have found that the elemental composition determined in the
ultimate analysis is closely reiated to the heat of combustion [Tillman, 1978, IGT 1976,
Graboski, 1981]. It has recently been found in a survey of these earlier works that the heat of
combustion can be predicted from the ultimate analysis according to

HHYV (kM/g) = 0.3491C+1.1783H+0.1005 S-0.1034 0-0.0151N-0.0211Ash  (eq. 9.1)

where HHV is the high heating value of the sample, and C, H, S, O, N and Ash are the weight
% of carbon, hydrogen, sulfur, oxygen, nitrogen and ash respectively [Channiwala, 1992].
The average absolute error of prediction is 1.45%, better than that claimed for other
correlations, and the bias error for all compounds was found to be negligible which can be
approximated to 0%. The accuracy of the ASTM bomb calorimetry method has a
reproducibility limit of 240 J/g, while this correlation for the entire range of fuels offers
predictions within 337 J/g, quite comparable with the measurement uncertainties, particularly
considering the widely varying nature of data and the sources of its collection. The proximate,
ultimate analysis and heat of combustion data on biomass and some fuel materials samples
taken from this work are listed in Appendix A.

9.4 Thermogravimetry and Differential thermogravimetry

Isothermal thermogravimetry deals with the change in sample mass at constant temperature
as a function of time and was initially used to measure rate constants. In this process a
known amount of sample is placed in a furnace in a controlied gaseous atmosphere at the
desired temperature. The weight loss of the sample is recorded as a function of time. The
graph of weight loss vs. time is referred to as thermogram. It is used to analyze the thermal
stability of the sample, the rate of decomposition, the effect of various gases on the
decomposition of a sample, possible adsorption and desorption reactions, and to determine
the kinetics of the reactions occurring.

Dynamic thermogravimetry is the most common form of thermogravimetric analysis. In this
technique a continuous recording of weight change of the sample in a flowing or static gas
atmosphere is made as a function of time or temperature at a fixed heating rate, and plotted
against temperature. Modern instruments can vary the heating rate over a wide range and
hold at various temperatures for specified times, for instance for drying the sample preliminary
to making a run. A typical TG trace is shown in the introduction.
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Gravimetric and temperature data are continuously recorded during the course of a TG
measurement. Therefore, it is a simple matter of computation to show the first derivative of
weight vs. time or temperature, emphasizing the zones of reaction (DTG). The corresponding
DTG curve is also shown in the introduction.

TG and DTG have several advantages over isothermal thermogravimetry [Cardwell and
Lunar, 1976]. One of the major advantages is that, by conducting one experiment, it is
possible to characterize the behavior of a specimen over a very wide temperature range, e.g.
25-1000°C, thus providing an overview of thermal behavior at all temperatures of interest. |t
is also possible to determine kinetic parameters of the various reactions over a much wider
temperature range than can be studied in isothermal TG by varying the heating rate. Other
advantages are elimination of error from sample to sample as one run is used to determine
and the reduction of time in performing the kinetic studies.

Another type of thermogravimetry which is not in very common use, is called quasistatic
thermogravimetry, in which the sample is heated to constant mass at each of a series of
increasing temperatures.

9.4.1 Applications of thermogravimetric analysis

Modern day thermogravimetry started in late 1950's with the availability of high quality
thermobalances. Now TG is almost universally applied in the field of metallurgy, ceramics,
inorganic and organic chemistry, polymers, biochemistry, geochemistry, forensics etc. Some
of the applications of thermogravimetry are: thermal decomposition of organic, inorganic and
polymeric substances in an inert atmosphere to help in determining the pyrolysis kinetics of
decomposition or to determine the thermal stability of the sample; reaction chemistry of solid
samples where one of the products is in gaseous state; distillation and evaporation of liquids;
proximate analysis; vapor pressure determinations; evaporation and sublimation.

Automatic thermogravimetric analysis developed by Duval determined metallic ion or mixture
of ions by the use of thermogravimetry. In this method the crucible is loaded with precipitate.

It is then heated in a controlled manner and the mass loss curve is recorded. Once a
horizontal plateau is obtained the mass of the precipitate left over is obtained and
subsequently from the other plateau obtained at higher temperature the mass of the remaining
precipitate is obtained. These mass levels indicate that a definite stoichiometry of the
precipitate has been attained [Duval, 1951].

Griffith [1957] has applied thermogravimetry to the determination of the moisture content in
the hydrated and anhydrous salts in different phases. The method is based on the fact that
under controlled heating rates a selective decomposition of the phase with the highest
dissociation temperature takes place. When one phase is decomposed the phase with the
next highest decomposition temperature decomposes and so on.

Hoffman [1959] applied thermogravimetry to the analysis of clay and soils. He was able to
determine water content, organic content and the inorganic carbonates from pure clays and
mixture of clays. The results obtained from TG were in good agreement with those found by
X-ray diffraction and wet chemical analysis.

TG analysis has also been applied to polymers. Application of TG in this field includes study
on the relative thermal stability, the effect of additives on the thermal stability, decomposition
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kinetics, quantitative analysis of various copolymers, oxidation stability, etc. TG has been
used to provide information regarding the presence of additives such as plasticizers in the
polymer. A thermogram of pure poly vinyl butyryl [Wundlandt and Barbson, 1959] was
compared with a one containing plasticizer. The difference between the two thermogram
helped in the quantitative determination of plasticizer content.

Recent application of TG has been for the deconvolution of biomass components such as
hemicellulose, cellulose and lignin [Varhegyi and Antal, 1993]. This technique is still at the
developmental stage.

9.5 Differential thermal analysis and Differential scanning calorimetry

Some reactions are endothermic or exothermic but may not involve a weight change. DTA or
DSC are applied for detecting endothermicity or exothermicity of reactions.

A technique similar to DTA was first used by Le Chatelier in 1887 for the identification of clay
materials and pyrometry. He introduced heat curves for the identification of different clays.
This analysis eventually gave rise to differential thermal analysis technique. In his study for
the identification of different clay materials Le Chatelier used the rate of deceleration in
temperature rise at the point of dehydration, e.g. he found that crystalline Kaolin from Red
Mountain Colorado, USA has a deceleration point at 770°C and 1000°C. This characteristic
deceleration in temperature was also found in Kaolin from places like France and China. it
was observed by Le Chatelier that the adsorption and evolution of heat for a given sample as
a function of temperatures is a unique property of that material [Le Chatelier, 1887].

Differential thermal analysis, DTA, is a technique of recording the difference in temperature
between a substance and a thermally inert reference material as the two specimens are
subjected to identical temperature treatment in an environment heated or cooled at a
controlled rate. In this technique the temperature of a sampie is compared to the temperature
of the thermally inert material as both are heated at a linear heating rate. It is a differential
method in that the temperature of the sample T, is compared to the temperature of the
reference material T, and the difference between the two is used to determine the heat of
reaction. The reference material is usually calcined alumina or a similar inert material. Itis
known that there are no phase transformations for calcined alumina up to the temperature of
1100°C. This ensures that the energy changes that are recorded will be due to the
transformations taking place in the sample under consideration. DTA does not spell out what
net reaction is taking place when an exothermic or endothermic effect is recorded. It simply
records that there is a change in energy content taking place and the rate of that change.

The reactions that can be reflected by the DTA curve are: phase transitions; solid state
reactions; decompositions; surface reactions and second order transitions, a change in
entropy without a change in enthalpy.

Since DTA is based on the measurement of temperature changes in relation to a reference
material, the choice of thermocouple and thermocouple placement is an important aspect of
the design of DTA instruments [Murphy, 1958].

The amount of reference material used is such that the total heat capacity or mass of the
reference material and the sample are about the same, in order to avoid any thermal lags
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between the two thermocouples during the heating of the furnace. Whenever, there is a
transition taking place in the sample, the temperature of the sample increases less or more
rapidly than that of the reference, depending on the endothermic or exothermic process. This
change in heating rate is recorded in terms of temperature difference between the reference
and the sample thermocouple. The position of the peaks is related to the chemical change of
the substance and the area of the peak is proportional to the energy involved in the reaction
occurring. In cases where the entire or the major portion of the sample vaporizes during
transition, there can be large deviation between the reference and the sample due to the
change in heat capacity of the sample. In such cases it is recommended that the sample be
doped in the reference material e.g. Alumina in small quantity so that the heat capacity of both
the reference and the sample pans are about the same due to the presence of Alumina in both
the pans during the entire range of temperature of interest. This procedure limits the
temperature deviation caused due to heating of the sample to a negligible value.

A typical DTA curve is shown in the introduction, showing endothermic peaks, usually from
vaporization. The point where a tangent to the side of the peak and to the base line meet is
the commencement of the peak. The base lines ideally should be aligned but in practice there
is a drift with increasing temperature, due to changes in thermal conductivity or mass.

For an endothermic peak, part of the heat is being used for reaction and part is being used to
maintain the sample at constant temperature. At constant specific heat the heat supplied by
the source, because of negative value of AT, balances the heat being absorbed by the
reaction at that point. The whole peak represents an endothermic reaction. If the peak is
positive then the whole peak represents an exothermic reaction.

~ One thing which is evident from examining the endotherm and exotherm is that the heating
rate within the sample during the occurrence of a reaction is not the same as that when no
reaction is occurring nor is it uniform. This is because the sampie temperature lags from that
of the reference material which causes the deviation in temperature between the two pans.

Differential Scanning Calorimetry, DSC, is another technique for measuring heats involved in
phase changes. In DSC a pilot heater is placed around the sample holder and heat is added
or subtracted in small quantities to keep the temperature of the sample and the reference the
same. The amount of heat required is monitored and presented graphically. Typical
accuracies of heat measurements range from +10% to a few tenths of a percent depending on
the heating rate employed.

9.5.1 Applications of differential thermal analysis

The merit of the DTA curve is that all energy changes occurring in the sample during heating
are clearly observable, (provided the sensitivity is high enough) and that the peak areas
reflect the energy involved. it can be said with certainty that no two materials give exactly the
same complete DTA curve since even slight differences in chemical composition or crystal
structure are reflected in differences in either the temperature at which the reaction occurs or
the heat of reaction. Because of this property, each substance gives a unique DTA curve for
a particular sample. By the selection of a limited number of substances having DTA
characteristics very similar to that of unknown samples, it is possible to deconvolute the
properties of unknown samples. When this technique is applied to mixtures, sometimes it is
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possible to interpret the entire DTA as the sum of pure components. Therefore, it is advisable
to have some idea about the origin of the unknown sample. This limitation of DTA suggests
that in itself alone it is not a good identification technique and that the results should be
interpreted in conjunction with other techniques such as X-ray diffraction, or spectroscopic
analysis.

Roberts and Austin in 1899, suggested the use of reference inert material to measure the
differential temperature. This method was first tested on different metals. Fenner first applied
this technique for the identification of clay and silica minerals in United States, and it soon
became the standard technique for the identification of different clays. Hollings and Cobb
[1915] introduced the control of gaseous atmosphere around the sample.

Norton conducted studies on the identification of different clays by using DTA. He found a
relationship in the area of the endotherm vs. the weight percent of a mineral in the mixture
indicating proportionality between the weight of the mineral and the heat effect [Norton, 1939].

Wittels [1951] used DTA as a microcalorimeter. He found that the area of the endotherm is
linearly related to the heat of reaction for given mass of the sample. Around the same time,
Berger and Whitehead [1951] used DTA to investigate the coalification process. In their
study they find that lignin gives an exothermic peak between 400 -500°C while cellulose
yields an endothermic peak at 400°C. Measurements on a variety of samples show that the
lignin peak is identifiable in bituminous coals and lignites. The peak is absent for anthracites,
indicating the complete conversion of the lignin type structures to thermally more stable forms
at the end of coalification. Indications for small amounts of cellulosic structures were found in
peat and lignite but they were absent in bituminous coals. Based upon this lignin theory a coal
formation was reemphasized.

An extensive investigation of the relationship between coal rank and the characteristics of
DTA curve was made by Glass [1955]. The DTA curves are classified into five distinct types:
a) the meta anthracite type, characterized by single endothermic peak at 725-735 C; b) the
anthracite type showing a single volatile loss peak at 630-680°C; c) the low volatile
bituminous type endotherm at 500-620°C; d) the high volatile bituminous type where primary
volatilization endothermic effect is divided into two sharp exothermic reactions; and e) sub-
bituminous type having a large primary volatilization peak at 450°C.

Garn and Flaschen [1957] report the use of DTA for the analysis of impurities in mineral
matter. Schwenker and Beck [1960] presented a study on the detection of transition
temperatures for textile fibers.

Jen Chiu has shown that DTA can be used to identify the organic compounds [Chiu, 1962].
Sanderman and Augustine [1963], applied DTA to determine the thermal stability for different
woody components. The order they rank is lignin > cellulose > hemicellulose. Hemicellulose
decomposed exothermically at about 200°C in nitrogen. However, some polysaccharides
would decompose closer to cellulose decomposition temperature. The thermal stability of
poly and mono saccharides is reduced by the presence of carboxyl groups. Cellulose
decomposes with an endotherm commencing around 290°C. Sometimes an exotherm is seen
at around 350°C. The lignin has a flat exotherm peak commencing at 300°C and reaching a
maximum at 425°C.
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DTA can easily detect the stability ranges for a sample. One of the major advantages is that
the results can be obtained with much rapidity. -

DTA has proven to be of great value for the analysis of metastable and unstable systems. A
metastable system has a higher free energy than the corresponding equilibrium system, but
does not change noticeably with time. An unstable system in contrast is in the process of
changing towards the equilibrium and can only be analyzed as a transient state. Metastable
states usually become unstable during DTA which operates without temperature gradients in
the sample and reference. If a sizable temperature gradient exists within the sample the
sensitivity may be higher than with smaller gradients because one can work with larger
masses, but for quantitative heat measurements it is desirable to have as little temperature
gradient in the sample as possible. Samples such as some oxides and organic materials have
lower thermal conductivity and therefore may have internal temperature gradients. Detailed
history of DTA development and its applications is given by Mackenzie [1970]

9.6 ICTA recommendations

In 1965 the First International Conference on Thermal Analysis [ICTA] established a
committee on standardization charged with the task of studying how and where
standardization might further the value of thermal analysis. One area of concern was for the
uniform reporting of data, in view of the profound lack of essential experimental information
occurring in much of the thermal analysis literature. Because thermal analysis usually
involves dynamic techniques, it is essential that all pertinent experimental details accompany
the actual experimental records to allow their critical assessment. This was emphasized by
Newkirk and Simmons [Wunderlich, 1990], who offered some suggestions for the information
required with the curves obtained by thermogravimetry.

The actual format for communicating these details will of course depend on a combination of
the authors' preference, the purpose for which the experiments are reported and the policy of
the particular publishing medium. To accompany each TG or DTA record, the following
information should be prepared:

1. Identification of all substances (sample, reference, diluent) by a definitive name, empirical
formula or an equivalent compositional data list

2. A statement of the source of all substances, details of their histories, pretreatments, and
chemical purities, so far as these are known.

3. Measurement of average rate of linear temperature change over the temperature range
involving the phenomena of interest.

4. Identification of the sample atmosphere by pressure, composition, and purity whether the
atmosphere is static self-generated, or dynamic through or over the sample. Where
applicable the ambient atmospheric pressure and humidity should be specified. If the pressure
is other than atmospheric, full details of the method of control should be given.

5. A statement of the dimensions, geometry and materials of the sample holder; the method of
loading the sample holder; the method of loading the sample where applicable.
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6. Identification of the abscissa scale in terms of time or of temperature at a specified
location. Time or temperature should be plotted to increase from left to right.

7. A statement of the methods used to identify intermediates or final products.
8. Faithful reproduction of the original records.

9. Wherever possible, each thermal effect should be identified and supplementary supporting
evidence stated.

In the reporting of TG data, the following additional details are also necessary.

10. Identification of the thermobalance, including the location of the temperature measuring
thermocouple.

11. A statement of the sample weight and weight scale for the ordinate. Weight loss should
be plotted as a downward trend and deviations from this practice should be clearly marked.
Additional scales (e.g. fractional decomposition, molecular composmon) may be used for the
ordinate where desired.

12. If derivative thermogravimetry is employed, the method of obtaining the derivative should
be indicated and the units of the ordinate specified.

In reporting DTA traces, these specific details should be presented:
13. Sample weight and dilution of the sample.

14.  Identification of the apparatus, including the geometry and materials of the
thermocouples and the locations of the differential and temperature measuring
thermocouples.

158. The ordinate scale should indicate deflection per degree centigrade at a specified
temperature. Preferred plotting will indicate upward defiection as a positive temperature
differential, and downward deflection as a negative temperature differential, with respect to
the reference. Deviations from this practice should be clearly marked. We have tried to
follow these recommendations in this Atlas.

9.7 .Manufacturers

Commercial DTA first became available in 1952 from the Robert L. Stone company. Stone's
was the first quantitative application of DTA to a chemical system in the study of the

- polymorphism of Na,SO, by Kracek in 1929. In this study temperatures for five different
phase transformations were identified. Stone determined the heat of dissociation of
magnesite to be 10.1 kcal/mole. The thermogram showed increasing decomposition
temperature with increasing CO, pressure. When log p is plotted against 1/T, the slope of the
plot is AH/R and can be used to determine the heat of reaction from the Clausis-Clapyron
equation, i.e.

d(ln P)rd(1/T) = -Z ( AH/R) feq. 9.2)
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Where, Z is the compressibility factor, P is the pressure, AH is the heat of reaction, T is the
temperature and R is the gas constant. _

There are several commercial manufactures of TG equipments. Prominent among those are
Perkin-Elmer, Du Pont, Stanton Redcroft, Seiko Instruments, Cahn, Sinku Rico, and Mettler.
The differences in the design of various equipment in terms of accuracy for parameter
measurements is mainly in the placement of the thermocouple for the measurement of sample
temperature or the mechanism of gas solid contact, i.e. whether the gas flows over the
sample, through the sample or diffuses into the sample. Difference can also be seen in terms
of sample holder to sample size ratio. This aspects relates to the temperature deviation within
the sample at given heating rates.

The operating limits on these models also varies. Instead of discussing each model we
present the extreme limits available. The maximum sample size that can be subjected to
thermal decomposition is 10g in the Cahn TG-131 model. (This thermobalance can hold a
sample size up to 100g but the dynamic range is only 10g). All the other modeils restrict
maximum weight up to 200 mg. The maximum heating rate of 100°C/min. is available in almost
all of the commercial models. However, the slowest heating rate of 0.1°C/min. is available in
the Seiko SSC 5200 model. A pressure variation from 5 torr to ambient is available in most of
the commercial designs. Only the Cahn TG-151 has the capability to go up to 1000 psig. The
determination of temperature calibration by using Curie point method is easiest in Perkin-
Elmer model TG-7.

The data presented in this book were collected on a Seiko Instruments TG/DTA SSC 5200
model. One of the major advantages of this unit is that it can collect data on the same sample
simultaneously for TG and DTA. This feature is not present in most other commercially
available units. We will discuss the details of this instrument and the procedure for data
collection in this Atlas in chapter 11. Some other models can record data for TG and DTA
simultaneously (Cahn TG-131/DTA-131) but they require a different sample for TG and DTA
recordings.
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Chapter 10 _

DERIVING KINETIC DATA FROM THERMAL ANALYSIS

10.1 Introduction

The determination of kinetics of decomposition for biomass and other fuels from thermal
analysis data have long been a source of fascination to those working in this field. Itis
projected that an accurate determination of the kinetics for a particular substance would be
useful in designing plants and processes for that substance. To the best of our knowledge
the existing kinetic knowledge has never been applied because there was such a scatter in
kinetic data that no one knew which data ato use.

it is a relatively simple matter to fit TG curves with an equation of the form [Miine, 1981]
dv/dt =k V*
where

k = A exp (-E/RT) and V is the fraction of total volatiles remaining at temperature T and n is
the order of reaction. The exponential term is sometimes interpreted as an activation
energy; A is the pre-exponential factor and R is the gas constant.

If the sample is heated at a constant rate, a = dT/dt, then this equation becomes
dvAdT =k V'/a

Because of its importance and its relatively fixed structure, a number of workers have used
cellulose to determine the decomposition kinetics and decomposition mechanisms
[Friedman, 1965; Chatterjee, 1965; Broido, 1969; Shafizadeh, 1979; Diebold, 1985 and
Agrawal, 1986]. In particular Antal has written two extensive reviews on the decomposition
kinetics of cellulose and lignocellulosics based on various proposed reaction schemes
involving up to five steps [Antal, 1982;1985]. More recently Varhegyi, Jakab and Antal have
published another review which suggests that a single step is sufficient for describing the
kinetics of the cellulose decomposition [Antal, 1994; Varhyegi, 1994].

Cellulose comes close to being an identifiable “biomass compound” with potentially
reproducible kinetics. Yet the kinetic exponential factor E (sometimes interpreted as an
activation energy) has been reported to vary from 50 to 250 kJ/mole as shown in Fig. 10-1,
which shows an excellent correlation between the . This has been called the “compensation
effect” [Chornet, 1979, Reed, 1985]. Much of this variation is illusory; TG data plotted from
any of the pairs of A and E in Fig. 10-1 would show cellulose breaking down at temperatures
between 280°C and 400°C with varying slopes in between. Much of the design work on
cellulose would not need to be more accurate that this.

The variation in the kinetic factors can be attributed to variation in sample size and heating
rate (discussed in Chapter 8), variations in the methods used for mathematical analysis
(Chapter 10), and instrumental errors coupled with sample impurities (Chapter 11).
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Recently there has been some progress in determining the sources of the discrepencies and
deriving reliable data [Antal, 1994; Fritsky, 1994; Gaur, 1994;Varhegyi, 1994, Abatzoglou,
1992; Belkacemi, 1991]. We hope that the data in this Atlas can provide data for future
kinetic analysis, lead to a better understanding of the kinetics of biomass thermal
decomposition and also be used for practical design.

25
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Fig. 10-1 Compensation effect for Cellulose Kinetics, showing meésuréd values of the
kinetic factors Log A and E taken from the literature [Chomet 1979, Reed, 1985]

“For those wishing to do kinetic analysis, we have tried to put together some of the different
methods available in thermal analysis literature (TG and DTA) for the interpretation of data
to determine the kinetic parameters. We are however, not attempting to rank these methods
because we believe that the reader of this book can make the judgment as to which method
will satisfy their needs in the best way.

10. 2 Determination of kinetic parameters using thermogravometric data
10.2.1 Coats and Redfern method:
For a reaction Ag) — B + Cg) the rate of conversion of A can be given as

axzdt = k(1-X)" (eq. 10.1)

where X is the fractional conversion and kK is the rate constant expressed as
k = A exp (-E/RT) (eq. 10.2)

A and E are Arrhenius parameters known as frequency factor and the activation energy
respectively, while n is the reaction order [Coats, 1964]. Since not much theoretical
justification can be provided for frequency factor and reaction order in the case of solid
decomposition, Gadalla recommends the use of terms "pre-exponential factor" and




Deriving Kinetic Data
An Atlas of Thermal Data

"exponent term" respectively, to avoid any misconception. In this book we have tried to
adhere to this terminology [Gada_lla,1985].

For a linear heating rate, a = dT/dt, the substitution for k in equation 1 can be made as
follows

dX/dT = Ala exp(-E/RT)(1-X)" (eq. 10.3)
or adX/(1-X)" = A/a exp(-E/RT) dT (eq. 10.4)

In order to integrate equation (10.4) within limits of X=0to Xand T=0to T, at first
substitute u = E/RT. The approximate solution for the right hand side of this integral is then

given as
eyt gy = u e (-1)"(b) ™) - (eq. 10.5)

Substituting this solution into equation 4 for n not equal to 1 gives
(1-(1-X)*"/(1-n) = ART%aE [1-2RT/E] e ERT (eq. 10.6)

and for n = 1 equation (10.4) becomes
-log[(1-X)/T?] = AR/aE [1-2RT/E] & =R | (eq. 10.7)

To determine the kinetic parameters for any reaction by using this method one has to make a
guess at the reaction order. Subsequently, by taking log of both sides, equations 10.6 &
10.7 transform into the linear function y = mx + ¢. The reaction order for which the linearity
of the function is best defined can then be used to determine the kinetic parameters by using
the graphical technique.

This method of Coats and Redfern [Coats, 1964}, has been used successfully by many
researchers. However, one of the drawbacks of this method is that the reaction order has to
be known beforehand or one has to do extensive linear fit on the experimental data for
various reaction orders. Another limitation is that for cases where there is step wise
conversion, such as for calcium oxalate or polyviny! chloride, the treatment of the data has to
be done for separate steps individually.

10.2.2 Gyulai and Greenhow method:

“This method considers decomposition of solids at two heating rates for the prediction of the
kinetic parameters. By doing so the authors have eliminated the requirement of assuming
the rate function or the reaction order as is the case with the Coats and Redfern method.

The basic rate equation used by Gyulai and Greenhow [Gyulai, 1974] is similar to equation
(10.1) except that they do not define the form of the solid conversion function.

~ [dX/dT = [A/a exp(-E/RT) f(X) (eq. 10.8)
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In this case the solution is even more complicated because if we separate the variables

o) = [A/a exp(-E/RT) dT (. 10.9)

then the unknown term is present on both sides of the equation; the right hand side of the
expression does not have an exact integral solution and on the left, the form of the function
for the conversion of the solid is not known.

By substituting F(X) = [ [d(X)/(X)] in equation (10.9) we obtain
. FOQ = Aafexp ((ERT) dT] (eq. 10.10)

_If i = { [exp(-E/RT) dT] then
F(X) = (Afa) (i) (eq. 10.11)

For two points corresponding to two identical conversion extents X, on two TG curves
obtained at two different heating rates a, and a, for the same sample and initial weight we
can write

isg = | [exp(-E/RT) d7] (eg. 10. 12)
iy = [lexp(-E/RT) dT] " (eq. 10.13)
and F(X)41 = (A/a,)(i) (eq. 10.14)
F(X)12 = (AMay(i) (eq. 10.15)

where the first figure on the subscnpt relates to the conversion extent and the second value
for the TG curve.

Since the pomts have been obtained for the same conversion level and the sample is the
same, they would have in all probability exhibit the same conversion function and hence

FX)11=F(X)12 (eq. 10.16)

this follows
FX)/F(X);, = (aya)/(iy /i) = 1 (eq. 10.17)
or aday =iy /i 2= ... =i oy =i m (eq. 10.18)

For the determination of the activation energy, two points of the same conversion are chosen
on two TG curves obtained at two different heating rates and the corresponding
temperatures T4, and Ty, are noted. The value of log i corresponding to these temperatures
at various activation energies can be obtained from the tabulated values given by authors, or
- from any of the approximate solutions such as the one given by Coats and Redfern. The plot
of log (iy/iy) agamst E, would help in finding that value of E correspondmg to which log (a,/a,)

= log (iy/ iz).
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Now for the two points on same TG curve we can write
F(Xy) =(AR)i(E,Ty), F(X3)=(Aa)i(EyTy) (eq. 10.19)

Then depending on the type of conversion function, say F(X) = | dX/(1-X)" we want to
explore, the integral solution of the function can be obtained, for example in this case for n
not equal to 1

F(X) = (1/(n-1))(1/(1-X)™")-1) (eq. 10.20)

andforn=1
F(X) =-In(1-X) (eq. 10.21)

Now we choose one reference conversion say X, and calculate the ratio log (F(X,)/F(X,)) for
a range of values from the conversion X data. This ratio is then plotted against n using
equation (10.20). The order of the reaction for a conversion X, is obtained from the graph as
the value of n corresponding to X = X, and log (F(X,)/F(X;) = log (i (E4, T4 )/i (E2, T5,)). After
these determinations the pre-exponential factor is calculated with the help of equation
(10.11).

10.2.3 Doyle's method:

Doyle's method [Doyle, 1 961] dg_als with the deéofnposition in eath step as being '
independent. The apparent rate of volatilization is found by

dv/dt = -a dW/dT (eq. 10.22)

where, W is the initial weight, a is the heating rate and V is the volatile portion of the solid.
However, if there are different volatilization steps, then for a particular step the appropriate
residual mass fraction h, is calculated on the total fraction volatilized during the step, rather
than on the total initial mass '

h=(W-G/H (eq. 10.23)

where, H is the total mass fraction volatilized during the step and G is the weight fraction
remaining after the step has been completed.

Hence, now we can write
dV/dt = H(dh/dt) (eq. 10.24)

We can define dh/dt with a kinetic expression
-dh/dt = kith) (eq. 10.25)




Deriving Kinetic Data

An Atlas of Thermal Data

where k = A exp(-E/RT) and f(h) is the function for solid conversion. The conversion of the
solid for a given step has been written by Doyle in the same manner as by others

fdhAn) = A/a | [exp(-E/RT) dT] - * (eq. 10.26)
same, they would in all probability exhibit the same conversion function and hence

fan/A(h) = A/a | [exp(-E/RT) dT] (eq. 10.26)
The solution of the right hand side of the equation is done by substituting u = E/RT and then
obtaining the approximation p(x) for the above integral.

| dn(h) = g(x) = (Aa) (E/R) p(x) (eq. 10.27)

where log p(x) =-2.315 - 0.4567 E/RT (eq. 10.28)

Doyle points out that the value of A/a can be evaluated on the basis of a single thermogram
slope dV/dT and the corresponding absolute temperature T.

Ala = (exp (-E/RT)/Hf(h))(dV/JT) (eq. 10.29)

The value of E is evaluated by first determining X, the value of X at the corresponding value
of T,

E = [(R H f(h,) g(h,) exp(-X)M(p(x J(dT/AV), (eq. 10.30)

Doyle's method was one of the earliest methods developed for the determination of the
kinetic parameters using non-isothermal TG data.

10.2.4. Zsako method:

Zsako [Zsako, 1970; 1973] has considered a more general form of rate expression then the
methods discussed up to now in this chapter.:

dX/dt = KC(1-X)° (eq. 10.31)

where a and b are empirical constants.

In this method Zsako has tried to provide an improvement in terms of applying Doyle's
method for reactions which have more complex conversion functions f(X). Taking log of
equation (10.27) gives

log [(Aa)(E/R)] = B = log g(X) - log p(X) (eq. 10.32)

Now once again taking log of the left side of equation (10.32)
logA=B +log (Ra)-log E (eq. 10.33)
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Zsako has determined the analytical forms of conversion function (1-X)® and term B for
reaction orders (b) eg; 0, 1/3, 1/2, 2/3, 1 and 2. In this method the function with most
constancy over the entire thermogram can be considered as the conversion function of the
solid. The value of p(x) is given by Doyle as a function of activation energy.

10.2.5 Satava and Skvara method:

The method of Satava and Skvara [Sétava 1969] is basically a more general form of the
method proposed by Zsako. The rate expression used to describe the solid decomposmon
by Zsako is given as equation (10.31).

At constant heating rate the decomposition of solid can be written as equation (10.9). The
integral of the left side of this equation can be performed once the decomposition function for
the solid is known. In this method since generalized forms of the function have been
considered, no single solution is available. The right hand side has been integrated by
Doyle and many others. The authors of this method preferred to use the solution provided
by Doyle (equation 10.27). Taking logarithms of both sides of equation (10.27) gives
equation (10.32). It can be seen that quantity B is independent of temperature.

Satava and Skvara determined the values of log g(X) for various functions. The major
advantage of this method lies with the fact that the authors have considered and provided
solutions to the different forms of conversion functions.

Now, since both the terms on the right hand side of equation (10.32) are known, the values
for B can be determined. Satava and Skvara propose a graphical technique for the
determination of value for B. The values of X at intervals of 0.05 and the corresponding
temperature Ty are first read from the TG curve. The log g(x) values for the various rate
processes are plotted against the corresponding Ty values on a transparent paper. On the
same scale a plot of -log p(x) versus T is also drawn. The plot of log g(x) is placed on top of
the log p(x) diagram so that the temperature scales coincide and is then shifted along the
ordinate until one of the log g(x) curves fits one of the log p(x) curves. From this log p(x)
curve, the activation energy E, is determined. The log g(x) curve which fits the log p(x) curve
is the most probable kinetic function describing the thermal decomposition of that particular
solid. When the two plots are placed so that the values on the axes coincide, the distance
between the log g(x) and log p(x) curves is the value for B which is used to quantify pre-
exponential factor A by using equation (10.31).

it is, however, advised that in order to be fully confident of the conversion mechanism
determined by this method one should also check it with some other method apart from TG
analysis to rule out the possibility of mathematical coincidence of curve fitting.

10.2.6 Freeman and Carroll method:

This method helps in determining the kinetics of a reaction over the entire range of
temperature [Freeman, 1958]. The kinetic parameters are determined by using equatlon
(10.34

Alog (a dC/dt)/ A Iog (1-C)=n-(E2.3R)(A ( 1/TH/(Alog ¢ 1-C)) (eq. 10.34)

This method is also called a difference differential method. A plot of A log (a dC/dt)/ A log (1-
C) versus A (1/T)/(A log (1-C)) is used to determine the value for activation energy and then
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gives the reaction order. It has been found that by the use of this equation the results are in
good agreement at low conversion levels.

10.2.7 Ingraham and Marier method:

Ingraham and Marier developed this method for reactions which follow linear kinetics for the
decomposition such as calcium carbonate. The rate expression for such a reaction can be
written as

dw/dt = k (eq. 10.35)

where dw is the mass loss per unit area in time dt. If the temperature of the sample is
increased at a linear heating rate the temperature at any given time can be given as

T=b+at (eq. 10.36)

where b is the initial temperature and a is the heating rate. These authors developed
equation (37) for the determination of ag:tivation energy

log(dw/dT) =log T -log a + log C - (E/2.3R) (eq. 10.37)

The activation energy is calculated from the slope of a plot of [log (dw/dT)-log T + log a]
versus 1/T. The log(a) value permits the correction of TG curves obtained at different heating
rates. We will discuss the correction of TG curves at different heating rates in much detail
later in this chapter.

10.2.8 Vachuska and Voboril method:

This is a differential method for the determination of kinetic parameters using
thermogravimetric data.

ax/dt = k(1-X)" ‘exp(-E/RD (eq. 10.38)
or In(dX/dt) =In k +nin (1-X) - ERT (eq. 10.39)

Since X and T are function of time in the case of TG data, we can differentiate the above
equation with respect to time

(PXAB)/(dXAdE) = - (n/1-X) (dX/at) + (E/RT2) (dT/dt) (eq. 10.40)

rearrangement of equation (10.40) gives
(PX/d?) T/HdXdt)(dT/dt)=-n (dX/dt) (TA/(1-X) (dT/dt) +E/R (eq. 10.41)

This equation can be used to determine reaction order and activation energy.
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10.2.9 Varhegyi's Integral solution: | )

Varhegyi [Varhegyi,1978] has provided the integral of the rate expression considering the
temperature dependency of the pre-exponential factor. He considered the rate expression of
the form

k=A T exp(-ERT) (Eq. 10.42)

and then provided the integral of equation (10.42) with respect to temperature

fkdT =] A T° exp(-ERT) dT (Eq. 10.43)

Substituting y = E/RT and b = s-2 in equation (10.43)
JT° exp(-E/RT) dT = py(y) =(E/R)*? [y* exp(-y)dy (Eq. 10.44)

The solution of the integral is provided by using continued fractions due to Legendre
Ps(y) =™ &y + s/(1+ Uy + (s+1)/(1+2/y + (s+2)/(1+.) (Eq. 10.45)

If equation (10.45) is truncated at the sixth sign of division, the relative error of the -
~ approximation is about 10 at y values of 10. In thermal analysis the values of y are not less
than 10.

Another solution to p¢(y) integral with relative error being of the same order of magnitude as
in equation (10.45) is

ps(y) =y e¥(1 +a/(y+1) +a/fy+1)(y+2) + +a/y+1)(y+2)..(y+n)) (eq. 10.46)

This series was proposed by Schiomlich [Van Krevelen, 1951]. The method for the
determination of coefficents a,..a, is given by Bateman and Erdelyi [Bateman 1953].
Varhegyi also lists Pede's approxnmatuon [Luke, 1969]

PS(y) = y° & (y+1)/(y+s+1) (eq. 10.47)

The rate equation for decomposition can be written as

fax#xX) = g(x}) = 1/a ! (k (T) dT) (eq. 10.48)

Using equation (10.44), equation (1 0.48) can be written as
a(X) = Aa (E/R)*" py(y) (eq. 10.49)
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but p(y) is a product of y* e g¢(y), where g(y) is the approximation for last term in equation
(10.47). Substituting this value for p¢(y) we can write

g(xX) = (AR/aE) T &7 q4(y) (eq. 10.50)
or In g(X)/Ts = In(AR/aE) + In qs'- y (eq. 10.51)

The term In(q,) can be approximated by expansion using Taylor's series
In(q) =c, +c.y (eq. 10.52)

The values for E and A are evaluated in the following manner: At first the term In (g(X)/Ts) is
obtained from the experimental data. Then these values are approximated by a linear
function of 1/T

In (g(X)/Ts) =B, + B, 1/T (eq. 10.53)

At the first approximation we can get an estimate of coefficient B, which is equal to -E/R.
Then an average temperature T is chosen somewhere in the middle of the temperature
interval of decomposition and then using the first approximation for E the corresponding
vaiue for y = E/RT is determined. Subsequently using this value of y the coefficients for the
expansion of in (q,) ¢, and c1 are calculated.

= (y+1)(y+s+1)] (eq. 10.54)
Co = In [(y+1)/(y+s+1)] - ¢y (eq. 10.55)

Knowing the values of ¢, and c, will help in determining the more correct values for E and A
by using equations (10.49-10.51) and rearranging them to get

B,=-(1c) ElR (eq. 10.56)
=In (AR/aE) + ¢, (eq. 10.57)

The difference in the prediction of E value or the activation energy by going through this
method is only of the order of 3-5% but the value for A is improved by a factor of 50%.

Flynn and Wall and Satava and Skavara have also shown in their independent study that the
linear dependency of pre-exponential factor on the temperature has no significant effect but
the change in heating rate has a dramatic effect. They however do not combine this effect
with the temperature dependency of A factor with the power law.

10.2.10 Gaur and Reed method:

Varhegyi's integral has shown that if the pre-exponential factor is not considered as
temperature dependent with power function its estimation can be off by 40-50%. Satava and
Skavara [Satava, 1978] have shown in their independent study that the effect of heating rate
and the change in pre-exponential term result in similar changes in the weight loss curve of a
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sample. Flynn and Wall [Flynn, 1966] have shown that there is negligible change on the
pre-exponential factor if it is considered as linear temperature function but on the other hand
they also state the heating rate makes a lateral shift on the curve. -

Gaur and Reed [Gaur, 1993] have developed an equation which incorporates the change in
pre-exponential factor as a function of heating rate.

The rate of decomposition can be given as

dXzdt = A, exp(-E/RT) fX)" (eq. 10.58)
Where, A, =Kk'Tm : (eq. 10.59)
E,=Eqp-RT (eq. 10.60)

In the above equations parameters k' and E, are constants which are independent of
temperature while A; and E,,;, are temperature dependent. Equations (10.59) and (10.60)
are the modified forms of the original Arrhenius derivation where the exponent m has an
explicit value of 0.5. Since A, varies with temperature, the equality of the temperature
independent term k' at two different temperatures can be written as

K=A/Tm=A,=T" (eq. 10.61)
or A, i=A, (T/T)m ' (eq. 10.62)

where T refers to the condition at which kinetic parameters are determined and T, refers to
the temperature at which the predictions for solid decompositions are to be made.
Substitution of equation (10.62) in equation (10.58) at temperature T, gives

dX/dt = A, (T/T)"m exp(E /RT) fOn (eq. 10.63)

The temperature ratio in the above expression can be written in terms of heating rates
(a/a)™, where, a, = dT/dt and a = dT/dt. Since rate constant for this reaction is close to zero
at T<T,, T, can be considered as zero degrees centigrade. For limits T=0att=0and T=T
att =t and at equal time intervals

aa=T/T (eq. 10.64)

Substituting (10.64) in (10.63) gives;
- dX/dt = A, (a/a)m exp(-E /RTH )N (eq. 10.65)

expressing the above rate expression for constant heating rate TG data we get;
dXAdT = A/a; (a/a) ™ exp(-E/RT) {(X)" (eq. 10.66)

The solution for this equation has been provided by the authors for f(X)" = (1-X)" function
using Doyle's approximation for the integration.

forn =1

10-11




Deriving Kinetic Data

An Atias of Thermal Data

-In(1-X) = (E,A/Ra) (a/ajm 10¢231504567EaRT) (eq. 10.67)

andforn=1
[1-(1-X)1-n}/(1-n) = (E,Ao/Ra)) (a/a)™ 10(2.315- 0.4567Ec/RT) (eq. 10.68)

10.3 Determination of kinetic parameters using differential thermal analaysis data

Several methods have been proposed for the determination of reaction kinetics by using a
differential thermal analysis (DTA) curve. Some of the commonly used methods are the
Kissinger method, the Tateno method, and the method of Borchardt and Daniels [Borchardt,
1956; 1957]. In the Kissinger method the variation in peak temperature with heating rate has
been used to determine the activation energy [Kissinger, 1957]. The Tateno method is
described by the means of transfer functions and gives values for reaction order and
activation energy [Tateno, 1966].

In this book we present the method of Bocrhardt and Daniels which is the most extensively
used method. This method was developed for homogeneous reactions.

The application of DTA studies to determine the kinetic parameters was successfully
attempted by Borchardt in his Ph.D work at the university of Wisconsin, [1956]. In his work
he determined the reaction kinetics by using only one non-isothermal curve. Based upon
this work Borchardt and Daniels [1957] developed the method for the determination of
reaction kinetics for homogeneous solutions. This method employs the development of a
heat balance equation around the sample.

deTf-' dH + k AT dt (eq. 10.69)

where dH = heat of reaction, C_dT = enthalpy of the reaction solution, and kAT dt = the heat
transferred into the cell from the surroundings.

dH =C,dT - k AT dt (eq. 10.70)
if Cp an_d k are independent of temperature then for t, to {,,

AH = C, (AT, - 4T,) + k 7AT ot (eq. 10.71)

at T=ow A_ A AT is the temperature difference between the sample and the furnace.
Therefore,

AH = kA (eq. 10.72)

where A is the total area under the curve. Since dH is the heat transferred due to reaction on
per mole basis, - kA/n,, we can write the following expression for fractional conversion in
homogeneous reaction as

or dH = -kA/n, (dn) (eq. 10.73)

Substituting (10.73) in (10.69) gives
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~dn/dt = (n/kA) [C(dT/dt) + kAT] (eq. 10.74)

where, number of moles present at any instant are given as
n = n,-/dn/dt (eq. 10.75)

The development of the kinetics method for heterogeneous systems was proposed by
Blumberg [Blumberg,1959]. This method is an extension of the method presented by
Brochardt and Daniels for the homogeneous reactions. However, this extension has been
subject to lot of criticism due to its assumption of negligible temperature gradient within the
solid sample. In addition, the relationship of the peak area in a thermogram to the heat of
reaction has also been reported by Ramachandran and Bhattacharya [Ramachandran, 1954]

10.3.1 Other effects in understanding DTA data

During dynamic heating there is a chance of temperature lag increase with increasing
heating rate. The slower the rate of heating, the smaller the variation. However, with a slow
rate of heating, the temperature differential between the reference material and the
substance examined will be less. This results in rounded peaks that tend to be more
significant as the heating rate is lowered. On the other hand with a rapid heating rate the
peak becomes intense but a lot of details are lost. The theory behind this phenomenon is
explained as follows: The temperature at any point lags behind that of the holder by an
amount which depends only on the position of the point. This quasi steady state is reached
after a time 1 and for a cylindrical sample of radius and length 4r.

1=1.08 p C FP/A ‘ (eq. 10.76)

Changes in thermal conductivity of the sample may result from temperature variations and
from changes in composition produced by the reaction. The heating rate has an effect on
peak height and peak width. A slow heating rate requires a sensitive recording system while
with fast heating rate the neighboring peaks tend to coalesce. The optimum heating rate
depends on the nature and characteristics of the sample and reference material. The
International Geological Congress, London, recommends a heating rate of 10°C/min. Under
these conditions peaks are of satisfactory size, overlap of neighboring peaks is not
excessive and the time for determination is reasonable. The thermal effects in the sample
are not uniform during the period of reaction. These can be reduced by using small samples
and slow heating rates. The effect of particle size has been considered by several
investigators. Norton has pointed out that finer particles give up their heat more rapidly
[Norton, 1939].
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Chapter 11

EXPERIMENTAL APPARATUS AND DATA COLLECTION

11.1 Seiko TG/DTA

The data reported in this Atlas were collected using a Seiko SSC 5200 TG/DTA thermal
analysis apparatus. The schematic of the instrument is shown in figure 11.1. This
apparatus has two horizontal balance arms containing thermocouples to support the pans
and the sample which allows for close measurement of the sample temperature with
negligible temperature deviation over the entire heating range of the furnace. The two
balance arms permit taking simultaneous TG/DTA data on the same sample and minimizes
the errors in analysis caused by the sample heterogeneity. One balance arm is used to
support the reference inert material and the other arm supports the sample under study.

The relative weight change between the sample pans as a function of temperature at a given
heating rate give data for thermogravimetric analysis and the change in energy requirements
is measured in terms of micro volts to provide data for differential thermal analysis.

The gas flows parallel to the balance arm and across the sample pan instead of parallel to
the sample pan as is the case with most other models. This arrangement minimizes
buoyancy effects caused due to change in gas density with change in temperature. We
found that the deviation in the sample weight from ambient to 1100°C was about 30 ug. In
our experience this is fairly negligible in comparison to most other thermal balances. The
maximum permissible sample weight limit is 200 mg.

This TG/DTA model permits introduction of two reaction gases in any proportion at a flow
rate of 100 to 600 cc/min. The switching of gases is done with the help of gas flow controller
which is regulated by the software provided along with the unit. in our opinion this software
is user friendly and versatile.

One of the drawbacks of the system is that it is not MS-DOS compatible and has its own
operating system. This slows the transfer of data to other MS-DOS compatible programs for
further analysis such as for the determination of kinetic parameters. This problem was
overcome by digitizing the data or transferring it by using communication software such as
PROLOGIC.

| Figure 11.1 Schematic of Seiko SSC 5200 TG/DTA
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11.2 Procedure for data collection

The samples were first powdered by milling or grinding and heated to 120°C at 10°C/min.
and were held there isothermally to allow for the removal of physical moisture.
Subsequently, the sample temperature was raised @ 10°C/min. to 950°C in the nitrogen
atmosphere at a flow rate of 300 cc/min.. The net weight loss between 120° and 950°C was
recorded as fotal volatile matter. The residual char was then burnt in air at 950°C until a
constant weight was obtained. The weight loss due to this combustion is reported as fixed
carbon. The weight remaining is the ash content of the sample. The volatile portion of the
fuel has been divided into two parts. The first part includes volatiles that are liberated
between 120° and 650°C. This accounts for the major portion of the volatile fraction and is
responsible largely for flaming combustion. This volatile fraction is sometime referred to as
primary volatiles. The second portion of the volatiles sometimes termed to as secondary
volatiles is liberated between 650° and 900°C. This volatile fraction takes little part in
flaming pyrolysis and do not inhibit surface combustion. Unless stated otherwise all of the
analysis was carried out with samples having particle size in the range of +10 to -100 mesh.
A typical TG curve obtained from Seiko TG/DTA unit is shown as Figure 1in the introduction.
This data was used to generate the curves presented in the Atlas.

11.3 Calibration of TG/DTA

Thermal analysis is not an absolute measuring technique and hence calibration is of prime
importance. The calibration of the sample temperature to the thermocouple reading was
performed by determining the Curie point for some Ferro magnetic samples inthe -

- temperature range of 250-800°C. In this procedure a magnet was installed just outside the
furnace but close to the sample pan supports. Subsequently, the Ferro magnetic samples
whose curie point temperature ( the temperature at which these samples loose their
magnetic property) was known were placed in the sample pan. The TG/DTA furnace was
then heated from ambient to 900°C at designated heating rate. The temperature at which
these samples loose their magnetism is signified by the weight change due to the absence
of magnetic force caused by the magnet placed outside the furnace. The deviation between
the furnace temperature and the temperature at which the sample is suppose to loose its
magnetic property is the measure of error between the sample temperature and the one that
is being recorded by the furnace. ICTA has come up with some recommended Ferro
magnetic samples for the calibration of TG/DTA instruments [Wunderlich 1990]. We
conducted this calibration procedure over the entire range of experimental temperature at
various heating rates. The maximum deviation was within £3°C. Once a calibration for
temperature has been performed, then most of the thermobalances are capable of providing
very precise data for long periods of time if the system is maintained properly, i.e., there is
no contamination of the sample crucible, thermocouple, furnace wall and the balance
mechanism has not been disturbed. However, it is important to perform these calibrations
periodically.
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11.4 Collection of Samples

The samples reported in this Atlas were collected from a wide variety of sources specializing
in various aspects of biomass. The sources are identified in appendix. In general the
samples were reduced to -+10 to -100 mesh by milling or grinding. Wherever it was
necessary to obtain an average of a large specimen, whole plants were dried and milled.
These samples are stored in viles and can be made available to interested parties for the
sake of comparative testing.

11.5. Errors in thermal analysis

In the TG data collection many aspects have to be looked for before the data can be said to
be the true representation of the decomposition kinetics or for that matter any other gas solid
reaction. The common sources or error are

1. The presence of temperature gradients in the sample

2. Use of an excessive heating rate

3. The existence of a partial pressure of the product gases over the sample
4. The effect of impurities and mineral content

5. Buoyancy effects.

We will discuss in brief some of the effects due to these conditions in the TG/DTA data
collection.

11.5.1 The presence of temperature gradients in the sample

If there is a temperature gradient within the sample from the surface to the center then the
TG data collected for the decomposition cannot provide the correct decomposition kinetics
because the sample temperature is not defined. This aspect limits the size of the sample
and the heating rate to which it shouid be exposed. One way to correct for this error wouid
be to go for lower heating rates with the increasing sample size. However, the isothermality
of the sample can be defined in terms of a non-dimensional quantity called Biot number
(Ng). Itis the ratio of the external heat transfer to the surface of the sample to the internal
heat transfer within the sample by thermal conduction

Ng; = h/xr

where h is the heat transfer coefficient to the sample surface, x is the thermal conductivity
and r is a characteristic dimension (the minimal diameter) of the sample. The higher the
value of Ng; the greater is the temperature gradient within the sample. It has been found
experimentally that temperature gradients become negligible (<6%) at Ng; < 0.1 [Wilty et al.
1985]

11.5.2 Use of an excessive heating rate

Most biomass decomposition is either a simple decomposition of components such as
cellulose, hemicellulose or lignin or the decomposition of mixtures of these. In the case of
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some biomass species the decomposition of individual components tend to overlap which
makes it difficult to distinguish one from the other. This is also true for some polymeric
materials like poly vinylchloride found in municipal solid waste. Polyvinyl Chloride, has two
or three reactions in series. If the heating rate of the samplie is very high say 100°C/min. then
these reactions tend to overlap on the thermograms and one would then tend to interpret this
as a single step decomposition. This leads to erroneous determination of kinetic
parameters. It is therefore advisable to conduct experiments for decomposition kinetics
under slow heating rates. The London Geological congress recommends the use of 10°
C/min.. It has been found that this heating rate works good for most of the biomass
samples. However, it is up to ones own judgment if as to what heating rate is best. For
complex reactions such as mixture of two of three species it is advisable to test samples at
heating rates as low as 1°C/min. ICTA recommends the reporting of heating rate along with
every thermogram.

11.5.3 The existence of a partial pressure of the product gases over the sample -

For reactions which are reversible in nature, such as the decomposition of CaCO; to Ca0
and CO,, a partial pressure of the product gases would cause the slowing of the forward
kinetics [Varhegyi, 1988]. It is therefore, important to keep the concentration of the product
gases at a value where the kinetics of the reversible reaction has negligible effect on the
decomposition process. This can be accomplished by keeping the flow rate of sweep gas
sufficiently high. Care should be taken in doing this because at high flow rates for the sweep
gas the errors due to buoyancy effect can become dominant and increase the contribution of
systematic error on the data collection. For reactions which are not reversible in nature like
the depolymerization of PVC one would think that low flow rates of sweep gas will not
contribute to significant error. This thinking may lead to some problems because the vapor
pressure of the product gases in some cases can have a catalytic effect on the
decomposition process.

11.5.4 The effect of impurities and mineral content

Impurities such as ash mineral matter has an effect on the kinetics of decomposition.
Therefore, to determine the true kinetics of the decomposition it is advisable to remove the
ash content by any method such as acid wash followed by the neutralization with an alkali
[Varhegyi and Antal, 1993). However, it is true that the naturally occurring mineral matter
would in most cases be present in actual application, so in this case one should determine
the kinetics in the presence of the mineral matter. In such cases it is advisable to report the
source and treatment of the sample. It is well'known that samples of same species of
biomass samples may have different inorganic contents, depending upon the geographic
location from which they come from. This change is largely due to the geological form for
forestry plants and the change in the fertilizer type for the agricultural crops. The analysis
presented in this Atlas is without doing any pretreatment to the sample and therefore
wherever possible the source of the sample has been listed.
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11.5.5 Buoyancy effects

Another important source of error in TG data collection relates to the buoyancy effects due
to change in gas density at increasing temperatures. The mass change in the gas can be
calculated by the application of ideal gas law and be used as a buoyancy correction factor.

Note to readers

Because of these various factors which can contribute to errors in TG/DTA data collection it
has been found that the results from two laboratories can be somewhat different for the
same sample operated under presumably identical conditions. In view of these differences
in the literature, ICTA recommends a procedure for data reporting which we have

reproduced in Chapter 9.
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APPENDIX B

(Sources of samples)

SAMPIC NAME.........oooeeeeeeeeeeeeeeeeeeeeeee et e et e eeeeee oo e eeeeaeenns Source
Acetylated Xylan..............ooo et e e e NREL
AVICBIPH 102 ...t e e e e CSM
BabOool WOO........oooiiiiiii e e e e e e e CSM
BagQase.........ooooi oo ee e e e e e e e e e e e ee e e e anaaneaaans NREL
BIOQI@SEI ...t ra e e e e e ee e e e e nnnnnas CSM
Biomass components additivity (populus deltoides).............ccccoeeennne.eoe. NREL
BIACK IOCUSL.........eoeiceeeiieeeeeee e et e e CSu
Brown rotten WOOU..............oooiiiiiiiiiee e e e FPL
Cardboard, Corregating sheet ... IPST
Cardboard, Linerboard ... e aee e IPST
Cellulcse (Baker analyzed)..........eeueeniiiieieeeerer e ee e e CSM
Cellulcse (Doped with 0.1% KOH)..........ccoiie e NREL
Celluiose (Doped with 0.1% ZNCL) ......cccooviiiiiinireiciceretenreee NREL
Cellulose (SynthetiC)...........cccovveeieeeeiiiciieeeeeeeeeeeeeee. rreeerreeean——e CSM
Cellulose, Primarayonier ............ccceioieioeeeeeeeeee et eneea e Ccsu
Coal, BliNd CanYON.........ooooiiieiieiiieeeee e e e ANL
Coal, Buelah zap lignite (North Dakota) ............cccocooveeeiieeeeeeeeece. ANL
Coal, IINOIS # 6 ... et ae e ANL
Coal, Pittsburg #8.........ommiiieeeeeeee e, eeereee et e e————aaaas ANL
Coal, WyodaK DIitUmINUS..............eeoiiiiiieeeeeeeeeeeeeeeeeeee e ANL
CoCoNUE ShEIL..........oeeei et ee e CSM
10704 3 N 11 IS USROS P USRI CSM
Cornoil methyl @Ster....... ... CSM
Cotton (Aryland)...........oocieeeieeee ettt NREL
Cotton (Irrigated) ...........ooiie e NREL
Diesel fUel.......cco et CSM
Eastern red Cedar.............ooooiiiiiiiieeeeeeeee e CSu
oo {17 I | DU NREL
BeIGrass. ... .coo oottt e e e e e e e e e e e e MRI
Glant KeIP ... MRI
GIUCOSE........oo e eeeeeeeereeeeeeeeeeeeeineeeseaaseeanananeeaeaaaans CSM
GIYCEIOL ... .ttt e e ana e e e e e e et e e ea s e s e CSM
Lignin (Populus deltoides) ..... ... NREL
Lignin, Kraft PiNe...........oeiiiiiiiiee et NREL
Lignin-aspen (Steam exploded)............cccooeieeiiecciiiieeeee e NREL
(oo [o 1= oo (=0« 1 o =SSR CSuU
0aKbarK ........ooiiiieeeeee e e Teeeerereeeeeeennns CSu
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Oak PyrolysiS Oil..........coooiimiiiiei e reeeeaee NREL
OSAGE OFANGE .......oi ittt eeee e et e et e e etee e e breseamezeeanseeasaeeeneeas CSuU
Paper, 25% Cotton MiX.........ooooiiiiiieeeeeieeeeeeeeeeete e e e e eteaaenannas IPST
Paper, KIMWIPE tiISSUE ...........ooooimiiieeeieeeeeeeee e e CSM
Paper, NeWSPIINt .. .. ... e e e e e e e et ee e e e e s e e IPST
Paraffin .o a e e CSM
PeaCh SEBA........c.oeiiiie et CSM
Peanut Shell.......ooo e e ae e e e e CSM
Peat (Steam exploded) ........ccooiriiiiii e IHI
Peat, Pahokee Fla ... IHI
Monterey Pine (Pinus radiata) ..............ccccuvuiiiciiiiiiieeneeee e eee e CSuU
PistaChio NUL ... e e CSM
Plant Anatomy Samples ........oooiiiicee e NREL
Plant extract samples.............oooooieeeeeeecee e NREL,CSM
Plant Maturation samples ..o NREL
Polydimethyl Siloxane ..............c.oooiiii e CSM
POlyethylene ... e CSM
Polyethylene glyCol.... ...t CSM
Polyhydroxy benzoiC acid ................ooooiiieiiiie e CSM
Polymethyl methacrylate..................ooome e CSM
Polystyrene............ccoooeeveiiciiii e et eeeeee————rareeeeaeea—aaaaans CSM
Polytetrafluroethylene (Teflon) ... CSM
Polyvinyl acetate..............ooooiiiiiiee e CSM
Polyvinyl ChIOFIAE..........c.eoeeeieeeeeeeeeee e, CSM
POoNderesa pPinNe............ooooiiiiiiiie e CSu
Ponderesapine bark.............cccooiiiiiiiiii e CSuU
Poplar (stored for 26 Weeks)..............cooooriiiiiiiiieicee e NREL
Poplar (stored for zeroweek) ...............oovmiiiiiiiiiiiiiii e NREL
Populus deltoidus .............cooviriiiimiiiieeeeee e NREL
Populus tremeloid...............ooooiimiiiiiiieeeee e NREL
PUMPKIN SEEA ..ot e e e e e CSM
Redalder bark ............oooviiiiiieeeeeeeeeeeeeeee e CSM
Refuse derived fuel (Terylene) .............oooooiriiii e NREL
Refuse derived fuel (Thief riverfalls)............cccocoomvmiiiiiiiieeeees NREL
RiCe hUll.... ...ttt CSM
Rubber tire (Pyrolysis Oil) .......cc..oviimiiiiiii e, NREL
RUDDEr WOOQ ... e NREL
SargasSUM WEEA ............ooveiieeieeee et MRI
SEIICEA. ... ettt et e e e e e e e s e e e saaeaeaeeeanens NREL
Sericea (stored for 26 Weeks)...............evvviiiiiiiiiiiieieeeeeee e NREL
Sericea (stored for zeroweek)...............ccooooeiiiiiiiiec e NREL
SIasSh PINE ... e e CSuU
Sorghum (stored for 26 WeeKS)...........cooovieiiiiiiieeee s NREL
Sorghum (stored for zero Week) ............oooooviiiocce s NREL
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Spinach..........cccooveiiiieen. eeeereeereeeeeeseeeereneeeeseeeranereeataneaseasannns NREL
Sugarpine..................... eereeeeeeeteeeeeimneeeisteaeaesreeeeaaraseeeannnes eeereree———aa—s CSuU
Sunflower stalk ..............oooouiiiiiii e CSM
Switch grass (Pyrolysis Oil).........ccoouueeiieeeeceee e NREL
Switch grass (stored for 26 weeks)...........cccvviiiiiiiiiiencceeeeeee NREL
Switch grass (stored for zero WeeKk)............c.cccceeireeieceeeicnsccieree e, NREL
SWItCh Grass Char ........c.oociieieeerre ettt NREL
Walnut...........cooiiiennnn. eneeeereeeesieessseeseessastieeieesesesesteesieesceeeteannnsnnseenn CSM
Waste vegetable oil ester...........oo e, CSM
Western HemIOCK ..o CSu
WesStern red CRART .........c...eiieeeeeer ettt e et s s e anas CSuU
WHEAL SIraW.....c..eeiiiieiecee ettt ee e e et e e s e e ens CSM
White rofen WOOd...... ...t FPL

- ANL: Argonne National Laboratory, Argonne, lflinois.

CSM: Colorado School of Mines, Golden, Colorado, contact person: Drs. T. B.
Reed, S. Gaur, R. Baldwin

CSU: Colorado State University, Fort Collins, Colorado, contact person: Dr. H.
Schroeder

~PL: U.S. Forest Products Laboratory, Dr. Terry Highly, Madison, WI.

IPST: Institute of Paper Science and Technology, Atlanta, Georgla contact person:
A. W. Rudie

MRI: Marine Research Institute, Woods Hole, MA.

NREL: National Renewable Energy Laboratory, Golden, Colorado, Contact
persons: F. Agblevaor, R. Evans, D. Johnson, J Diebold, T. Milne
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