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ABSTRACT

Data were obtained on the yields, compositions, and
rates of evolution of major products from the fast pyrolysis
of sweet gum hardwood and sweet gum milled wood lignin in a
capitve sample apparatus.

The wood and lignin samples were heated at rates of
1000 K/s to peak temperatures of between 600 and 1400K in a
5 psig helium atmosphere. Samples were cooled at an average
nominal rate of 200K/s after zero residence time at the maxi-
mum temperature. Gaseous and light liquid products were ana-
lyzed by gas chromatography. Tar (heavy liquid) and char
yields were determined gravimetrically and characterized by
elemental analysis.

High ultimate yields of volatile material were obtained
from both the wood and lignin pyrolyses. The overall weight
loss achieved from wood pyrolysis was 93 wt. % while the
yield of volatiles from lignin pyrolysis was 86 wt. %. The
major constituent of the volatile material was a heavy liquid
product (tar), which reached a maximum yield of 55 percent by
weight of original material from wood pyrolysis and 53 per-
cent by weight from lignin pyrolysis. Secondary cracking of
this heavy liquid material contributed significantly to the
total gas yield at temperatures above 950K.

On a weight basis, carbon monoxide was the dominant
gaseous product above 850K, reaching ultimate yields of 17 wt.
$ and 19 wt. %, respectively, from wood and lignin pyrolysis.
On an energy basis, ultimate CH, yields approached those of
CO (75-95%), despite much smallér methane yields (2-3 wt. %).
Carbon dioxide and chemical water were the other major pro-
ducts from both materials, having ultimate yields of 4-6 wt.
% for CO, and 4-5 wt. % for water. Total hydrocarbons (CH

C ﬁG H ) amounted to 4-5 wt. % of the pyrolysis mét—
eglél a%d llgﬁt oxygenated liquids, such as formaldehyde,
methanol, and acetaldehyde, accounted for 9 wt. % from wood
pyrolysis and 5 wt. % from lignin pyrolysis.



A single-step, first-order reaction model was used to
obtain kinetic parameters for the formation of the individual
pyrolysis products, with good results.

The weight loss behavior of sweet gum wood was well
simulated from the corresponding weight loss of milled wood
lignin and filter paper cellulose (from a previous study)
weighted, respectively, by the fraction of lignin and of holo-
cellulose (cellulose + hemicellulose) in the whole wood.
Yields of individual products, however, could not be predicted
by this approach.
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Engineering
William A. Peters, Principal Research
Engineer, Energy Laboratory.
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1.0 Introduction

The years since the 1973 Arab oil embargo have witnessed
a rapid increase in United States research and development on
alternative fuels to take the place of petroleum and natural
gas. It is hoped that liquid and gaseous fuels and feedstocks
from domestic sources of coal, oil shale, tar sands, and bio-
mass will greatly contribute to our national goal of energy
self-sufficiency.

Unlike coal and oil shale, biomass offers the particu-
larly attractive advantage of being a renewable energy resource
and the potential to therefore provide high quality fuels and
chemical feedstocks long after the world's fossil fuel reserves
have been depleted to economically unrecoverable levels.

Of the many different materials defined as biomass, wood
is of particular national interest as a nonfossil fuel resource
because of the already existing and substantial U.S. forest
industry. Although this industry exists primarily for the
production of paper and building materials, there has been in-
creasing interest in expanding the use of raw forestry materials
for the production of valuable fuels and chemicals.

The use of wood as a fuel and chemical feedstock is not a
new concept. Prehistoric cavemen burned wood to heat their
caves and cook their food. Ancient Chinese and Egyptians
heated wood in limited amounts of air to supply charcoal for
metallurgical purposes as well as liquids for use as embalming
fluids. The process of hardwood distillation was developed
during the eighteenth century for the production of charcoal and

the valuable by-products methanol, acetone, formaldehyde, and



- 16 -

acetic acid.

More recent technologies have been aimed at converting the
solid biomass into higher quality liquid and gasepus products.
Some conversion processes utilize biological pathways such as
fermentation, which can reduce solid biomass materials to
liquids such as ethanol via enzymatic digestion. Other pro-
cesses involve the application of heat to the biomass in order
to decompose the solid structure into the desired liquid and
gaseous materials. The thermal processes have the advantage of
being able to convert larger quantities of material per unit
time for a given reactor volume.

One thermal conversion process which has received concen-
trated attention is pyrolysis. Pyrolysis, (from the Greek
"pyro," meaning fire, and "lysis," meaning cleavage), is the
thermal degradation of a material in an inert or oxygen
deficient atmosphere. The pyrolysis process is known to pre-
cede or accompany other thermal processes such as combustion
and gasification and, as such, a detailed knowledge of the
pyrolysis mechanism is a necessary first step in the under-
standing of any biomass thermal conversion reaction.

Many investigators have studied the pyrolysis of cellu-
lose, the main constituent of wood, while relatively few have
examined the pyrolysis of wood and the other wood constituents,
lignin and hemicellulose. Even fewer investigations are report-
ed where the individual wood components have been pyrolyzed in
order to gain a better understanding of and possibly simulate
the pyrolysis behavior of the parent wood substrate. It has

been qualitatively observed that wood thermal behavior can be
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approximated by the sum of the individual constituents' thermal
responses, although this postulate has yet to be reinforced by
a rigid quantitative analysis (Shafizadeh and Chin, 1977).
Hajaligol (1980) has systematically examined the effects
of various operating conditions on the rates and extents of
conversion of cellulose pyrolysis to specific products. The
present work examined the pyrolysis behavior of wood and lignin
with the objective of obtaining an increased understanding of
how the individual wood constituents influence the behavior of

the wood during thermal processing.
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2.0 Background

2.1 Wood Chemistry

Wood is made up of three principal chemical materials:
cellulose, hemicellulose, and lignin. Wood also contains
extraneous substances known as "extractives," which include
turpenes, fatty acids, aromatics, resins, and essential oils.
Typical distributions of these four constituents in softwoods
and hardwoods are given in Table 2.1-1. Detailed discussions
of the chemistry of wood and wood constituents are available
in the literature (Wenzl, 1970; Pearl, 1967; Kollman and Cote,
1968; Sarkanen and Ludwig, 1971; Brauns, 1952).

Of the three major wood constituents, cellulose has by
far been the most extensively studied due to its importance in
the forest product industries and because it is the chief
component of wood. Cellulose is a linear macromolecule of
anhydro-g-glucopyranose units combined by ether-type linkages,
known as glycosidic bonds, as shown in Figure 2.1-1. It is
this important linear cellulosic structure which contributes
high tensile strength to the parent wood.

Hemicellulose is a more complex cross-linked polymer com-
posed of several monomer units, which is what helps to dis-
tinguish it from cellulose. Hemicelluloses are built up of
D-xylose, D-mannose, D-glucose, D-galactose, L-arabinose, 4-0-
methyl-D-glucuronic acid and, to a lesser extent, D-galactur-
onic acid and D-glucuronic acid as shown in Figure 2.1-2.
Hemicelluloses have relatively few sugar units (50 to 200) as
compared to native cellulose (7000 to 10,000), and exhibit

a more branched molecular structure.
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Table 2.1-1 Average Chemical Composition of Softwoods
and Hardwoods (wt. %)*

Constituent Softwoods Hardwoods
Cellulose 42 + 2 45 + 2
Hemicellulose 27 + 2 30 £ 5
Lignin 28 + 3 20 + 4
Extractives 3+2 5+ 3

*Taken from Thomas (1977)

OH CH,OH H
f~o K { i
>c/ /OH\‘O/ \ /O\T/ \C/OH
H H S~H
o\ T\o/ H\C\ - © o Ows
P / \ n\c \/ OH \c / \H /
H
CH,OH '!‘OH clH,OH

Figure 2.1-1 The Cellulose Molecule (SERI,1979).
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CHO
HO-C-H
HO-C-H
H-C-OH
H-C-OH
CH,0M
D-mannose H_gf‘oe_,
HO-C-H
H-C-O-CH,
H-C-OH
H-C-OH 4-O-methyi-
HO-C-H D-glucuronic
H-C-OH acid
H-C-OH
CH,0H
: CHO
D-glucose H-C-OH
HO-C-H
H-C-OH
H-C-OH
COOH
D-glucuronic
acid
CHO CHO
H-C-OH . H-C-OH
HO-C-H
H-C-OH
CH,0H CH,OH
L-arabinose . D-xylose

Sugar Units Commonly Found as
Hemicellulose Components (SERI,1979).
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Hardwoods contain two principal types of hemicellulose:
O-Acetyl-4-O-methylglucurono-xylan and Glucomannan. Xylan is
the predominant hemicellulose of all hardwoods, accounting for
25 to 35 wt. % with glucomannan forming 5 to 6 wt. % of the
wood. Xylan is a polymer of the pentose sugar, D-xylose, and
can contain some carboxylic acid and methyl-ether groups.
Glucomannan is made up of randomly distributed D-mannose and
D-glucose residues in a ratio of roughly 2:1.

Lignin is a three-dimensional polymer of phenylpropane
units and acts as a cementing agent for the cellulose and hemi-
cellulose fibers in wood. The complex chemical structure of
lignin has been the subject of many investigations, and the
classical structural representation determined by Freudenberg

(1968) is shown in Figure 2.1-3.

2.2 Previous Work on Pyrolysis

Many investigations into the pyrolysis (also known as
"thermal degradation" or "destructive distillation") of bio-
mass materials are described in the literature, with the
emphasis being on the study of cellulose pyrolysis. Among
the most recent literature reviews are works by Molton (1977),
Peters (1978), SERI (1979), Hajaligol (1980), and Klein (1981).
Other classical discussions are presented by Wenzl (1970) on
wood pyrolysis and by Allan and Mattila (1971) on the high
energy degradation of lignin. Roberts (1970) presents an
excellent review of the literature on the kinetics of biomass
pyrolysis.

In an early review of the biomass pyrolysis, Brauns (1952)

compared the products obtained by different investigators and
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Figure 2.1-3 Lignin Structural Model (SERI,1979)
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compiled the data shown in Table 2.2-1. The dry distillation
of biomass is seen to produce char as the major product. Lig-
nin produces higher ultimate yields of char (44-50 wt. %) than
either wood (29-38 wt. %) or cellulose (28-35 wt. %) and also
produced much less methanol than their corresponding woods, in
spite of the higher methoxyl content of the lignin. The lower
yield of methanol from lignin was thought to be caused by a
change in the lignin during its isolation from the parent wood.
The variations in the spruce lignin data are attributed to dif-
fering conditions of pyrolysis (Brauns, 1952).

The literature results reported for various biomass pyro-
lysis investigations are subject to differences arising from
variations in experimental operating conditions. The operating
conditions in different works are often poorly documented,
which makes comparisons even more difficult. It is well known
that slight variations in operating conditions can greatly
affect the pyrolysis product distribution (Probstein and Hicks,
1981). Also, lignin pyrolysis results from different studies
sometimes exhibit extremely large variations in product dis-
tributions which may be the result of the use of different
types of lignin, a specification which is often omitted from
the technical description. For example, Kraft lignin, obtained
as a by-product of the Kraft pulping process, undergoes much
more chemical modification during preparation than does milled
wood (Bjérkman) lignin. The latter is extracted from the
parent wood in an essentially unaltered chemical state (Pearl,
1967; Kollmann and Cote, 1968).

Iatridis and Gavalas (1979) investigated the pyrolysis of




Table 2.2-1 Products of the Dry Distillation of Wood, Cellulose, and Lignin*(%)

Wood Cellulose Hydrochloric Acid Lignin
Product Spruce Aspen Spruce Aspen Spruce Spruce Aspen
Char 37.81 29.45 34.86 28.08 50.64 45.0 44.30
Tar 8.08 9.83 6.28 4,27 13.00 9.6 14.25
Methanol 0.96 1.48 0.07 0.00 0.90 0.7 0.87
Acetone 0.20 0.79 0.13 0.20 0.19 0.1 0.22
Acetic Acid 3.19 7.37 2.79 2.66 1.09 0.6 1.28
Carbon Dioxide  50.50 - 62.90 - 9.60 - -
Carbon Monoxide 32.55 - 32.42 -- 50.90 - -
Methane 9.23 - 3.12 - 37.50 - -
Ethane 1.72 - 1.56 - 2.00 - -

#pData are from Brauns (1952).
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Kraft lignin under constant temperature conditions for different
solids residence times in a captive sample reactor similar to
the one used in the present study. They report an ultimate char
yield of less than 35 weight percent at 750 deg. C, which is
somewhat less than the 44-50 wt. % char yield reported by
Brauns (1952) for hydrochloric acid lignin. Different reactor
configurations and operating conditions as well as different
types of lignin were used in the separate studies, and this may
account for the variations in char yields.

A recent investigation of Kraft lignin pyrolysis in a heli-
um plasma was carried out by Graef et al. (1981). These invest-
igators achieved high heating rates (actual values not reported)
and obtained the narrow distribution of pyrolysis products shown
in Table 2.2-2. The char yield of 33 wt. % reported by Graef
et al. compares favorably to the yield of 35 wt. % presented by
Iatridis and Gavalas (1979). The microwave plasma pyrolysis
apparatus used by Graef et al. caused very severe degradation
of the lignin sample, as is evidenced by the high yields of hy-
drogen, carbon monoxide, and acetylene (Table 2.2-2).

Shafizadeh and Chin (1977) examined the thermal decompo-
sition of wood and its constituents using thermal gravimetric
techniques and concluded that the pyrolysis behavior of whole
wood reflects the sum of the thermal responses of its three
major components. They also discuss the chemical reactions
that take place during biomass pyrolyses and used electron
spin resonance (ESR) to study the temperature dependence of
free radical formation from wood and its components. Their

ESR data showed that the free radical formation in wood is
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Table 2.2-2 Overall Product Distribution in the
Microwave Plasma Pyrolysis of Kraft
Lignin*
Product Yield (wt.$%)
Char 33
Volatile Fraction** 10
Gases 54
Individual Gases(Vol.$%)
Carbon Monoxide 44
Carbon Dioxide 2
Hydrogen 43
Methane 2
Ethane Trace
Acetylene 14
Higher Hydrocarbons Trace

*From Graef et al. (1981)

**Includes water, methanol, acetone, acetic acid, and
phenolic compounds.
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roughly the summation of that for its three principal constituents.

Wenzl (1970) presents a detailed review of the pyrolysis
behavior of wood constituents as well as a discussion of the pro-
duct distributions from the pyrolysis of different wood species.
Very little was mentioned about the relative thermal reactivity
of the individual wood constituents, although it was made clear
that hemicellulose is the most reactive component of wood, while
lignin is more thermally stable.

The overall rate and kinetics of the thermal decomposition
of wood have been investigated in several works. A good review
on wood pyrolysis kinetics is that of Roberts (1970) which
covers a wide variety of experimental investigations.

Most investigators have correlated the overall pyrolysis
rates using a single step, first-order expression with an

Arrenhius rate constant equation, as in equation 2.2-1.

T =k -V (2.2-1)
where k = kO exp (-E/RT) = Arrenhius rate constant
V = fractional weight loss for the overall reaction
V* = ultimate value of V (i.e., at long times)
kg = Arrenhius frequency factor
E = apparent Arrenhius activation energy
R = gas constant
T = absolute temperature.

Equation 2.2-1 can be integrated and fitted to laboratory
data to provide best fit values for the empirical parameters

*
ko' E, and V .
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Stamm (1956) reports values for E and kj of 29.8 kcal/
mole and 2.8 X 107 sec-l, respectively, for the pyrolysis of
Sitka spruce veneer under molten metal over a temperature
range of 167-300°C and residence times of 1 min. to 60 days.
Roberts and Clough (1963) found that values of 15 kcal/mole
for E and 1.5 x 10> sec™! for k, fit their weight loss data
for the pyrolysis of beech wood dowels over a temperature
range of 350-435°C.

Roberts (1970) concluded that values of 30 kcal/mole and
7 x 107 sec'-l for E and ko, respectively, well represented
the literature data for the pyrolysis of small wood samples
over a temperature range of 230-400°C. In the most recent
kinetic investigation of wood pyrolysis, Thurner and Mann (1981)
found an activation energy of 25.5 kcal/mole and a frequency
factor of 7.4 x lO5 sec_l to describe the kinetics of their
wood pyrolysis over a temperature range of 300-400°C.

An Arrenhius plot of the above literature values for the
single step, first-order reaction model for overall wood pyro-
lysis weight loss is shown in Figure 2.2-1. This plot of the
reaction rate constant, k in equation 2.2-1, versus recipro-
cal absolute temperature shows how the reaction rates can vary
between the different investigations.

Much less is known about the kinetics of lignin pyrolysis.
Domburg and Sergeeva (1969) analyzed the thermal behavior of
sulphuric acid lignins using a derivatographic technique to
obtain activation energies for lignin pyrolysis weight loss in

the range of 17-38 kcal/mole over temperatures of 200-400°C for

lignin samples from different wood species. Wenzl (1970) reports
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an overall activation energy of 23.4 kcal/mole for lignin
pyrolysis and Tang (1967) obtained Arrenhius parameters of

9 kcal/mole for activation energy and 0.93 sec” ! for frequency
factor.

The kinetic investigations discussed above provide a good
basis for further investigations of biomass pyrolysis kinetics.
Much more work is needed in the area of modelling the pyrolysis
reactions, especially in the area of lignin pyrolysis, where

very little kinetic information is available.
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3.0 Apparatus and Procedure

3.1 Sample Preparation

The sweet gum hardwood and milled wood lignin samples used
in this work were supplied by Professor H.-M. Chang at the
Department of Wood and Paper Science at North Carolina State
University. The chemical composition of the wood is shown in
Table 3.1-1 and the elemental compositions of both the wood and
lignin are included in Table 3.1-2.

The wood powder was sieved to a size range of 45-88 micron
particles. The lower limit was restricted by the captive sam-
ple screen size and the upper limit was chosen to eliminate
heat and mass transfer effects (see Appendix A-1l). Great care
was taken to assure that particles below 45 micron were not
collected, because such particles would fall through openings
in the captive sample screen. This material was then dried
over silica gel dessicant for at least one month prior to use.

The milled wood lignin preparation posed a more difficult
problem, in that only a small guantity of feedstock (approxi-
mately 40 gm) was available. Attempts were made to sieve this
feedstock to obtain a 45-88 micron size fraction, as in the
analysis for wood. The lignin adhered to the sides of the
sieves and appeared to be clogging the sieve openings. This
was totally unacceptable because a major portion of the expen-
sive lignin powder would be rendered unavailable for experi-
mental runs.

The next idea was to try to approach Hajaligol's (1980)
technique of using strip forms of cellulose. A small, hand

operated catalyst pelletizing press was acquired along with
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Table 3.1-1 Chemical Composition of Sweet Gum Hardwood*
(wt. & of extractive free wood)**

Cellulose 43.2

Hemicellulose 31.1
(Xylan + Glucomannan)

Lignin (Kraft analysis) 27.3

*From Chang(1981)

**The components total slightly more than 100 percent
because the analytical methods used somewhat over-
determine the individual percentages (Andrews,1980).

Table 3.1-2 Elemental Compositions of Sweet Gum Hardwood

and Milled Wood Lignin*
(wt. % of dry material)

Carbon Hydrogen Oxygen
Sweet Gum Hardwood 49.46 6.13 44 .64

Milled Wood Lignin 59.11 6.01 32.02

*Analysis performed by Huffman Laboratories, Ind.,
Wheat Ridge, Colorado.
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two 1 x 6 inch parallel plates for use in preparing flakes
from the powdered lignin. Approximately 20 mg of lignin was
placed between the plates, pressure was applied, and the
powdered lignin emerged in the form of small, thin flakes
(less than 0.1 mm thick). The lignin flakes adhered to the
parallel plates and had to be chipped off with a microspatu-
la. During this chipping process, most of the 10 mm diameter
flakes broke up into even smaller fragments; these fragments
being unacceptable for pyrolysis experiments. Thus, several
lignin pressings were needed before enough good-size flakes
were obtained to carry out a 100 mg pyrolysis run. The lignin
flakes, in spite of the problems mentioned, allowed more effi-
cient utilization of the sample than the sieving approach, and
were thus chosen as the sample configuration for the lignin
pyrolysis experiments. These flakes were dried over dessicant
prior to use.

Although the lignin flakes gave reasonable pyrolysis data,
and were not believed to cause mass and heat transfer limita-
tions, this situation is far from optimal in terms of reproduci-
bility of sample distribution on the screen and further work is

needed in this area.

3.2 Apparatus Description

The pyrolysis apparatus used in this work was a scaled-up
version of the captive sample reactor first built by Anthony
(1974) for coal pyrolysis studies. A glass version of the
original reactor design was used by Lewellen et al. (1977) to

investigate cellulose pyrolysis and was later modified by
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Suuberg (1977) to permit the determination of product distri-
butions in coal pyrolysis and hydropyrolysis studies. This
apparatus has also been used by Franklin (1980) and Cosway
(1981) for coal pyrolysis experiments. These investigations
showed that good kinetic data could be obtained for the total
weight loss and yields of individual products from coal and
cellulose pyrolysis.

The captive sample apparatus allows for the independent
control of such reaction conditions as heating rate, peak
temperature, holding time at peak temperature, and reactor
pressure over the range of operations shown in Table 3.2-1.

This reactor has the additional advantage of allowing
good thermal contact between the sample and the heating medium,
accurate measurement of the sample time-temperature history,
and near zero volatiles residence time at high temperatures and
rapid quenching of volatile products. This reactor design thus
minimizes, (but does not totally eliminate) the effects of
secondary reaétions of volatile compounds and hence allows the
primary decompositions of organic materials to be more reliably
studied.

A disadvantage of Anthony's system was that it could accom-
odate only a very small quantity of pyrolysis material (on the
order of 15 mg), which resulted in even smaller amounts of pro-
ducts available for analysis. This problem was circumvented for
biomass studies by the design and construction of a large-scale
reactor (Caron, 1979) which could handle a sample size 10 times
larger than that for the previous investigations. This larger

reactor was used by Hajaligol (1980) for the pyrolysis of cellulose.
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Table 3.2-1 Variability of Pyrolysis Reaction

Conditions
Operating Parameter Range of Control
Heating Rate 50 to 100,000 K/s
Peak Temperature 400 to 1500 K
Holding Time at the 0 to infinity sec

Peak Temperature

*
Pressure 0.0001 to 4.0 atm

*A separate reactor is available for experiments at
up to 100 atm pressure.
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A schematic of the reactor system is shown in Figure 3.2-1.
The reactor is a nine inch by nine inch Corning Pyrex cylindri-
cal pipe sealed on each end by stainless steel plate flanges.
Inside the reactor are two large brass electrodes between which
a 325-mesh (45 micron) stainless steel screen containing the
sample is placed. A chromel-alumel thermocouple (0.001 inch
diameter wire, 0.003 inch diameter bead) is placed between the
folds of the screen and connected to a fast response Hewlett-
Packard 680M strip chart recorder.

The screen is heated by the circuit shown in Figure 3.2-2.
In the present study, this circuit is set to heat the screen
at a rate of 1000K/s to a desired peak temperature (up to
1500K) and immediately cooling begins. The average cooling
rate is 200K/s by natural convection and radiation.

The pyrolysis products (except hydrogen) are collected
follows. Char remains on the screen and its yield is deter-
mined gravimetrically. Tar is collected on an aluminum foil
on the bottom of the reactor, on a filter paper secured at
the reactor exit, and on the various exposed surfaces of the
reactor. The reactor surfaces are washed with preweighed
tissues soaked in a 2:1 (v:v) methanol: acetone solvent.

Some of the more volatile tar leaves the reactor with
the product gases and is condensed inthe first gas trap. This
trap is a l4-inch long 3/8-inch U-shaped stainless steel tube
packed with glasswool and immersed in a bath of dry ice and
methanol at 195K. The gaseous products are recovered from the
trap by heating it to 373K and the light tars are subsequently

recovered by extraction of the glasswool with the methanol:
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acetone solvent.

A second downstream trap is identical in dimensions to
the glasswool trap except that it is packed with 50/80 mesh
Porapak QS and is immersed in a liquid nitrogen bath at 75K.
This lipophilic trap collects the lighter gases (except hydro-
gen) and any liquid material not captured by the glasswool
trap.

The gases are analyzed on a Perkin Elmer Model 3920B gas
chromatograph with dual flame ionization/thermal conductivity
detectors. The trap contents were analyzed on a 12 foot by
1/4 inch, 50/80 mesh Porapak QS column temperature programmed
from 195 to 513K at a rate of 16K/min with an initial holding
time of 2 minutes. Response factors and retention times for
these conditions and a helium carrier gas flow rate of 60 cc/
min are reported in Appendix A-2.

A few runs were made to analyze the effect of peak temp-
erature on yields of hydrogen. Because hydrogen and helium
have very similar thermal conductivities, nitrogen gas had to
be used in the reactor and as the GC carrier gas in order to
detect a hydrogen signal. The other run procedures were fol-
lowed as described previously except that, instead of purging
the gaseous products from the reactor, gas samples were re-
moved through a septum at the top of the reactor with a pre-
cision syringe. These samples were injected directly into the
GC, operating isothermally at 303K with a Spherocarb 80/100
mesh, 10 foot by 1/8 inch column and a nitrogen carrier gas
flow rate of 60 cc/min. The nitrogen carrier gas gave a much

noisier GC baseline than did helium, and it was thus difficult
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to quantify the small amounts of hydrogen produced.

3.3 Run Procedure

The 325-mesh stainless steel screens were cut into 14 x
15 cm rectangular strips and folded over twice. The result
(after trimming) was a 4.5 x 14 cm screen with three layers
of stainless steel mesh. Each screen was prefired in a heli-
um atmosphere at 1300K for a few seconds to clean off any
residual cutting oil.

Approximately 100 mg of sample (45-88 micron particles
for wood runs and 5-10 mm flakes for lignin runs) were spread
evenly on the bottom layer of a preweighed screen and stored
overnight in a petri dish full of silica gel dessicant. The
screen was then weighed several times until an equilibrium
weight was reached. This degree of care was also taken with
the aluminum foil and the reactor exit filter and nut. Satis-
factory equilibrium weight was achieved when successive
weighings differed by less than 0.1 mg.

The aluminum foil, filter and nut were secured on the
bottom of the reactor and the screen was carefully clamped
between the two electrodes by tightening the wing nuts which
forced the two electrode pieces together. The thermocouple
was carefully placed between the top two layers of the screen
and the reactor vessel was bolted shut. The reactor was then
evacuated to 0.1 mm Hg and flushed 4 or 5 times with helium
gas. The helium was prepurified by passing it through a lipo-
philic trap at 75K. The reactor pressure was then brought to

5 psig, the temperature recorder was turned on, and the screen
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was heated to the desired peak temperature and immediately
allowed to begin cooling.

The reactor atmosphere was allowed to become stagnant
for up to 10 minutes after the reaction so that most of the
tar produced would settle on the aluminum foil. After this
settling period, the reactor was gently pressurized to its
maximum allowable pressure of 15 psig and the gases were
purged from the reactor through the traps at a flow rate of
15 cc/min for at least one hour. Running the purge cycle at
15 psig inhibited air leakage into the system, which could
create problems in the GC analysis if not controlled.

The screen, foil, and filter paper were weighed to get
the char yield and some of the tar weight. Additional tar
was obtained by wiping the reactor surfaces with two pre-
weighed, predried Kimwipe tissues soaked in a 2:1 (v:v) meth-
anol:acetone solvent. The tissues were predried in small
petri dish dessicators in order to limit the effects of
atmospheric moisture and two tissues were used because it was
found that not all of the wood and lignin pyrolysis tars were
collected with just one tissue. These tissues were placed in
a fume hood for one hour to evaporate the solvent and were
then placed back in the petri dish dessicators until an equili-
brium weight was reached.

A control tissue was used with the run tissues to monitor
the effectiveness of the tissue weighing procedure. The tis-
sue weights rarely changed by more than *0.5 percent by weight
of tissue (#2 mg). However, it is important that the dessi-

cant be changed every 2-3 days for effective moisture control.
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The contents of the two traps were analyzed by gas chromato-
graphy. The glasswool trap was also extracted with about 10
ml of methanol:acetone solvent to collect light tars that may
have condensed there and not been injected into the GC.
Samples of lignin, wood, and selected tars and chars were
sent to Huffman Laboratories, Inc., Wheat Ridge, Colorado for
C, H, and O elemental analysis. Some elemental analysis was

also performed in-house by Rau (1881).

3.4 Experimental Error Analysis

Each weighing had associated with it a maximum probable
uncertainty of 0.1 mg. According to Shoemaker et al. (1974),
the limit of error in the difference between two weighings is
equal to V2 times the limit of the error in a single weighing.
Thus, the error in the weight of a wood or lignin sample is
approximately #0.14 mg. This error is propagated to the char
analysis, giving an uncertainty in char yield of 20.14 per-
cent by weight of wood or lignin when 100 mg samples are
pyrolyzed.

Assuming an error of 0.1 mg in each weighing for tar
analysis and a 2 mg uncertainty in weight for each tissue weigh-
ing due to moisture effects, a random error analysis (see Appen-
dix A-3) leads to an error in tar yield of *3 to 5 percent by
weight of wood or lignin. While the present tar data showed
reasonable precision, it is obvious that there is still room
for improvement in the tar collection procedure. This error is
believed to account for some of the low material balances in the

wood runs.
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The products that are analyzed by gas chromatography are
subject to calibration uncertainties of 1 to 3 percent by
weight of component being measured. 1In addition, tailing of
the water peak is thought to yield errors of up to 30% by
weight of each component which is analyzed after water. How-
ever, the collective weight of these components is so small
that the error in percent by weight of wood or lignin is less
than 4%.

Some amount of air leaks into the system and thus creates
an uncertainty in the carbon monoxide GC analysis due to the
fact that oxygen and CO have similar retention times on the
Porapak QS GC column. This interference was minimized by
increasing the system pressure during purging to reduce the
amount of air leakage and by slightly altering the GC analysis
temperature program to allow better resolution between oxygen
and carbon monoxide peaks. The amounts of oxygen correspond-
ing to typical air leaks would cause an error of approximately
3 percent by weight of carbon monoxide or about 0.5 wt. % of
wood or lignin.

The uncertainty of the thermocouple readings was found
by Hajaligol (1980) to be *15K in the range of interest of this

work.
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4.0 Results and Discussion

4.1 Sweet Gum Hardwood

The data reported in this section are for the pyrolysis
of 45-88 micron-sized particles of sweet gum wood. Data on
the yields and compositions of the products of sweet gum
wood pyrolysis were obtained under the reaction conditions
specified in Table 4.1-1. These data are presented in Figures
4.1-1 and 4.1-3 through 4.1-16 with all yields being expressed
as a percent by weight of dry wood. The curves in Figures
4.1-1 through 4.1-16 were drawn by hand in order to illustrate
the trends in the data.

Figure 4.1-1 presents the results for the yields of char,
tar, and gas (including water). Under the conditions of Table
4.1-1, decomposition of the wood is first observed at about
600K and increases with temperature until 93 percent of the
wood is converted to volatile material at 950K. Above this
temperature, the char yield remains constant at 7 wt. %. It
is apparent that most of the sample weight loss occurs between
700 and 900K.

Tar and gas products are formed at the same initial rate
starting at 600K but the production of tar becomes much great-
er as the peak temperature is increased above 700K. The tar
yield goes through a maximum of about 55 wt. % at 850-950K and
approaches an asymptotic yield of 46 wt. % as temperature in-
creases. The decrease in tar yield at temperatures above 950K
is believed to arise from secondary cracking reactions of the
tar to yield light volatiles.

The secondary cracking of biomass tars to form light vola-
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Table 4.1-1 Reaction Conditions for Sweet Gum
Hardwood Pyrolysis

Heating Rate 1000 K/s
Peak Temperature 600 - 1520 K
Holding Time at the 0 s

Peak Temperature
Reactor Pressure 5 psig

Reactor Environment Helium
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tiles was also observed in Hajaligol's cellulose pyrolysis
studies (Hajaligol, 1980). Figure 4.1-2 includes Hajaligol's
results for the pyrolysis of cellulose filter paper strips
under conditions similar to those of this work.

The reason for the termination of the tar secondary
cracking reactions above 1200K is not altogether clear. It is
possible that biomass pyrolyses produce two distinct kinds of
tar, one that is reactive and one that is unreactive. As temp-
erature increases above 950K, the reactive tar cracks to yield
light volatiles while the unreactive tar remains intact. Most
of the reactive tar is converted to either light volatiles or
unreactive tar by 1200K. This phenomenon of the formation of
two different kinds of tars has been seen in other biomass py-
rolysis studies (Hajaligol, 1980; Wenzl, 1970; Stamm and Harris,
1953).

Tars produced from biomass pyrolyses are known to be
highly aromatic in nature, and it is possible that the tars
formed below 900K are highly substituted aromatic compounds
that undergo cleavage reactions at higher temperatures. Once
all of the available side chains have been removed by 1200K,
the tars will not undergo further reactions. The validity of
this explanation for the tar yield behavior will be borne out
in future work on the gualitative and gquantitative understand-
ing of biomass pyrolysis tar chemistry.

The effects of peak temperature on the yields of individ-
ual gaseous products from wood pyrolysis are shown in Figures
4.1-3 through 4.1-16. These data are presented in the order

in which the corresponding compounds elute from the gas
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chromatograph. The ultimate yields of these products and the
corresponding peak temperatures at which these yields occur
are summarized in Table 4.1-2.

Figure 4.1-3 shows the yield of carbon monoxide as a
function of peak temperature. Carbon monoxide first appears
at about 800K and reaches its asymptotic value of 17 wt. %
near 1200K. Since significant additional amounts of CO are
produced at temperatures above 950K (the temperature at which
the char weight becomes constant), it is concluded that car-
bon monoxide is a major product of the secondary cracking
reactions of the tar. The amount of CO produced above 950K
(about 8 wt. %) accounts for a good deal of the 9 wt. % de-
crease in tar yield beyond 950K. At temperatures greater than
900K, CO is by far the most abundant gaseous product from
sweet gum hardwood pyrolysis under the present conditions.

The effect of peak temperature on the yield of methane is
shown in Figure 4.1-4. As with CO, methane production starts
at 800K and increases rapidly with temperature. Methane yield
also continues to increase at temperatures above 950K, indicat-
ing that it is a product of secondary tar cracking, and accounts
for another 1 wt. % of the tar consumed above 950K. However,
unlike CO, methane yield contihues to increase with increasing
temperature even above 1200K. The maximum measured yield of
methane was 2.3 wt. % at 1520K.

The stainless steel screen used to contain the pyrolysis
sample limits the maximum peak temperature to not more than
1550K. Above this temperature, the screen begins to degrade.

It would be useful to obtain higher peak pyrolysis temperatures
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Yields of Individual Gaseous Products From

Product

Carbon Monoxide
Methane

Carbon Dioxide
Ethylene

Ethane

Water
Formaldehyde
Propylene
Methanol
Acetaldehyde
Butene + Ethanol
Acetone + Furan
Acetic Acid
Misc. Oxygenates
Hydrogen

Estimated
Ultimate Yield
(wt.% of dry wood)

17.0
2.3%
6.1
1.3%
0.17
5.1
2.0
0.42

1.0-2.0
1.4
0.4-0.8
0.7-1.1
1.0-2.0
0.5-0.9
< 1.0

Approximate Peak
Temperature (K)+

1200
1520%*
950
1520%*
950
900
900
950
* %
900
* &

* %

* %

* %

* %

+ Approximate temperature at which the product yield becomes

constant.

* Yield still increasing as temperature increases.

** Tnsufficient data to determine.
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in order to establish whether or not the yield of methane
reaches a plateau. This may be made possible by using higher
melting point metals (such as tungsten or molybdenum) as the
screen material in future studies.

Figure 4.1-5 illustrates the yield of carbon dioxide.
Measurable quantities of carbon dioxide are found at tempera-
tures as low as 600K. The carbon dioxide yield levels off at
6 wt. % near 950K, suggesting that it is probably produced
mainly from the direct degradation of the wood particles and
that the secondary cracking reactions contributing to CO and
methane yields do not furnish much of the produced carbon
dioxide.

Figure 4.1-6 shows the yield of ethylene as a function of
peak temperature. Its behavior is very similar to methane.
Ethylene is produced starting at 800K and increases steadily
with temperature. At 950K there is an abrupt change in the
slope of the ethylene curve, and its yield increases more |
slowly with further temperature increases. The maximum yield
measured for ethylene was 1.4 wt. % at 1520K, but this does
not appear to be an asymptotic value. This behavior indicates
that the reactions that produce increasing amounts of methane
above 950K may also be responsible for the increasing yields
of ethylene.

The production of ethane is illustrated in Figure 4.1-7.
Measurable ethane yield is seen at 800K, and a plateau of 0.17
wt. % is reached at 950K. Although ethane is not evolved
until 800K, its behavior is similar to that of carbon dioxide
in that the yield has just about levelled off at the tempera-

ture where the asymptotic char yield is first attained (950K).
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Carbon Dioxide Yield From Sweet Cum
Wood Pyrolysis.
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Figure 4.1-6

Ethylene Yield From Sweet Gum Wood
Pyrolysis.
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Ethane Yield Fram Sweet Gum Wood
Pyrolysis.
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This suggests that ethane is also formed primarily by the
pyrolysis of wood, although it may be evolved via different
chemical pathways than the carbon dioxide.

The yields of chemical (non-moisture) water are shown
in Figure 4.1-8. The water data exhibit somewhat more scatter
than the previous components, and this has been attributed by
Cosway (1981) to the fact that the water peak exhibits severe
tailing during the GC analysis. Even with this scatter the
trend of the data is fairly certain. Water is evolved immedi-
ately after decomposition starts. This observation supports
the postulate that the major pathways for water formation are
dehydration and depolymerization reactions, which can occur
at low temperatures (Hajaligol, 1980). The water yield pla-
teau of 5.0 wt. % is reached at 900K. This behavior is simi-
lar to that of carbon dioxide which is also believed to be a
primary product.

Figure 4.1-9 displays the formaldehyde data. The data
scatter for this and other light oxygenated compounds is more
pronounced because these products elute from the GC detector
in the tail of the water peak. The HCHO data level off at a
yield of 2 wt. % near 900K and are very similar to the water
data.

Propylene is evolved in a manner that closely parallels
the yield behavior of ethane. Figure 4.1-10 shows that pro-
pylene production begins at a peak temperature near 800K,
rises extremely rapidly between 850 and 900K, and levels off
at its ultimate yield of 0.42 wt. % near 950K. The propylene

data exhibit some scatter, which is probably the conseguence
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Figure 4.1-9 Formaldehyde Yield From Sweet Gum
Wood Pyrolysis.
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of occasional water interference on the GC. However, the
overall precision in these data is generally quite good and
may be attributed to the fact that propylene is collected
and analyzed in the downstream lipophilic trap, while most
of the water is collected in the upstream glasswool/dry ice/
methanol trap and is analyzed separately.

Figures 4.1-11 through 4.1-16 (with the exception of
Figure 4.1-12) have such a high degree of data scatter that
it is difficult to ascertain what trends, if any, are followed.
In addition to the uncertainty created by the tailing of the
water peak in the GC analysis, minute amounts of residual
methanol/acetone solvent in the system can cause extremely
large errors in the measured yields of methanol and acetone/
furan. A residual quantity of acetone on the order of 0.001
ml would create an uncertainty of 100%. These data for meth-
anol (Figure 4.1-11), butene and ethanol (Figure 4.1-13),
acetone and furan (Figure 4.1-14), acetic acid (Figure 4.1-15),
and miscellaneous oxygenated compounds (Figure 4.1-16) are
included for the sake of completeness and to show the degree
of uncertainty with these compounds. Some of the high temp-
erature runs have a higher degree of reliability than others,
which allows the ultimate yields to be estimated. These
estimates are ihcluded in Table 4.1-2.

The acetaldehyde data of Figure 4.1-12, while fluctuating
about the average by about 30 percent by weight of acetal-
dehyde at higher temperatures, still exhibit a discernible

trend. Evolution begins at 700K and levels off to a yield of
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Figure 4.1-11

Methanol Yield From Sweet Gum Wood
Pyrolysis.
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Figure 4.1-12 Acetaldehyde Yield From Sweet Gum

Wood Pyrolysis.
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Figure 4.1-13 Butene + Ethanol Yield From Sweet
Gum Wood Pyrolysis.
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Acetone + Furan Yield From Sweet
Gum Wood Pyrolysis.
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Figure 4.1-15 Acetic Acid Yield From Sweet Gum Wood
Pyrolysis.
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Miscellaneous Oxygenated Campound Yield
Fram Sweet Gum Wood Pyrolysis.
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1.4 wt. % near 900K.

The fact that, unlike many of the light oxygenated com-
pounds, most of the acetaldehyde produced (up to 85 percent)
is collected in the downstream lipophilic trap, and is thus
relatively shielded from the water tailing GC phenomenon,
gives further credence to the explanation given above for the
good precision of the propylene data.

A brief investigation of the effects of peak temperature
on the yield of hydrogen from wood pyrolysis ran into several
problems, mainly with the gas chromatograph. The ultimate
yield of hydrogen is believed to be not more than 1.0 wt. %,

but this value could be somewhat lower.

4.2 Milled Wood Lignin

Data on the effect of peak temperature on the yields of
individual components from milled wood lignin flakes are
presented in this section. The data were obtained under con-
ditions similar to those for sweet gum hardwood pyrolysis
presented in the previous section. The lignin pyrolysis data
are displayed in Figures 4.2-1 through 4.2-15 with all yields
being expressed in percent by weight of dry lignin. The
curves in these figures were drawn by hand to represent trends
in the data.

Figure 4.2-1 presents the effect of peak temperature on
the yields of char, tar, and gas (including water), from
milled wood lignin pyrolysis. As with wood pyrolysis, deco-
sition of the lignin begins near 600K. The char yield

reaches an asymptote of 14 wt. % at about 1000K with most of
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the weight loss occurring between 700 and 900K.

Between 600 and 700K, the yields of tar and gaseous prod-
ucts increase with temperature at about the same rate. At
peak temperatures greater than 700K, the tar yield becomes
increasingly greater than the gas yield until about 950K when
the tar yield begins to decrease. As with the wood pyrolysis
behavior, this decrease in tar yield at 950K is accompanied
by an increase in gas yield without further decrease in char
yield, indicating that the lignin pyrolysis tars are cracked
to light volatile compounds.

The lignin tar maximum yield is approximately 53 wt. %
and occurs over the peak temperature range of 850-950K. The
lignin tar asymptotic yield is achieved near 1150K and is
about 47 wt. %. When comparing the tar maxima of the wood,
cellulose, and lignin pyrolysis experiments, the lignin tar
maximum appears to be somewhat broader and flatter than
either the wood or cellulose maxima. This may be indicative
of the fact that lignin is a more thermally stable compound
than either wood or cellulose (Pearl, 1967), and that lignin
tars may be more resistant to secondary cracking reactions.
However, scatter in the tar data makes it difficult to formu-
late any rigid statements concerning the relative thermal
degradation behavior of tars from the pyrolysis of wood and
wood constituents.

The lignin pyrolysis gas yield reaches a plateau near
1150K at a value of approximately 36 wt. %. The gas yield
increases smoothly with temperature to this plateau without

the abrupt increase in yield corresponding to secondary tar
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cracking that was witnessed for both the wood and the cellulose
pyrolysis gas yields. This may be further indication of the
relative thermal stability of lignin pyrolysis tars.

The individual gas product yields obtained from the pyro-
lysis of lignin flakes at peak temperatures ranging from 600K
to 1450K are included in Figures 4.2-2 through 4.2-15. Table
4.2-1 contains the ultimate yields of the individual gas
components along with the approximate peak temperatures at
which these yields are achieved.

Figure 4.2-2 presents the effect of peak temperature on
the yield of carbon monoxide from lignin pyrolysis. Carbon
monoxide is first produced at about 750K and its yield in-
creases rapidly with peak temperature to 16 wt. % at about
1100K. Above this peak temperature, the CO yield rises more
slowly with increasing temperature, attaining a yield of about
19 wt. %, but no plateau, at 1440K. Since total weight loss
from lignin seems to be constant above 1100K, these observa-
tions suggest that CO is evolved from both the primary decom-
position of lignin and from secondary cracking of its pyro-
lysis tars. The CO formed from 950 to 1100K, the temperature
range over which most of the tar decrease occurs, amounts to
about 7 wt. %. The decrease in tar over this range is
approximately 8 wt. %, which is consistent with the picture
that much of the decomposing tar goes into CO.

The pyrolysis yield data for methane production are in-
cluded in Figure 4.2-3. The shape of the methane yield curve
is almost identical to the CO yield curve, although on a

somewhat smaller scale. Methane production begins near 750K,
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Yields of Individual Gaseous Products From

Product

Carbon Monoxide
Methane

Carbon Dioxide
Ethylene

Ethane

Water
Formaldehyde
Propylene
Methanol
Acetaldehyde
Butene + Ethanol
Acetone + Furan
Acetic Acid
Misc. Oxygenates

Estimated
Ultimate Yield
(wt.% of dry lignin)

19.0%
3.2%
4.1%*
0.9%
0.29
3.8
1.4
0.27
1.7
0.85

0.3-0.8
0.2-0.4
0.1-0.3
0.1-0.3

Approximate Peak
Temperature (K)T

1440%*
1440%
1440%*
1440%
1100
900
900
1100
900
900

* %
* %
* %

* %

+ Approximate temperature at which the product yield becomes

constant.

* Yield still increasing as temperature increases.

*% Insufficient data to determine.
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Figure 4.2-2 Carbon Monoxide Yield From Milled Wood
Lignin Pyrolysis.
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Methane Yield Fram Milled Wood Lignin
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increases steadily to 1000K, and begins to level off but does
not reach a constant value. The methane yield at 1000K is
about 2.7 wt. % while at 1440K is close to 3.2 wt. %. This
0.5 percent by weight of lignin increase in yield from 1000K
to 1440K is approximately a 19 wt. % increase based on the
methane yield, almost exactly the same weight percentage in-
crease as for CO over the same temperature range. On a molar
basis, the increase corresponds to approximately two (1.7)
moles of methane per mole of CO.

The effect of peak temperature on the yield of carbon
dioxide is shown in Figure 4.2-4. As with wood, carbon diox-
ide elution from lignin pyrolysis occurs at temperatures much
lower than for either methane or carbon monoxide. However,
unlike wood pyrolysis, where the yield of carbon dioxide be-
comes asymptotic when there is no further weight loss, the
behavior of the carbon dioxide yield from lignin pyrolysis
above 1000K is very similar to that of methane and CO. Carbon
dioxide yield increases from 3.6 wt. % at 1000K to 4.1 wt. %
at 1440K, an increase of 17% by weight of carbon dioxide (0.3
percent on a molar basis). This corresponds roughly to half
a mole of incremental carbon dioxide formed for each incre-
mental mole of CO formed over this temperature range.

Figure 4.2-5 presents the data for ethylene production
from lignin pyrolysis. These data are similar in behavior to
those of CO and methane in that ethylene is first detected
near 750K and increases steadily with increasing temperature
while exhibiting a noticable change in rate at about 1000K.

Although the ethylene data are somewhat scattered due to the
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small absolute quantities produced, there still appears to
be an increase in ethylene yield from 1000K to 1440K on the
order of 20 percent based on ethylene yield; from 0.75 wt. %
at 1000K to 0.9 wt. % at 1440K.

Ethane yield from lignin pyrolysis as a function of
peak temperature is displayed in Figure 4.2-6. This yield
curve is similar in behavior to the curve for ethane pro-
duction from wood pyrolysis in the sense that measurable
amounts of ethane are first detected at 750-800K and an appar-
ent asymptote is reached near 1000K. The approximate asym-
totic yield of 0.29 wt. % for ethane from lignin pyrolysis is
somewhat greater than that from wood pyrolysis, which was 0.17
wt. %.

Figure 4.2-7 presents the yields of chemical water. As
with the water data from wood pyrolysis, there is a large
amount of experimental scatter; approximately 25 percent based
on water yield. Lack of data at temperatures below 600K pre-
cludes identification of the threshold temperature for water
production from lignin under the present reaction conditions.
The water yield plateau of 3.8 wt. % is reached by around 900K,
which is well below the temperature where secondary reactions
influence tar production. This suggests that water is formed
mainly as a primary product of lignin thermal degradation.
Klein and Virk (1981) have predicted an ultimate water yield
of 6 wt. % from lignin pyrolysis based on model compound
studies. The differences may be attributed to the fact that
their studies were carried out under different reaction con-

ditions than those of this work.
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Water Yield From Milled Wood Lignin
Pyrolysis.
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Figure 4.2-8 shows the yield of formaldehyde from lignin
pyrolysis. The yield behavior with increasing temperature is
similar to that of formaldehyde from wood pyrolysis. Formal-
dehyde is evolved below 600K and reaches an asymptotic yield
of 1.4 wt. % by 900K.

The lignin pyrolysis yield of propylene is shown in Figure
4.2-9. Propylene production begins at a peak temperature near
800K and exhibits a rapid increase in the temperature range
between 850 and 950K. The ultimate yield of propylene is
approximately 0.27 wt. %, and is achieved by 1100K.

The highly scattered yield data for the oxygenated com-
pounds from wood pyrolysis illustrated the need for improve-
ments in the experimental procedure. As was pointed out
previously, residual amounts of methanol/acetone solvent in
the system could cause major experimental uncertainties in
the yield data of these two compounds. With this in mind,
extreme care was taken to clean the reactor vessel and gas
phase product traps to a higher degree than obtained previously.
One modification to the cleaning procedure between runs was to
place the gas traps in an oil bath maintained at 425K rather
than using a boiling water bath at 373K. Purified helium was
then passed through the traps at a flow rate of 15 cc/min for
up to 3 hours.

The above alteration in the trap cleaning procedure
appears to have been successful. This is evidenced by the
methanol yield data presented in Figure 4.2-10. While some
degree of scatter is observed, the data behave much more

uniformly than the methanol data from wood pyrolysis (Figure
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Formaldehyde Yield Fram Milled Wood
Lignin Pyrolysis.




% BY WEIGHT OF LIGNIN

- 83 -

0.35 ] T ! ] ]

0.30 -

0.e5f

0.20F

0.15F

0.10F

0.05F

—a 2l A 1 |
600 800 1000 1200 1400
PEAK TEMPERATURE (K

Figure 4.2-9 Propylene Yield From Milled Wood Lignin
Pyrolysis.



%* BY WEIGHT OF LIGNIN

als

e.0

1.5

1.0

0.5

0.0

<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>