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Foreword 
The ACS SYMPOSIUM SERIES was founded in 1974 to provide a 
medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing ADVANCES 
IN CHEMISTRY SERIES except that, in order to save time, the 
papers are not typeset but are reproduced as they are submitted 
by the authors in camera-ready form. Papers are reviewed under 
the supervision of the Editors with the assistance of the Series 
Advisory Board and are selected to maintain the integrity of the 
symposia; however, verbatim reproductions of previously pub­
lished papers are not accepted. Both reviews and reports of 
research are acceptable, because symposia may embrace both 
types of presentation. 
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Preface 

PROLYSIS O F BIOMASS HAS undergone a technological renaissance in 
the past decade, thanks to new concepts and processes for high oil yields, 
new analytical techniques to decipher the mechanisms of formation and 
constitution of the oil, and catalytic approaches to upgrading the oil fuel 
used for transportation. Governments have given priority to pyrolysis 
and direct liquefaction, following bench and pilot success in gasification 
and indirect liquefaction, to offer industry concepts for renewable liquid 
fuels, particularly premium fuels. Following the Workshop1 on Fast 
Pyrolysis in 1980, and a series of liquefaction workshops in Canada2 in 
1980, 1982, and 1983, it seemed timely to convene scientists and 
engineers from North America and elsewhere to report on the present 
progress in integrated pyrolysis oil production, characterization, and 
upgrading studies. 

As the book name implies, we attempted to bring together specialists 
to present the state of the science in the complete fuel cycle, from 
feedstock to upgraded liquid fuels suitable as replacements for 
petroleum-derived fuels. The introductory chapter contains a discussion 
of biomass pyrolysis and its place in a renewable fuel economy. Contri­
butions to this book were received from five countries, a fact indicating 
the widespread interest in this conversion option for biomass, and per­
mitting the enhancement and establishment of collaborative efforts. 

At the time this preface was written, the U.S. newspapers reported a 
two-year low in crude oil prices ($15/Bbl), fleet auto efficiency standards 
were being relaxed, and oil imports were rising steadily. At the same 
time, through perhaps a short-term statistical fluctuation in rainfall, the 
public was finally becoming aware of the implication of the real, long-
term rise in C 0 2 levels from deforestation and the burning of fossil 
fuels. Perhaps the promise of a renewable source of liquid transporta­
tion fuels, coupled with extensive reforestation, as mitigators of the rise 
in C 0 2 levels, will spur progress in the conversion of C0 2 , through pho­
tosynthesis, to plant materials. Such plant materials could provide facile 
and economic routes to substitutes for fossil-based fuels, chemicals, and 
biobased materials. 

1. Diebold, J. P., Editor. Proceeding? of the Specialists Workshop on the Fast Pyrolysis of 
Biomass. Copper Mountain, Colorado, Oct. 20-22 SERI/CP-622-10%. 

2. ENFOR Program and National Research Council of Canada. Biomass Liquefaction 
Specialists' Review Meetings in Toronto, Aug. 13, 1980; Saskatoon, Feb. 16-17, 1982; 
and Sherbrooke, Sept. 29-30, 1983. 

xi 
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We thank the sponsoring divisions and all contributors to this 
volume and hope that their results will foster both interest in, and sup­
port of, continuing work on the fascinating chemistry and engineering of 
biomass pyrolysis, oil characterization, and upgrading for many uses. 

ED J. SOLTES 

Texas A&M University 
College Station, TX 77843 

T H O M A S A. M I L N E 

Solar Energy Research Institute 
Golden, CO 80401 

July 5, 1988 
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Chapter 1 

Of Biomass, Pyrolysis, and Liquids Therefrom 

Ed J. Soltes 

Department of Forest Science, Texas Agricultural Experiment Station, 
Texas A&M University System, College Station, TX 77843-2135 

Renewable biomass (harvest and process residues in forestry and agri­
cultural operations, specific terrestrial or aquatic crops grown for fuel, 
often animal wastes, refuse derived fiber, etc.) represents an important 
energy resource in the United States, with future potentials especially 
important as fossil fuels are depleted (1). Biomass is however generally 
poorly suited for direct energy use, with pretreatments necessary for 
altering physical and chemical form. Moisture content can be in excess of 
50%, so costs of collection, transportation, and energy conversion become 
relatively inefficient. Further, biomass availability (e.g., from row crops) is 
sometimes seasonal, so storage is necessary. As biomass can spoil, it has to 
be covered and processed soon after receipt. Fortunately, thermal 
conversion processes are somewhat insensitive to type, form and shape, 
and can convert biomass into stable, storable and transportable energy 
forms, and in physical or chemical forms that can be used in higher 
efficiency energy conversion processes developed for liquid petroleum, coal 
and natural gas. Under pyrolysis process conditions, a liquid tar (pyrolysis 
oil) can be produced which can be upgraded to liquid engine fuels (2). 

Why liquid? It can be argued that the principal advantage of 
petroleum is that it is a liquid (3): liquid fuels, besides being energy 
dense, are especially easy to store, transport and meter, thus being really 
the only choice for transportation fuels. Biomass conversion processes 
(specifically pyrolysis) which have potential for producing liquid fuels, 
especially liquid fuels that can be direct replacements for gasoline or diesel 
engine fuels, are then of much interest. 

The Nature of Biomass Pyrolysis 

Biomass thermochemical processes have been studied for at least two 
reasons: (1) a better understanding of the combustion process to control 
biomass flammability; and, (2) research into improved processes for 
converting biomass into useful energy forms. The late Fred Shafizadeh 
(see, e.g., 4,5) laid the groundwork for all recent studies in both arenas. 
The work on combustion mechanisms continues at the Wood Chemistry 
Laboratory of the University of Montana in Missoula (see, e.g., 6). Antal 
has recently (7,8) reviewed all aspects of biomass pyrolysis, and the reader 
is directed to his reviews for detail study of the processes involved. 
Chatterjee has produced an excellent summary (9) of biomass pyrolysis 

0097-6156/88/0376-0001$06.00/0 
° 1988 American Chemical Society 
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2 PYROLYSIS OILS FROM BIOMASS 

rocesses relative to application in lesser developed countries. This author 
as also written several reviews on biomass thermochemical processes, and 

specifically pyrolysis (2,3,13). Several volumes have been published 
recently on thermal conversion (10,11), with another on the way for the 
1988 Phoenix conference (12). 

The opening paragraph to this overview chapter relates the need for 
pyrolysis relative to liquid transportation fuels production. This is a rather 
specific energy need, and in fact, biomass can serve other energy needs as 
well. Charcoal from wood is the principal fuel of rural regions of most 
lesser developed countries. The gas from biomass gasification has found use 
in the retrofit of natural gas furnaces and engines, and highly efficient 
cogeneration plants. The energy content of residues from forestry and 
agricultural operations can often serve on-site process energy needs, but 
the biomass materials are generally poorly suited for direct use. Modern 
agricultural and process machinery seldom use solid fuels, therefore 
pretreatments are often required to change their chemical or physical 
nature to liquids or gases. Similar considerations apply to the conversion 
of biomass crops and to the use of biomass fuels off-farm. Thermochemical 
processes for biomass are basically pretreatment processes, processes that 
alter the chemical and physical nature of biomass to permit higher 
efficiency use. 

Thermochemical processes are often characterized as combustion, 
gasification, pyrolysis, carbonization or tarification processes. Except for 
pyrolysis, these names reflect types of products produced. Thermochemical 
processing is variable and flexible. Depending on conditions used, 
(primarily the temperature, the oxygen-to-fuel ratio, and residence time at 
temperature), biomass can be altered very slightly, or be completely 
changed. These three variables define conditions for pyrolysis, gasification 
and combustion but there is often little distinction between these processes. 
In fact, there is a continuum of process conditions. Selection of treatment 
conditions permits a variety of outcomes of importance to the production of 
bioenergy products. The mechanisms for the formation of these products 
are indeed complex, and are still unfolding (see e.g., 7,8,14). Knowledge of 
these mechanisms has permitted the identification of conditions under 
which it is possible to produce tars in good yield from large, moist wood 
particles (15), or novel reactor design for the production and capture of 
desired tar products (16). Still, gases, liquids and solids are always 
produced, with relative yields and chemical or elemental compositions 
dependent on process variables. 

Definition of Pyrolysis. The word pyrolysis has had some problems in 
definition, especially when applied to biomass. The older literature 
generally equates pyrolysis to carbonization, in which the principal pro­
duct is a solid char. Today, the term pyrolysis is generally used to 
describe processes in which liquid oils are preferred products. This 
symposium was concerned with the latter pyrolysis - processes which offer 
enhanced yields of liquid oils, especially those with desirable chemical 
compositions and physical attributes for liquid fuels, fuel supplements and 
chemical feedstocks. 

Definition of Pyrolysis Oil vs. Tar. Throughout this volume, 
"pyrolysis oil", "tar" and "pyrolytic tar" are used almost interchangeably. 
Tar or pyrolytic tar is a more generic term, now becoming used in 
reference to its formation in a secondary sense, e.g., as undesired in 
gasification, or the "creosote tar" of incomplete combustion or the usually 
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1. SOLTES Of Biomass, Pyrolysis, and Liquids Therefrom 3 

wasted tar byproducts of charcoal manufacture. Oil or pyrolysis oil refers 
specifically to the liquid product of biomass pyrolysis when the oil is the 
principal product of interest* Thus, not only "pyrolysis" but also "tar" and 
"oil" definitions are being cast while research is being conducted in this 
area. To add to this confusion, this author more than once tried (in 
retrospect fortunately unsuccessful) to coin the term "tarification" as any 
pyrolytic process where the product of interest was the liquid tar product! 

Other Feedstocks and Processes. Although most of the papers in the 
symposium deal with thermochemical conversion of wood in what may be 
called the conventional pyrolysis process mode (heating in the absence of 
air, or under air-starve conditions), other papers were invited which cover 
the conversion of other biomass materials, such as from municipal solid 
waste (17) or black liquor (18), or conversion under more novel processing 
conditions. Mention is made of liquefaction relative to pyrolysis. Although 
there has not been an attempt to define liquefaction in the literature, to 
the author's knowledge, it usually refers to the one-step high liquid yield 
process incorporating heat in combination with reducing gases and/or 
catalysts (19), but may now also include water-based processes (20). 
Liquids are also produced in acid solution (21), alkaline solution (22) and in 
solvolysis (23). 

Characterization of Biomass Pyrolysis Oils 

The chemical compositions of pyrolysis oils are very complex. High 
temperature reactions in the absence of oxygen or under air-starve 
conditions are not specific, and the availability of sufficient energy for 
alternative pathways results in a series of complex concurrent and 
consecutive reactions which provide a wide spectrum of pyrolytic products, 
usually in small yields (3,14). 

Most of the literature in the past, including that by the author (13), 
reflected composition of tars produced as a byproduct of charcoal 
manufacture. These tars, from different biomass materials, exhibit like 
chemical compositions. The chars produced under similar carbonization 
conditions also exhibit similar physical and chemical properties (24). 
During the last decade or so, pyrolysis process research has confirmed that 
both the yield and chemical composition of pyrolysis oils are very 
dependent on reaction conditions (see e.g., 14-16,25,26). All biomass oils 
are not the same: oil formation conditions determine oil composition. 
Similarly, it has been reported that different biomass feedstocks pyrolyzed 
under similar process conditions can give oil products with similarities in 
chemical composition (e.g., 27-30). 

Characterization Tools for Pyrolysis Oils. It wasn't too many years 
ago that the only tools available to the scientist interested in pyrolysis oil 
composition were gas chromatography and thermogravi-metric analysis. 
The complexity of the pyrolysis oils demands high performance equipment, 
and a list of such equipment mentioned during the symposium would include 
proton and carbon nuclear magnetic resonance spectroscopy, free-jet 
molecular beam/mass spectrometry (16,25), diffuse reflectance Fourier 
transform infrared spectrometry (31), photoelectron spectroscopy (31), as 
well as procedures such as computerized multivariate analysis methods (32) 
- truly a display of the some of the most sophisticated analytical tools 
known to man, and a reflection of the difficulty of the oil composition 
problem. 
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4 PYROLYSIS OILS FROM BIOMASS 

Not all scientists have access to this type of equipment, and gas 
chromatography (GC) is still used extensively, especially in capillary mode 
(see, e.g., 26,27). The higher resolution of capillary GC is preferred over 
column chromatography because of the many oxygenated species of similar 
polarity in pyrolysis oils. Much (usually most) of the pyrolysis oil is also 
non-volatile, and this causes additional problems for capillary columns: non-
volatiles can cause column deterioration of the stationary phase. It is 
usually with much trepidation that the average scientist injects for the first 
time a black, viscous, mostly non-volatile pyrolysis oil into his pristine 
capillary column (especially when coupled to someone else's mass 
spectrometer), but be assured that it works, and that the column can live a 
long and useful life after many such experiences! Column deterioration can 
be minimized by periodic cleaning or rejuvenation of the column, as well as 
by occasionally removing the first centimeter or two of the column at the 
injection end containing the nonvolatiles. 

Prior separations of complex oils into volatile or functional fractions 
such as with the use of High Performance Size Exclusion Chromatography 
(HPSEC) (27,33), or silica gel column chromatography (26) can help the 
researcher in obtaining more suitable fractions for capillary GC work. 
Although a number of phases are used in capillary GC for separating the 
volatiles of pyrolysis oils, the most popular appears to be a bonded silica of 
moderate polarity, such as the DB-5 column in 30 cm length. HPS EC by 
itself is becoming increasingly used as a tool for characterizing pyrolysis 
oils (see, e.g., 27,34). 

Post-Pyrolysis Processing 

The utility of biomass pyrolysis oils in any fuel or chemical sense must 
recognize this complexity in chemical composition, and it is commonly 
suggested that the tar either be fractionated into simpler mixtures, or be 
reprocessed or converted into more useful mixtures. Unfortunately, oils 
usually do not fractionate well (depends on storage conditions and type of 
oil), and will even undergo changes upon storage, resulting in higher 
concentrations of non-volatile high molecular weight materials. Extraction 
techniques work, but these processes are unwieldy. Further, functional 
fractions are generally poor feedstocks for conversion. Other than a 
limited amount of work conducted in using the phenolic fractions for 
adhesives (35-37), most product research has been concerned with 
reprocessing the oils into a more useful mixture of compounds, usually fuel 
hydrocarbons. 

As detailed above, composition of the oils will depend on pyrolysis 
process conditions. If the oils are primarily phenolic, then hydrotreating 
(oxygen removal) is necessary to produce hydrocarbon fuels. Single ring 
phenolics and cyclic ketones present in the biomass pyrolytic oils can be 
upgraded through deoxygenation to hydrocarbons (a low oxygen content 
mixture of all types) in the gasoline (19,29) and diesel (29) boiling point 
ranges. Heavier, higher molecular weight products like the polycyclic 
aromatics need also be hydrocracked, with at least partial ring saturation 
prior to cracking. A number of catalysts have been tried, initially at high 
pressures with typical petroleum hydrotreating or hydrocracking catalysts 
(19,29), but more recently at lower pressures with acidic zeolites (e.g., 
38,39). Kinetics of the hydrotreating/hydrocracking reactions are being 
studied (33). Other post-pyrolysis process variations include the treating 
of primary pyrolysis vapors to gasoline hydrocarbons (40), and pyrolysis oil 
cofed over zeolite catalyst with methanol derived from char gasification 
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1. SOLTES Of Biomass, Pyrolysis, and Liquids Therefrom 5 

(41). New characterization tools such as molecular beam mass spectrometry 
help in understanding the mechanisms by which wood vapor and 

related compounds react over catalysts. 

Prospects for Biomass Pyrolysis 

It's easy to say that the key to commercial implementation of biomass 
pyrolysis for tar production will be the identification of economically 
competitive technology for the production of higher-valued products. As 
the primary virtues of pyrolysis oils are those attributable to petroleum 
(liquid fuels and, under some pyrolytic conditions, also olefins), it can be 
assumed that pyrolysis can become an avenue to petroleum-type products 
from renewable biomass. Is biomass pyrolysis, coupled with oil upgrading, 
the renewable route to petroleum? Pyrolysis, after all, allows for the 
production of biomass-derived fuels in efficient-to-use petroleum forms. 

Fuels are however not the highest values obtainable from biomass 
(nor are they from petroleum, coal or natural gas), nor oil the only 
product of pyrolysis - nor is pyrolysis the only, or even most efficient, 
biomass conversion process. Perhaps biomass pyrolysis can provide the 
economic base that would permit the further exploitation of the chemical 
values of biomass materials to enhance overall process profitability (cf. 
history of olefins usage in petroleum). This author is bold in suggesting 
that, more appropriately, pyrolysis should be considered as an upgrading 
process for residues from chemical/ materials options for biomass, that 
efficient fuel/energy processes such as pyrolysis be considered in tandem 
with, if not after, efficient biochemical or chemical processing of biomass 
for polymer and oxychemical production. Biomass is composed of complex 
structures and polymers that have merit in their complexity, and usage of 
biomass should first consider chemicals/ materials production based on this 
complexity, geared to market demand, with only higher entropy states of 
biomass, process residues, relegated to fuel use status. 
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Chapter 2 

Biomass Pyrolysis Technology and Products 
A Canadian Viewpoint 

R. D. Hayes 

Renewable Energy Branch, Energy, Mines, and Resources, Ottawa, 
Canada K1A 0E4 

By way of introduction, this paper presents four "views" 
on pyrolysis, including an international view, a 
technical review, a strategic point of view, and a 
general Canadian bioenergy overview. From a basic 
definition of pyrolysis as the thermal conversion of 
material in the absence of oxygen, the following 
discussion includes vacuum, atmospheric and pressurized 
pyrolysis technologies for the production of gas, 
liquid, or char products. 

Canadian Bioenergy Overview 

Canada i s w e l l endowed with energy a l t e r n a t i v e s to conventional 
petroleum. A number of these resources are v a s t , i n c l u d i n g 
tarsands, a r c t i c and offshore o i l , n a t u r a l gas, c o a l , nuclear, 
bioenergy and other renewables. They are a l s o , i n general, 
expensive r e l a t i v e to current domestic and imported l i g h t crude o i l 
p r i c e s . Bioenergy, however, has c a r r i e d out an impressive impact on 
Canada's primary energy supply, by r i s i n g from 3% i n 1978 to 6.8% i n 
1987. I t s current c o n t r i b u t i o n s i n the i n d u s t r i a l and r e s i d e n t i a l 
s e c t o r s are 17% and 14%, r e s p e c t i v e l y . 

Most of the o i l s u b s t i t u t i o n from biomass i n Canada has been i n 
l i g h t and heavy f u e l o i l markets. So f a r , very few of Canada's 
a l t e r n a t i v e s have made much impact i n the t r a n s p o r t a t i o n s e c t o r , nor 
are there any obvious expectations of near-term o i l s u b s t i t u t i o n i n 
t r a n s p o r t a t i o n other than a small niche of v e h i c l e s running on 
propane or n a t u r a l gas. 

Against t h i s backdrop, Canadian bioenergy R&D i s very broadly 
t a r g e t t e d t o near-term o p p o r t u n i t i e s f o r non-transportation uses and 
to medium and longer term o p p o r t u n i t i e s f o r t r a n s p o r t a t i o n uses. 
The term "broadly" i s emphasized because there are exceptions t o 
t h i s g e n e r a l i z a t i o n . 

Canada's bioenergy R&D a c t i v i t i e s d i d not begin i n earnest u n t i l 
1978, lagging somewhat behind other p a r t s of the world. In 1980, 
the f e d e r a l N a t i o n a l Energy Program g r e a t l y increased R&D funding i n 

0097-6156/88/0376-0008$06.00/0 
© 1988 American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
30

, 1
98

8 
| d

oi
: 1

0.
10

21
/b

k-
19

88
-0

37
6.

ch
00

2



2. HAYES Biomass Pyrolysis Technology and Products 9 

a l l c onservation and a l t e r n a t i v e energy areas. Bioenergy R&D e f f o r t 
grew t o $22 m i l l i o n (Cdn) i n 1983-84. Then as o i l p r i c e s s e t t l e d , 
Canada's energy R&D program experienced the "Crash of '84" the 
government decreased spending by 50%. Bioenergy R&D i s c u r r e n t l y 
centred i n two f e d e r a l departments. Energy, Mines and Resources 
Canada manages the Bioenergy Development Program at approximately $6 
m i l l i o n (Cdn) f o r biomass conversion, and a l e v e l of approximately 
$1.5 m i l l i o n (Cdn) f o r biomass production i s managed by the Canadian 
F o r e s t r y S e r v i c e . 

An approximate breakdown of 1987 Bioenergy Conversion R&D 
expenditures i n general technology areas i s as f o l l o w s : 

Of s p e c i a l i n t e r e s t to the audience of t h i s paper i s that the 
bulk of the thermochemical R&D i s devoted to some form or other of 
p y r o l y s i s . 

H i s t o r y and Strategy, 1978-1987 

Amidst the panic of petroleum shortages and r i s i n g p r i c e s of 1979, 
some i n d i v i d u a l s expected to produce o i l s from biomass, a l s o known 
as bio-crude, p r o t o - o i l , bunker b i o - o i l . . . T h i s expectation was 
f a i r l y s h o r t - l i v e d however. Although touted as something, someday 
destined to replace or reduce o i l imports, p y r o l y s i s o i l from 
biomass had very l i t t l e i n common with petroleum. I t s 
q u a l i f i c a t i o n s as "a crude" were very rudimentary. I t looked black, 
smelled bad, and u s u a l l y flowed i f there was enough water i n i t ; but 
that i s where the resemblance ended. 

Biomass, i n those days, was modelled by some researchers as a 
young c o a l , and i t s p y r o l y s i s o i l as a young o i l or a c o a l l i q u i d . 
Neither assumption was very accurate. Those who followed c o a l 
l i q u e f a c t i o n development had a head s t a r t i n applying t h a t enormous 
knowledge base to biomass. However, perhaps due to that knowledge 
base, e a r l y biomass process development d i d not f u l l y take advantage 
of the unique opportunity f o r s p e c i a l i z e d processing that biomass 
could provide. Biomass i s not a homogeneous chemical conglomerate, 
but rather a composite of three major polymers namely c e l l u l o s e , 
h e m i cellulose and l i g n i n . 

Against t h i s background, Canadian researchers joined the 
i n t e r n a t i o n a l f l u r r y of research a c t i v i t y i n t h i s area. By 1980, 
there were twelve l a b o r a t o r i e s , mostly u n i v e r s i t i e s , involved i n 
some v a r i a t i o n of biomass p y r o l y s i s research. The major focus of 
t h e i r work was to produce a f u e l or heating o i l . There was very 
l i t t l e work done on upgrading b i o - o i l to a t r a n s p o r t a t i o n f u e l or 
ven a r e f i n e r y feedstock. A l s o , there was l i t t l e i n t e r e s t i n the 
optimized production of gas or char i n Canada since Canada i s 
blessed with s u b s t a n t i a l reserves of n a t u r a l gas and c o a l . 

Biochemical conversion 
Thermochemical conversion 
Combustion 
Biomass handling and preparation 
Peat mining and processing 
Information t r a n s f e r 

39% 
16% 
22% 
12% 

6% 
5% 
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10 PYROLYSIS OILS FROM BIOMASS 

In 1980, the f e d e r a l government embraced an " o f f - o i l " p o l i c y 
under the N a t i o n a l Energy Program. A number of programs provided 
a s s i s t a n c e d i r e c t l y or i n d i r e c t l y to homeowners and i n d u s t r y f o r 
s u b s t i t u t i n g heavy and l i g h t f u e l o i l , by other energy forms such as 
n a t u r a l gas, e l e c t r i c i t y and biomass ( v i a combustion). 3 i o - o i l was 
not t e c h n i c a l l y ready t o take advantage of a market opportunity, and 
more importantly, i t had no commercial or i n d u s t r i a l i n f r a s t r u c t u r e 
to b u i l d upon. 

Therefore, i n s p i t e of world record petroleum p r i c e s , apparent 
s h o r t f a l l s i n imported and domestic o i l s u p p l i e s , and a p o l i c y 
environment that was a c t i v e l y encouraging energy a l t e r n a t i v e s i n 
Canada, b i o - o i l became a long term c u r i o s i t y . R&D was important, 
but i t was supported under the o b j e c t i v e of long term s e c u r i t y of 
supply of l i q u i d f u e l s . 

Canada's R&D e f f o r t s continued to down-play upgrading over the 
next four years and concentrated almost e x c l u s i v e l y on primary o i l 
production. By 1984, o i l p r i c e s appeared t o be more s e t t l e d and the 
time frame f o r commercializing t r a n s p o r t a t i o n f u e l s from b i o - o i l was 
l i k e l y to be w e l l beyond 2000. There appeared t o be plenty of time 
to p e r f e c t o i l upgrading at a l a t e r date, e i t h e r through 
h y d r o t r e a t i n g or using s h a p e - s e l e c t i v e z e o l i t e c a t a l y s i s . 

Then came the "Crash of '84" r e f e r r e d to e a r l i e r . Bioenergy R&D 
funding resources were d e c l i n i n g r a p i d l y . Government seemed to want 
more near term r e s u l t s from an already s h r i n k i n g energy funding base. 

Between 1980 and 1984, biomass p y r o l y s i s R&D funding had been 
slowly i n c r e a s i n g w h i l e the number of Canadian l a b o r a t o r i e s working 
i n t h i s area had decreased from twelve t o s i x . By 1984/85 
thermochemical R&D and other long-term options w i t h i n the Bioenergy 
Development Program of Energy, Mines and Resources had become 
vulnerable t o funding reductions. I t was important not to lose the 
advances already achieved and the world c l a s s e x p e r t i s e developed i n 
Canada. The d e c i s i o n was taken t h e r e f o r e to wind up the research i n 
Canada over the next two to three year period i n order t o leave a 
r e t r i e v a b l e accounting of developments f o r f u t u r e researchers. The 
second o b j e c t i v e was to maintain (or salvage) a base core of 
excellence i n Canada at a reduced funding l e v e l s . 

T h is d e c i s i o n d i d not unfold as planned however. Three years 
l a t e r , the Canadian program i n p y r o l y s i s i s stronger than ever. The 
1987 R&D program of work includes work i n f i v e of the s i x 
l a b o r a t o r i e s , at funding l e v e l s s l i g h t l y higher than i n 1984. The 
f o l l o w i n g three explanations can help e x p l a i n why the s t r a t e g i c p l a n 
changed so fundamentally. 
1. Industry I n t e r e s t . One of Canada's leading s o l a r and biomass 

conversion equipment companies, Petro-Sun I n t e r n a t i o n a l Inc. 
became i n t e r e s t e d i n s c a l i n g up the Université Laval/Université 
de Sherbrooke vacuum p y r o l y s i s process on a cost-shared b a s i s . 
S p e c i a l Note. As of January 1988, Petro-Sun I n t e r n a t i o n a l Inc. 
was forced i n t o r e c e i v e r s h i p f o r reasons unrelated to t h e i r 
a c t i v i t i e s i n biomass p y r o l y s i s . The Université Laval i s seeking 
a l t e r n a t i v e i n d u s t r i a l p a r t n e r s . Another company, Ensyn Engineer­
ing L t d . , was e s t a b l i s h e d , and proposed a cost-shared, scaled-up 
development of the U n i v e r s i t y of Western Ontario u l t r a p y r o l y s i s . 
S i m i l a r l y , there has been a number of i n d u s t r i a l expressions of 
i n t e r e s t i n the U n i v e r s i t y of Waterloo f l a s h p y r o l y s i s . 
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2. HAYES Biomass Pyrolysis Technology and Products 11 

2. D i v e r s i f i c a t i o n . An approach has evolved i n Canada whereby, 
unlik e e a r l i e r e f f o r t s , a whole range of products and reactants 
are now considered. Products include o i l s of varying q u a l i t y , 
sugar s o l u t i o n s i n high y i e l d , chemicals ( o l e f i n s , phenolics, as 
well as high value s p e c i a l t y chemicals), gasoline or d i e s e l 
f u e l , and higher value carbon. D i v e r s i f i c a t i o n of reactants 
include whole biomass (wood and straw), f r a c t i o n a t e d biomass 
components, peat, municipal s o l i d waste, in c l u d i n g used t i r e s , 
e tc. Another important area of research i s the treatment, and 
e s p e c i a l l y , the conversion, of waste aqueous e f f l u e n c e from 
p y r o l y s i s i n t o value-added co-product c r e d i t s . L e f t 
unprocessed, these effluence would otherwise incur a cost f o r 
waste treatment. 

3. TEA C o l l a b o r a t i o n . By working together with three other member 
countries of the In t e r n a t i o n a l Energy Agency's Bioenergy 
Agreement, Canada has been able to combine resources with USA, 
Sweden, and F i n l a n d to determine that Canadian biomass p y r o l y s i s 
technologies appear to be as good as any i n the world. Canada 
has a l s o had i t s p y r o l y s i s o i l s upgraded and assessed by 
co l l a b o r a t o r s i n the USA· Preliminary r e s u l t s i n d i c a t e that 
Canada should review i t s t r a d i t i o n a l strategy of not immediately 
pursuing upgrading R&D. 

Technical Review 

Over the past several years researchers W.J.M. Douglas and D.G. 
Cooper at M c G i l l u n i v e r s i t y have been studying an i n t e r e s t i n g 
thermochemical approach to wood l i q u e f a c t i o n using aqueous hydrogen 
iodide i n f a i r l y mild conditions of pressure and temperature 
(125°C). S t i l l f a r from c e r t a i n i s the exact nature of the l i q u i d 
products and the techno-economic p r a c t i c a l i t y of hydrogen iodide 
recovery and re c y c l e . On the p o s i t i v e side, i n a d d i t i o n to the low 
s e v e r i t y conditions of rea c t i o n , the process removes about 80% of 
the oxygen i n the wood, and the char y i e l d i s very low. 

D.G.B. Boocock and co-workers at the U n i v e r s i t y of Toronto have 
undertaken the i n v e s t i g a t i o n of a steam p y r o l y s i s or 
hydrothermolysis of wood. Based on t h e i r e a r l i e r work, they 
r e c e n t l y designed and constructed a laboratory scale cascade 
autoclave which can accommodate up to 100 g of wood chips or 170g of 
a s i n g l e larger piece (3.8 cm reactor I.D., 600ml volume). I t i s 
rated at 24.1 MPa (3500 p s i . ) at 350°C allowing for 7.6 MPa (1100 
psi ) gas overpressure above the vapour pressure of water at that 
temperature. Results to date are preliminary since the unit was 
commissioned only i n e a r l y 1987. Reproduced r e s u l t s i n d i c a t e that 
o i l y i e l d increases with increased chip s i z e . Product o i l y i e l d s 
are very high (up to 50%) with no s o l i d s contamination, and the o i l 
i s e a s i l y separable from the aqueous phase. Coupled with an 
upgrading process, t h i s technology may someday well lend i t s e l f well 
to commercialization. In ad d i t i o n to t h e i r process development 
work, Boocock's group has contributed g r e a t l y to the basic 
understanding of biomass l i q u e f a c t i o n , e s p e c i a l l y through t h e i r 
scanning e l e c t r o n microscopic studies. Of p o t e n t i a l i n t e r e s t too i s 
t h e i r discovery i n 1984 that a p a r t i c u l a r clone of hybrid poplar 
yiel d e d 6% phenol. 
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12 PYROLYSIS OILS FROM BIOMASS 

Ε . Chornet, R.P. Overend and co-workers at the Université de 
Sherbrooke have been working on a l i q u e f a c t i o n process i n 
pr e s s u r i z e d solvent f o r some years. T h e i r approach i n v o l v e s an 
o v e r a l l i n t e g r a t i o n of biomass pretreatment, f r a c t i o n a t i o n , a c i d 
processing, thermochemical and biochemical treatment. 

D.S. S c o t t , J . P i s k o r z , D, Rad l e i n and co-workers at the 
U n i v e r s i t y of Waterloo are w e l l known f o r t h e i r f l u i d i z e d bed f l a s h 
p y r o l y s i s development, a l s o known as the WFPP (Waterloo Past 
P y r o l y s i s P r o c e s s ) . The WPPP a c t u a l l y i n cludes four process options 
as f o l l o w s : 
1. D i r e c t thermal processing at 450-550°C, atmospheric pressure and 

about 500 ms vapour residence time. They report the highest 
l i q u i d y i e l d s (80% i n c l u d i n g water, based on input wood) that i s 
a s u i t a b l e f u e l f o r conventional b o i l e r s . 

2. By varying the process c o n d i t i o n s and adopting a mild s u l p h u r i c 
a c i d pretreatment followed by f l u i d i z e d bed thermopyrolysis, the 
WPPP produces a high y i e l d and concentration of 
anhydro-oligosaccharides, mostly levoglucosan rather than o i l 
products. Their reproducible y i e l d s of sugars from pure 
c e l l u l o s e are about 80% i n a concentrated form. One can e a s i l y 
speculate whether t h i s development could challenge some of the 
eq u a l l y e x c i t i n g bioconversion methods of converting 
l i g n o c e l l u l o s i c s t o fermentable sugars. 

3. Waterloo's h y d r o g a s i f i c a t i o n work has been t e c h n i c a l l y h i g h l y 
s u c c e s s f u l , r e s u l t i n g i n 75% conversion of carbon from wood t o 
methane v i a p y r o l y s i s over a nic k e l - a l u m i n a c a t a l y s t with 
hydrogen at about 550°C and 440 ms residence time. 

4. Under current i n v e s t i g a t i o n i s a f o u r t h process options of 
producing unsaturated hydrocarbons i n a ca t a l y s e d r e a c t i o n . 
Apart from the use of c a t a l y s t s , the process equipment and 
operating c o n d i t i o n s are very s i m i l a r f o r a l l of the above 
process o p t i o n s . 
M. Bergougnou, R. Graham and co-workers have developed an 

Ult r a - R a p i d P y r o l y s i s or U l t r a p y r o l y s i s process at the U n i v e r s i t y of 
Western Ontario. Although there are s i m i l a r i t i e s i n t h i s work and 
the research at the U n i v e r s i t y of Waterloo, there are important 
d i f f e r e n c e s . Whereas Waterloo u t i l i z e s f l u i d i z e d bed heat t r a n s f e r , 
Bergougnou employees a very r a p i d (30ms) mixing and heat t r a n s f e r i n 
a v o r t i c a l contactor or v o r t a c t o r followed by a plug-flow entrained 
bed down flow reactor (50-900ms) and quenching (30ms) with cryogenic 
n i t r o g e n i n a c r y o v o r t a c t o r . Also d i s s i m i l a r t o the Waterloo 
process are the process c o n d i t i o n s (650-1000°C, 50-900 ms residence 
time) and the main product at these temperatures i s gas rather than 
l i q u i d . Since p y r o l y t i c f u e l gas production has not been of high 
p r i o r i t y i n Canada's bioenergy R&D s t r a t e g y , the current o b j e c t i v e , 
i n c o l l a b o r a t i o n with Ensyn Engineering, i s chemical production, 
o l e f i n s i n p a r t i c u l a r . 

Tt i s i n t e r e s t i n g t o note here that the U n i v e r s i t i e s of Waterloo 
and Western Ontario conducted an experiment of data comparison from 
each of t h e i r reactor systems. Using s e l e c t e d data from both groups 
at around 500 ms residence time, l i q u i d and gas production data were 
p l o t t e d vs temperature. The temperature ranges were as f o l l o w s : 
Waterloo at 400°-750°C, and Western Ontario at 650°-900°C. With 
combined data f o r each of the gas y i e l d vs temperature and l i q u i d 
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2. HAYES Biomass Pyrolysis Technology and Products 13 

y i e l d vs temperature data, there was, as expected, considerable 
concurrence of overlapping data. In f a c t a simple f i r s t order 
k i n e t i c model i s able to describe the o i l y i e l d over the temperature 
range of both experiments, 

Rnsyn Engineering i s a r e c e n t l y formed company whose p r i n c i p a l 
i n v e s t i g a t o r , R. Graham has scaled up the u n i v e r s i t y of Western 
Ontario U l t r a p y r o l y s i s reactor by a f a c t o r of 20 t o a 5-10 kg/hr 
c a p a c i t y RTP (Rapid Thermal Processor), The reactor i s designed to 
accept any carbonaceous feed ( s o l i d , l i q u i d , or gas) by i n j e c t i n g 
i n t o a turbulent cloud of hot s o l i d s . The mixed feed p l u s s o l i d s i s 
c a r r i e d through a tubular t r a n s p o r t reactor t o an i n e r t i a l separator 
where vapour products are removed. Results to date are very 
p r e l i m i n a r y . The concept formulated by Ensyn i s that the RTP would 
be a c e n t r a l processor of primary p y r o l y s i s o i l s from sm a l l e r , 
perhaps mobile, p l a n t s . 

The multi-stage vacuum p y r o l y s i s was developed by C. Roy and 
co-workers, i n i t i a l l y at the Université de Sherbrooke and, 
c u r r e n t l y , at the Université L a v a l . In c o l l a b o r a t i o n with Petro-Sun 
I n t e r n a t i o n a l Inc. there i s a p i l o t demonstration of a s i n g l e - s t a g e 
p l a n t at St-Amable, Quebec. The u n i t has a c a p a c i t y of 200 kg/hr 
and i s designed f o r used t i r e s . The technology i s based on a 
m u l t i p l e hearth vacuum p y r o l y s i s process development u n i t located 
near the Université Laval and operating at a 30 kg/hr biomass 
c a p a c i t y . 

Although the m u l t i p l e hearth concept s u f f e r s from low heat 
t r a n s f e r r e l a t i v e t o other p y r o l y s i s processes, and, at f i r s t 
glance, i s c a p i t a l cost i n t e n s i v e , i t has a number of f e a t u r e s that 
show commercial promise as f o l l o w s : 
1. A reasonably high y i e l d of p y r o l y s i s o i l (50% based on wood). 
2. The production of co-product c a r b o x y l i c a c i d s and high value 

chemicals. 
3. Reactive charcoal at 25% of input wood. 
4. The aqueous phase i s recovered separately as part of the process 

leaving a water-free p y r o l y s i s o i l ready f o r upgrading. 
5. The m u l t i p l e hearth performs a product f r a c t i o n a t i o n f u n c t i o n 

th a t could reduce e x t r a c t i o n c o sts of high value chemicals. 

C e n t r a l i z e d A n a l y s i s 

One f i n a l work of i n t e r e s t i n Canada i s the C e n t r a l i z e d A n a l y s i s 
p r o j e c t at B.C. Research. In 1984, a t r i a l p r o j e c t was set-up 
whereby d i f f e r e n t Canadian b i o - o i l s could be compared i n a 
c o n s i s t e n t manner. The p r o j e c t embraced a three-pronged approach. 
Under the guidance of J . Howard and J . McKinley, B.C. Research 
performed and/or coordinated the c e n t r a l i z e d analyses of optimized 
o i l s produced by each researcher. I f a p a r t i c u l a r a n a l y t i c a l 
c a p a b i l i t y was not a v a i l a b l e at B.C. Research, another laboratory 
with that strength was contracted to do i t . I n d i v i d u a l researchers 
a l s o d i d some of t h e i r own analyses t o o b t a i n immediate experimental 
feedback. 

The second prong of the approach was that a l l researchers were 
provided with a standard wood sample Populus deltoïdes by P o r i n t e k 
Canada Corp. The idea was that when each process development became 
somewhat optimized, the researcher would submit o i l from the 
standard wood sample t o the c e n t r a l i z e d a n a l y s i s team. 
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14 PYROLYSIS OILS FROM BIOMASS 

The t h i r d prong was a computer communications network l i n k 
c a l l e d CoSy, through the u n i v e r s i t y of Guelph, to provide f a s t 
communication of a n a l y t i c a l data. I t was a l s o used to encourage 
m u l t i l a t e r a l and b i l a t e r a l c o l l a b o r a t i o n and problem s o l v i n g . 

The c e n t r a l i z e d a n a l y s i s p r o j e c t i s entering Phase I I . Learning 
from the successes and p i t f a l l s of the f i r s t two and one h a l f years, 
the scope of t h i s p r o j e c t has changed somewhat. The consensus of 
program managers and researchers i s that Phase II w i l l have two 
major tasks. 

Task 1 i s a set of a n a l y t i c a l techniques along the same l i n e s as 
the i n i t i a l p r o j e c t except the methods that were considered to be 
l e s s i n t e r e s t i n g to the e n t i r e group are not included. The basic 
analyses include the f o l l o w i n g : 

- Elemental A n a l y s i s 
- Water Content 
- Density 
- Carboxylic Acids 
- Gas L i q u i d Chromatography 
- Carbon-13 NMR 
- Gel Permeation Chromatography 

Task 2 c o n s i s t s l a r g e l y of s p e c i a l a n a l y t i c a l p r o j e c t s to meet 
the needs of i n d i v i d u a l s or groups of thermochemical conversion 
researchers that may a r i s e over the next two years. 

I n t e r n a t i o n a l View - IEA 

Under the I n t e r n a t i o n a l Energy Agency, eleven countries signed a 
three year Bioenergy Implementing Agreement, e f f e c t i v e January 1, 
1986 - December 31, 1988. Canada, USA, Sweden and F i n l a n d agreed to 
c o l l a b o r a t e on a p r o j e c t e n t i t l e d D i r e c t Biomass L i q u e f a c t i o n 
(DBL). A Working Group of engineers and other s p e c i a l i s t s are 
preparing a d e t a i l e d technical-economic assessment (TEA) for 
scale-up and operation at commercial s i z e , of the most promising 
high and low pressure p y r o l y s i s processes. Both primary o i l 
production and upgrading are considered i n the TEA. The upgrading 
work on Canadian atmospheric and vacuum p y r o l y s i s o i l s has been 
conducted by D. E l l i o t at B a t e l l e P a c i f i c Northwest Laboratories. 
Y i e l d s of products i n the gasoline b o i l i n g range have so f a r reached 
35% of primary o i l by hydrotreating. The Working Group i s 
attempting two types of analyses, one based on current s t a t e of the 
ar t and the second based on projected improvements and developments 
i n the technologies. 

Canada has b e n e f i t t e d g r e a t l y from t h i s p r o j e c t . In a funding 
environment that r e s t r i c t e d major thrusts i n upgrading R&D i n 
Canada's na t i o n a l program, there i s t h i s element a v a i l a b l e i n the 
i n t e r n a t i o n a l program. Another b e n e f i t to Canada i s that the IEA 
Working Group, independent of s e l f - i n t e r e s t s or biases toward the 
various processes, concluded that Canadian primary p y r o l y s i s o i l s 
have t e c h n i c a l and economic advantages to other processes under 
development. 
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Chapter 3 

Processing of Wood Chips 
in a Semicontinuous Multiple-Hearth 

Vacuum-Pyrolysis Reactor 

Christian Roy, Richard Lemieux, Bruno de Caumia, and Daniel Blanchette 

Department of Chemical Engineering, Université Laval, Sainte-Foy, Quebec 
F1K 7P4, Canada 

A process for the pyrolysis under vacuum of biomass 
and waste materials has been under development since 
1978 in Canada. Background data regarding the yields 
and qualities of the pyrolysis products derived from 
materials such as wood, bark, agricultural residues, 
peat, municipal solid wastes, activated sludges and 
scrap tires, have been obtained at the bench scale 
level. A Process Development Unit having a 
feedthrough capacity of up to 25 kg h-1 and using a 
multiple-hearth furnace reactor has been designed and 
built. The objectives of the P.D.U. was twofold. 
First, the unit was used to determine engineering data 
such as the overall thermal efficiency and the heat 
requirement for the reactions. Secondly, the configu­
ration and mechanical operation of the ractor had to 
be tested before its scale-up for the pilot plant 
phase of the project. This paper reports on the role 
of several process parameters which are key factors to 
be considered for the design of a biomass vacuum pyro­
lysis unit. 

The thermal decomposition of wood into charcoal and tar i s an old 
process. One example of the existing technology for wood 
carbonization i s the Lambiotte process. The ATOCHEM plant located 
in Premery, France, is based on the principle of external gas 
circulation and is a completely continuous process (1). The heating 
gas moves upward in the retort and constantly releases i t s heat into 
the wood, which i s moving downward. The annual wood charcoal 
production of this plant is currently 20 000 t. The charcoal finds 
i t s use in barbecues and the iron industries. Another example is 
the Brazilian beehive kiln for charcoal production in a batch mode, 
in Brazil, charcoal i s mainly sold to the iron, the cement and the 
barbecue industries. In 1985, the total annual production of wood 
charcoal in Brazil was 8,7 Χ 106 t (2). 

0097-6156/88/0376-0016$06.00/0 
β 1988 American Chemical Society 
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3. ROY ET AL. Processing of Wood Chips in a Pyrolysis Reactor 17 

The recovery of by-products is important for the economy of 
both processes. The French recover high-value chemicals such as 
food aromas from the pyroligneous liquors (3). The Brazilians 
market the wood tar by-product as a bunker fuel o i l (2). However, 
further studies are s t i l l needed and are being conducted by the 
industry in order to make a better use of the tar and o i l fractions. 

Laboratory (4) and Process Development Unit (5*6) studies o r i ­
ginally conducted at the Université de Sherbrooke, and now conducted 
jointly with the private industry at Université Laval, province of 
Quebec, have led to the conclusion that thermal decomposition under 
reduced pressure is an attractive approach for the conversion of 
biomass into chemicals and fuels products. The process uses a mul­
tiple-hearth furnace for wood pyrolysis. This approach is charac­
terized by a low pressure and a short residence time of the vapor 
products in the reactor. When compared with conventional, atmosphe­
r i c pressure carbonization, vacuum pyrolysis has the potential to 
significantly enhance the yields of organic liquid products with 
respect to solid and gaseous products. The pyrolysis o i l s (biooils) 
obtained from this process can be deoxygenated into transportation 
fuels upon further upgrading (7). Specialty as well as commodity 
(Pakdei, H.; Roy, C. Bipmass, in press) chemicals can also be 
extracted from the pyrolysis o i l product. 

This paper discusses the preliminary engineering data leading 
to the construction of a vacuum pyrolysis pilot plant for the 
conversion of wood into o i l s , chemicals and charcoal. 

Experimental 

A schematic of the Process Development Unit (P.D.U.) used in this 
study is shown in Figure 1. The reactor is a multiple-hearth 
furnace 2 m high and 0.7 m diameter, with six hearths. Heat is pro­
vided from heating elements. 

At the onset of an experiment wood chips are poured batchwise 
into a hopper that s i t s on top of the reactor. The hopper is 
equipped with a feeding device and is hermetically sealed. For the 
experiments reported, 6 to 16 kg of wood chips, with a granulometry 
of 1/4" to 1/2" Tyler Sieves, were fed at a constant rate of 0.8 to 
4 kg h" 1. 

A mechanical vacuum pump removed the organic vapor and gas 
products form the reactor through a series of outlet manifolds set 
along the reactor cylinder (H-I to H-VI). Each outlet was connected 
to a heat exchanger where the vapors were condensed and recovered as 
liquid in individual glass receivers. Cold tap water circulating on 
the shell side of the exchangers was used as cooling medium. The 
vapors from the heat exchangers were collected in a train of 
receivers that served as a secondary condensing unit (C-l to C-4). 
The f i r s t reveiver was immersed in a bath of water-ethylene glycol 
mixture. Receivers 2 and 3 were immersed in baths of dry ice-
acetone. Receiver 4 was f i l l e d with glass wool at room temperature. 

Pressure in the system was lower than 11 kPa (absolute) under 
steady- state conditions. The noncondensable gas was continuously 
pumped into a 500 L vessel that was set under vacuum at the begin­
ning of the run. 

The solid residue was directed toward the bottom of the 
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PYROLYSIS OILS FROM BIOMASS 

Figure 1. Schematic of the Vacuum Pyrolysis Process 
Development Unit 
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3. ROY ET AL. Processing of Wood Chips in a Pyrolysis Reactor 19 

reactor. The residual charcoal was colLected in a metallic vessel 
installed on a load c e l l . 

At time zero of the run, wood chips were fed to the preheated 
reactor. The heating plate temperatures increased from top to 
bottom of the reactor. A typical temperature profile was 200°C to 
450°C. The radial temperature gradient for any heating plate was 
lower than 5°C during a typical run. 

The P.D.U. was attached to a central microprocessor which 
enabled simultaneous data acquisition and control of some 75 
operating parameters (64 are recorded and 11 are controlled). Air 
leakage through the system was lower than °.0013 atm I. s* 1. 

The experiments conducted with the P.D.U. were performed with 
Populus deltoïdes. The 8-year old fast-growing poplar clone D-38 
was grown in Brockville, Ontario. The sample was essentially a l l 
sapwood with no bark. It was supplied to our laboratories in the 
form of chips by Forintek Canada Corp., Ottawa. Its elemental com­
position was determined to be 48.2% C, 6.4% H, 45.3% 0, 0.09% N, and 
0.05% S. It gross heating values was 4660 kcal kg"1 with an average 
ash content of 0.6%. Moisture of the air-dry feedstock was 5,9%. 

Results and Discussion 

Yield..and ̂ Q u a l i t y P r o d u c l s . Results for the operation of the 
multiple-hearth furnace at varying f i n a l thermal decomposition 
temperatures and reactor pressures are presented in Table I of the 
paper. Biooil, pyrolytic water, charcoal and gas yields arc 
presented along with the mass balance calculation for each run. 
Table I indicates that the largest amount of o i l was produced at the 
lower pressure conditions. The o i l yield drops rapidly with even a 
slight increase in pressure. Table I also indicates that a reactor 
temperature in the range of 425 450°C is optimum for the maximum o i l 
production. The general characteristics of biooils, gas and 
charcoal produced under optimum conditions are presented in Table II 
of the paper. It can be observed that the gross c a l o r i f i c value of 
both charcoal and o i l products increases compared with that of raw 
wood. The gas has a very low c a l o r i f i c value (1660 cal g"1) but is 
burnable. The composition of the noncondensable gas phase is shown 
in Table III of the paper. 

SpPMation._of, Watjex̂  jTrpm^the .Organ_ Liqui d_Phase. One objective of 
the vacuum pyrolysis process is to produce large quantities of 
liquid fuels and chemicals from wood. However during the process 
organic substances are produced simultaneously with water (moisture 
and pyrolytic water). The aqueous phase is highly acidic in nature 
(Pakdel, H.; Roy, C. Biomass, in press). Its organic content ran­
ges between 45 and 55% but further improvement of the process should 
reduce this concentration down to 10-20%. Since extraction of 
chemicals or further processing of pyrolytic o i l s mixed with water 
is d i f f i c u l t and expensive, i t is highly desirable to recover in 
separate sections the bulk of the aqueous phase from the organic-
liquid phase. 

The separation of water and the organics was achieved during 
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3. ROY ET AL. Processing of Wood Chips in a Pyrolysis Reactor 21 

Table II. General Characteristics of Biooi l and Charcoal 

BIOOIL CHARCOAL 

Water content (*) 4.4 < 1 
Gross c a l o r i f i c value 22 500 32 000 
( k J . k g - 1 , anhydrous basis) 

Elemental analysis (%) 
C 55.6 84.4 
H 5.8 3.5 
Ν 0.7 0.2 
S 0.6 0.8 
0 (by d i f f . ) 37.3 11.1 

Proximate analysis (%) 
Ash 0.13 2.8 

Volat i le matter 18.5 
Fixed carbon 78.7 

Specific surface 
(BET, m2 g"1) * 3 
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this study by using a series of shel l and tube heat exchangers with 
cool to warm water c irculat ing in the shel l side. This series of 
heat exchangers served as a primary condensing stage for the 
recovery of the l iqu id organic fraction. Water was primarily 
recovered in the series of traps that followed (see Figure 1). The 
relat ive proportion of water and o i l in both condensing sections is 
shown in Table IV of the paper. Table IV indicates that the lower 
the pressure, the better the separation between o i l and water (see 
runs C019 and C025 for example). On the other hand at similar 
operating pressure, the lower the cooling temperature, the more 
eff icient the recovery of o i l in the primary condensing section (see 
runs C023 and C025). Further studies are underway with the objec­
tive to find the optimum operating conditions for the maximum 
recovery of b iooi l s with the least amount of water in i t . 

O i l Refining. Further fractionation of the wood o i l product is 
necessary when the objective is to either recover pure chemical 
compounds, or upgrade or process specif ic chemical group components. 
Results which are reported elsewhere by Renaud et a l (7) and Pakdel 
et a l (8) show that the multiple-hearth reactor can be operated in a 
mode that enables the separation and recovery of selected fractions 
of l iquid fuels and chemicals. 

Mean Residence Time of the Vapor Products in the Reactor. One 
important feature of the vacuum pyrolysis process is the short 
residence time of the gases and vapors in the reactor. In a 
previous investigation (4), the residence time of the vapor products 
in the laboratory scale batch reactor used was estimated to be about 
2 s . In the present investigation, a different pumping unit and a 
very large pyrolysis unit have been used, so that a new estimate of 
the mean residence time was necessary. 

The mean residence time τ of the gas and vapor products in the 
reactor can be defined as the ratio between the reactor volume V and 
the volumetric feed rate v 0 of the gases and vapours flowing through 
the reactor under steady state pressure conditions. 

V 
τ = — (1) 

v 0 

If the ideal gas law applies which is l ike ly under the low 
pressure conditions used, we have: 

where Ρ = gas pressure 
V = gas volume 
m = mass of gas 
M - average molecular weight of the gas 
Τ = gas temperature 
R = gas constant 
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24 PYROLYSIS OILS FROM BIOMASS 

"Equation 2" can be expressed in a d i f ferent ia l form with 
respect to time: 

d(PV) 

dt 

RT /dm> 

M \dt> 

drn^ 
(3) 

where the mass of gas in the reactor is expected to vary with time 
while the average molecular weight of the gas should remain constant 
with time. 

Development of "Equation 3" leads to "Equation 4" 

Vdt / p \ d t / v M \dt/ 
(4) 

Under study state operation of the P.D.U. at constant pressure, 
the term dP/dt in "Equation 4" is equal to 0 which reduces "Equation 
4" to: 

ρ ί—\ = - (-) 
\ d t / ρ M \ d t / 

(5) 

In another special circumstance, the evacuation of gas from the 
reactor was interrupted during the experiment. As a result , the gas 
pressure bui l t up in the reactor as depicted in Figure 2. In such 
case, V is constant and the term dV/dt in "Equation 4" is equal to 0 
which reduces "Equation 4" to: 

/dP\ RT /dm\ 

Vdt/ ν M \ d t ' 
(6) 

"Equation 5" is identical to "Equation 6" i f the term RT dm 
Μ" β 1 dt/ 

in "Equations 5 and 6" is the same. This is true i f the y ie ld and 
quality of the gas phase products which are present in the reactor 
remain constant with respect to time in both modes of operation of 
the reactor as shown in Figure 2. With this hypothesis, we have: 

(7) 

and 

(8) 
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hence 

Ρ 
τ 

(9) 

"Equation 9" can be calculated using the data available in 
Figure 2. The average gas pressure in the reactor during steady 
state operation was 1.6 kPa. The rate of pressure bui l t up in the 
closed reactor was determined to be approximately 150 kPa h" 1 . As a 
result , the average residence time of the gas and vapour phase in 
the reactor was found to be about 40 s. 

Heat Requirement for the Pyrolysis Reaction. Another engineering 
parameter to be considered when designing a f u l l scale pyrolysis 
plant is the amount of energy required for the pyrolysis of each 
mass unit of wood fed to the reactor. Such value has been 
empirically determined using the P.D.U. described in this paper, and 
the detailed procedure has been published elsewhere (.9 ). The 
determination was based on the difference of e lec tr ic energy 
consumed before of after wood was fed to the reactor (heat loss to 
the atmosphere), and that of the e lec tr ic energy required for 
maintaining the multiple-hearth furnace at predetermined set-point 
temperature with wood chips flowing through the reactor. 

The amount of heat required to decompose wood ( A H r ) w i l l depend 
on the operating conditions used and the degree of conversion that 
has been reached. Under usual carbonization conditions, overall the 
reaction is known to be exothermic. Under vacuum pressure 
conditions, overall the reaction is s l ight ly endothermic as 
i l lus trated in Table V of the paper. It can be concluded that some 
of the secondary reactions (e.g. thermal and catalyt ic cracking, 
repolymerization, recondensation, oxidation and reduction reactions) 
which occur under the higher pressure conditions are exothermic and 
hence contribute to the overall exothermicity of such reactions. In 
Table V, A H r for run C019 at 11 kPa is less endothermic than A H r for 
reactions C023, C024 and C025 which have been conducted at a similar 
temperature but under a s ignif icant ly lower pressure. 

Several D.T.A. studies suggest that the i n i t i a l stage of 
thermal decomposition of wood is endothermic. As a consequence, i t 
is expected that A H r w i l l vary with the degree of conversion of wood 
during pyrolysis . In Table V, the results for the A H r calculations 
have been alternatively reported on the percentage of wood converted 
basis, as well as on an as-received anhydrous wood basis. Conver­
sion is defined as: 

In Table V, the maximum conversion which has been reached is 
s imilar for the four reported experiments. It can be concluded that 
the heat required for vacuum pyrolysis of aspen wood between 1.3 and 
3.9 kPa is about 733 kJ kg"1 of organic wood converted. Overall , 
the reaction is s l ight ly endothermic. 

Amount of b ioo i l + pyrolytic water + gas 
Amount of i n i t i a l feedstock (org. basis) 
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Heat Required for Cooling of the Vapors Products. The amount of 
heat removed when cooling the organic vapor products at the primary 
condensing stage was also experimentally determined (see Figure 1). 
The heat exchange ( Q w ) between the cooling medium (water) and the 
hot vapor products was calculated using the "Equation 10". 

Qw = mCp ( T w , i n - T w , o u t ) (10) 

where m is the water flowrate, C P is the heat capacity for water and 
T w , i n and T w , o u t i s the water temperature at the inlet and the 
outlet of the heat exchanger, respectively. Taking into account the 
heat loss to the atmosphere, the overall heat exchanged for cooling 
of the gas and vapor product to 50°C was found to be 469 kJ kg"1 of 
a ir -dry wood. 

The experimental set-up simultaneously enabled the calculation 
of the overall heat-transfer coefficient U for the heat exchangers. 
The data were used in "Equation 11". 

Qw = UA ( A T ) i n (11) 

where A is the heat transfer area and ( A T ) i n i s the temperature 
driving force. It was found that the U values varied betwen 8 and 
15 W.m" 2 . °C" 1 according to the position of the heat exchanger 
attached to the multiple-hearth furnace (9). 

Determination of the Standard Heat of Reaction. The equipment used 
also enabled us to determine the standard heat of reaction for 
pyrolysis of a ir-dry wood chips. For matter of convenience the 
standard state for wood considered as "a pure substance" was 323 Κ 
(50°C) and 1.6 kPa. The standard heat of reaction was calculated 
using the "Equation 12": 

Δ Η ° 3 2 3 = A H ° t - Δ Η ° Γ - Δ Η ° Ρ (12) 

where Δ Η ° Γ i s the total enthalpy change for the reactants from 
temperature Τ to 323 Κ 

ΔΗ 0 ρ i s the total enthalpy change for the products from 
323 Κ to temperature Τ 

A H ° t i s the enthalpy change for the three-step process 
including the enthalpy change during the isothermal 
reaction at 323 K. 

Figure 3 i l lustrates how each term in "Equation 12" was 
empirically determined during run C023. Δ H ° r a n d Δ H 0 p in 
"Equation 12" were calculated using an average heat capacity of 
2 J . f 1 , ^ 1 for wood and 1 J . g - l . K - 1 for wood charcoal . The value 
for ΔΗ°323 in "Equation 12" was found to be 92 kJ kg"1 of a ir -dry 
wood which confirms that the reaction is s l ight ly endothermic. 
Although this value has l imit ing pract ical use, i t should be viewed 
as an attempt to improve our theoretical knowledge of thermodynamics 
of wood pyrolysis . 
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28 PYROLYSIS OILS FROM BIOMASS 

Time (h) 

Figure 2. Variation of Reactor Pressure as a function of time 

AIR-DRY WOOD (5,9% moisture) 
1 25»C , 1000 g 

SENSIBLE HEAT HEAT REMOVED HEAT REMOVED 

NON CONDENSABLE GAS 
ÊECONDARYX UNKNOWN T, 103 g 
CONDENSING) 

STAGE 

SENSIBLE HEAT · 
19 kcal ; AQUEOUS PHASE 

UNKNOWN T, 448 g 

CHARCOAL 
50*C , 200 g 

Figure 3. Mass and Energy balance around the Reactor 
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Calculation of the Thermal Efficiency of the Multiple - Hearth 
Reactor. The thermal efficiency of the system defined as the ratio 
of useful energy provided by the vacuum pyrolysis reactor, to the 
energy supplied to i t during a specif ic run, has been calculated for 
experiment C023. The c a l o r i f i c values of the end-products 
represented the following percentages of the heating value of the 
i n i t i a l feedstock: wood charcoal 36*, wood o i l 41* and gas, 5*. 
Using these data together with values from Figure 3 enabled us to 
determine that the thermal efficiency was 82*. For this calculation 
i t was assumed that the e lec tr ic energy required for the mechanical 
pump was negligible and that the reactor was perfectly insulated. 

Heat Transfer Phenomena in the Reactor. In the pyrolysis reactor, 
heat can be transferred by conduction, by radiation and by 
convection. Heat transfer by convection is negligible due to the 
low pressure conditions in the reactor. In principle , both 
conduction and radiation can play a significant role during 
pyrolysis . An overall heat-transfer coefficient of 25 W . m - 2 . 0 C ~ 1 

was found in a previous study where the multiple hearth furnace was 
viewed as a heat exchanger. One weakness of this heat transfer 
model by conduction is that phase changes occur during the thermal 
decomposition of wood and this might lead to inaccurate conclusions. 

A more recent study of the heat fluxes inside the reactor as 
well as a comparison of the theoretical data predicted by a 
radiation heat transfer model showed that radiation is the main mode 
of heat transfer in the multiple hearth reactor configuration used 
(10). 

Conclusions 

A multiple-hearth reactor has been successfully tested for the 
production of high yields of l iquid fuels and chemicals. The 
reactor enabled the separation and recovery of water on the one hand 
and o i l fractions or the other hand. Biooi l yields reached about 
50* by weight of the a ir -dry feedstock. Both the o i l and charcoal 
have a higher c a l o r i f i c value than the raw wood feedstock. 

Heat required for the pyrolysis of wood is s l ight ly endothermic 
and was determined to be 733 kJ k g - 1 of organic wood converted. The 
standard heat of reaction at 323 Κ and 1.6 kPa was found to be 
approximately 92 kJ kg"1 of a ir -dry wood. The thermal efficiency of 
the process is high at 82*. The mean residence time of the gas and 
vapour phase product in the reactor was empirically found to be 
about 40 s. Heat is mainly transferred by radiation in the type of 
reactor used. 
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Chapter 4 

Production of Primary Pyrolysis Oils 
in a Vortex Reactor 

James Diebold and John Scahill 

Chemical Conversion Research Branch, Solar Energy Research Institute, 
1617 Cole Boulevard, Golden, CO 80401 

A vortex tube has certain advantages as a chemical 
reactor, especially if the reactions are endothermic, 
the reaction pathways are temperature dependent, and 
the products are temperature sensitive. With low 
temperature differences, the vortex reactor can 
transmit enormous heat fluxes to a process stream 
containing entrained solids. This reactor is ideally 
suited for the production of pyrolysis oils from 
biomass at low pressures and residence times to produce 
about 10 wt % char, 13% water, 7% gas, and 70% 
oxygenated primary oil vapors based on mass balances. 
This product distribution was verified by carbon, 
hydrogen, and oxygen elemental balances. The oil 
production appears to form by fragmenting all of the 
major constituents of the biomass. 

The pyrolysis of biomass follows a complex set of different 
chemical pathways, which have thus far not been well 
established. However, several global pathways have been 
established, which explain most of the observed phenomena. As 
shown in Figure 1, the f i r s t reaction in fast pyrolysis of biomass 
is the depolymerization of the 1 ignocellulose macropolymers to 
form viscous primary oi l precursors. These precursors are formed 
with almost no by-products, and consequently their elemental 
composition is very similar to the original biomass. With low 
heating rates, much of the primary oi l precursors can repolymerize 
to thermally stable polymers through the elimination of mostly 
water to eventually form the material known as char. Evidence for 
a l iquid or plastic phase intermediate in the formation of char is 
the physical shrinkage of the macrodimensions of wood, which takes 
place during charring {!) in a manner analogous to heat shrinkable 
polyethylene tubing. If the heating of the biomass proceeds very 
quickly to temperatures above 450"C, most of the primary oi l 

0097-6156/88/0376-0031$06.00/0 
c 1988 American Chemical Society 
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32 PYROLYSIS OILS FROM BIOMASS 

precursors can crack and vaporize before they form char. In the 
vapor state, the primary oi l molecules are quite di lute, which 
slows possible second-order polymerization reactions. This 
dilution allows any unstable primary oil vapors to be converted by 
f i rst -order reactions to more stable compounds, which can be 
collected from a reactor designed to have a short gaseous 
residence time followed by rapid quenching. Thermal s t a b i l i t y is 
relative, however, and these stabil ized primary oil vapors readily 
crack to gases following a global f i rst -order reaction (2_). The 
cracking of the primary oi l vapors proceeds with a 10% loss in 
36 ms at 700°C and extrapolated 10% losses in 6 ms at 900°C and 
591 ms at 5 0 0 ° C . 

Pyrolysis Reactor Design Considerations 

Obviously, the lower the temperature of the primary vapors in the 
reactor, the greater the yield of primary vapors which can survive 
passing through the reactor to the quench zone. Minimizing the 
time required to travel from the vapor formation zone in the re­
actor to a lower temperature quench zone also helps to maximize 
the primary oi l vapor y i e l d s . The ideal reactor would thus 
provide large heat fluxes preferentially to the pyrolyzing biomass 
p a r t i c l e , while not overheating the surface of the particle to 
cause cracking of the primary vapors to gases as the vapors escape 
the surface of the p a r t i c l e . The ideal reactor would allow the 
vapors to be immediately swept away by a cooler carrier gas stream 
out of the reactor to a cold quench zone in order to preserve as 
much of the vapors as possible. The residence time of the biomass 
particles in the ideal reactor must be long enough to ensure 
complete pyrolysis, but the accumulation of dead char in the 
reactor is undesirable. It would also be advantageous i f the 
reactor could selectively remove dead char and recycle part ial ly 
pyrolyzed part ic les. 

The use of thermal radiation for fast pyrolysis has been ex­
plored, as this approach preferentially heats the solid with 
potentially high heat fluxes. However, heating the particle with 
a high temperature heat source can drive the surface temperature 
of the particle too high and some cracking of the vapors to gases 
would be expected. The use of hot flue gases or hot solids as a 
heat transfer medium usually requires that they be at very high 
temperatures to lessen the amount of the medium which must be 
generated or recycled; flue gases or hot sand at 900° to 1000°C 
have been used for fast pyrolysis, but tend to produce higher 
yields of noncondensible gases from cracking the primary pyrolysis 
oil vapors to gases as described above. Conversely, the use of 
gases or solids at lower temperatures for the heat source requires 
that much more of them be used, which increases the process energy 
required. Large amounts of gases dilute the process stream and 
promote the loss of volati le organics in the gas stream from the 
condensation part of the system. The ideal reactor for the fast 
pyrolysis of biomass to primary oi ls would achieve high heat 
transfer rates through the use of a mechanism which has an 
inherently high heat-transfer coeff icient, rather than through the 
use of a high-temperature source. Such a heat transfer mechanism 
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4. DIEBOLD & SCAHILL Production of Primary Pyrolysis OUs 33 

is attained by the conduction of heat from a moderately hot 
reactor wall directly to the biomass p a r t i c l e . 

It can be readily demonstrated that when a stainless steel 
wire at 500° to 900°C is contacted with a monolithic piece of bio­
mass, the biomass surface is ablatively pyrolyzed and converted to 
liquids and vapors, which allow passage of the wire through the 
biomass. If the stored energy in the wire is transferred to the 
biomass by sl iding the wire across the biomass, pyrolysis rates 
over 3 cm/sec are observed (3). This method of heat transfer has 
been studied by pushing a wooden rod into a heated, stainless 
steel disk, and the pyrolysis rate has been found to be 
proportional to the pressure exerted and to the temperature 
difference, where the biomass surface was calculated to be 
pyrolyzing at 4 6 6 ° C . Heat transfer coefficients as high as 
8 W/cnr Κ were reported, which is over 300 times higher than 
thermal radiation from a wall at 900°C having an emissivity of one 

( ! ) · 

Although a reactor can be designed to push wooden rods into a 
hot surface for research purposes (4-5), most practical biomass 
feedstocks are expected to be in the form of sawdust or chips. A 
modified entrained-bed reactor was selected in which the entrained 
particles enter the reactor tangentially so that centrifugal 
forces push the feedstock particles onto the externally heated 
cyl indrical wall. Drag forces induced on the particle by the 
entraining gas stream serve to keep the particles moving on the 
wall . Since the particles are on or very nearly on the wall, they 
tend to intercept preferentially the heat, which is conducted 
through the reactor wall. With nonreacting solid particles in a 
heat exchanger made from a cyclone separator, the total heat 
transferred to the process stream was relatively independent of 
the solids' content at carr ier - to-sol ids (C/S) mass ratios as low 
as one, whereas with more sol ids, the heat transferred increased 
dramatically. The temperature rise in the gas stream was as 
l i t t l e as half of that seen in the solids at these low C/S 
ratios. The heat transfer coefficient from the wall to a sol ids-
free gas was found to follow traditional convective heat transfer 
relationships, but to be 1.8 times higher in the cyclone than in a 
straight tube for the same entering tube diameter and entering gas 
velocities (_6). A reported property of a cyclone is that above an 
entering Reynold's number of 3000, the cyclone has plug flow 
(_7). The cyclone is an interesting reactor concept for the 
pyrolysis of biomass, as reported in the l iterature (7-8). 
However, the reactor of interest in this paper is a vortex tube, 
which has many s i m i l a r i t i e s to a cyclone separator. 

Vortex Reactor Considerations 

The vortex tube of interest has a tangential entrance into one end 
of a cyclindrical tube and an axial exit at the other end of the 
tube. Research into the aerodynamics of the vortex tube revealed 
that the pitch of the vortex near the cyl indrical wall was about 
1.2 times the diameter of the vortex tube. This results in a 
coarse helical path of the gases near the wall, as measured by 
Pi tot tubes (9-10). This coarse helical path on the wall also 
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34 PYROLYSIS OILS FROM BIOMASS 

exists for the cyl indrical part of the more conventional cyclone 
separator (11). The effect of the coarse, gaseous path is that 
entrained sol ids, which are centrifuged to the wall, follow the 
same coarse path through the reactor. This has two deleterious 
effects: only a narrow path of the cyl indrical wall would be used 
for heat transfer; and the residence time of the solid particles 
is only a fraction of what i t would be with a tighter helical 
path. 

The vortex tube reactor which we developed is shown in 
Figure 2 and is about 14 cm in diameter and 69 cm in length. It 
has some unique features, which were found necessary to achieve 
the desired reactor performance in the fast pyrolysis of 
biomass. The carrier gas is usually steam between 500 and 1000 
kPa, depending upon the desired flow rate, and passes through a 
supersonic nozzle. Biomass in the form of minus 3-mm sawdust is 
metered into, and is entrained by, the supersonic carrier gas 
stream. Cold-flow studies in a clear plastic model with 4000-
frames-per-second movie coverage established that this entrainment 
method results in rapid acceleration of the sawdust particles to 
velocities over 125 m/s. The cold-flow studies also verified that 
the entrained particles were following the reported coarse path of 
the gas flow near the wall. This coarse helical path appeared to 
be independent of the entrance angle, the entrance duct shape, and 
the flow rate of the carrier gas (13). The pitch angle of the 
solids flow in the conical section of a conventional cyclone was 
observed to be about one-fifth that in the cyclindrical section 
(11), but the cyl indrical vortex tube has more heat-transfer 
surface area per unit length. To force the entrained particles 
into a tight helical path, the 316 SS cyl indrical vortex tube wall 
was machined to leave a 3-mm high and 3-mm wide raised helical 
r i b . High-speed movies taken through a clear plastic bulkhead 
with cold-flow verified that the raised rib forced the solids to 
take the desired tight helical path (14). A tracer gas ex­
periment, following the progress of propane pyrolysis, verif ied 
that this reactor design was essentially plug flow, with the inner 
vortices contributing a very small amount of internal recycling 
(15). 

Vortex Reactor Operation 

Init ial operation with this vortex tube as a reactor for the fast 
pyrolysis of biomass was with heating the reactor wall to r e l a ­
t ively high temperatures of 800°C or so. At that time, the goal 
was to crack the primary vapors to gases, rather than the preser­
vation of the primary o i l s . Under these conditions, the sawdust 
had ample time to pyrolyze, as well as the char having time to 
p a r t i a l l y gasify to produce char yields of only about 5%. 
However, as the vortex reactor wall became hotter, the tendency 
increased to accumulate a layer of secondary tar and char on the 
wall. By reducing the wall temperature to 6 2 5 ° C , the buildup of 
an insulating char-tar layer became negligible, but the rate of 
pyrolysis of the sawdust particles was so low that about 30% of 
the feed could be recovered in the char cyclone as scorched 
feed. A tangential exit was then added to the vortex tube reactor 
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4. DIEBOLD & SCAHILL Production ofPrimary Pyrolysis Oik 35 

M A C R O P O L Y M E R I C O L I G O M E R I C MONOMERIC SECONDARY 

B I O M A S S S O L I D S L I Q U I D S PRIMARY VAPORS *~ G A S E S 

MACROPOLYMER 

CHAR S O L I D S + H 2 ° + COx 

Figure 1. Global Reactions in Fast Pyrolysis 

Biomass 
chips 

-50/ym char 

Figure 2. Vortex Reactor Schematic. (Reproduced with permission 
from ref. 19. Copyright 1985 Solar Energy Research Institute.) 
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36 PYROLYSIS OILS FROM BIOMASS 

to allow the unreacted feed and large char particles to be 
recycled to the entrance of the reactor as shown in Fig 2. The 
carrier gas nozzle acts as an ejector to create the pressure 
dif ferential to drive the recycle loop. The recycle stream blows 
the sawdust off the feeder screws to positively entrain the feed 
to the carrier gas ejector. 

The temperature at the exit of the insulated, but unheated, 
recycle loop is typical ly 400° to 4 5 0 ° C . The carrier gas is pre­
heated to between 600° and 700°C prior to expansion through the 
ejector nozzle. With these conditions, the temperature of the 
pyrolysis stream is 480° to 5 2 0 ° C , as i t exits the vortex reactor 
system. About 10% of the feed is converted to char, which is re­
cycled with the scorched feed until i t is attrited to less than 
50 micrometers in size. The vortex reactor system acts as a par­
t i c l e size c l a s s i f i e r , with the char fines being entrained out of 
the vortex system to be removed by a cyclone separator having a 
higher collection eff iciency. The fine char has a volati le 
content of 15% to 20% and burns readily, especially when hot. The 
bulk density of the fine char is between 0.18 and 0.24 g/mL, 
depending upon whether i t was freshly poured or has been allowed 
to settle (the bulk density of the sawdust feedstock was 
0.24 g/mL). The empirical formula for this volati le char is 
C H Q . 5 3 ° 0 12» a n d η h a s a heating value (HHV) of 33 kJ/g 
(141000 6tu/lb). A microscopic examination of the char fines 
shows that the particles have the appearance of broken thin-walled 
tubes; i . e . , charred and broken cell walls. Although the reactor 
has not been optimized to maximum throughout, sawdust feeding rate 
of 22 kg/hr have resulted in good operation with a steam-to-
biomass ratio of 1.0 (Run 93). 

As noted above, the primary vapors are cracking s ignif icantly 
even at 500°C and a residence time of half a second. If the re­
cycle loop of the vortex reactor is removed, the y ield of 
permanent gases is about 4%, based on the reacted feed. The 
i n i t i a l gases, which are formed under these conditions, are 
extraordinarily rich in carbon dioxide and are associated with the 
formation of char. With the recycle loop open, some of the 
primary pyrolysis vapors are recycled along with the carrier gas, 
unreacted sol ids, and large char. The additional time, which the 
recycled primary vapors spend in the vortex reactor leads to a 
small loss in the yield of primary vapors and a higher y ield of 
noncondensible gases of about 7% to 12%. The composition of the 
gases shifts considerably from the i n i t i a l gases formed to that 
associated with a small loss of primary vapors. An even greater 
shift in the gas composition occurs with more extensive cracking 
of the primary vapors to produce an assymptotic gas composition as 
the primary vapors near extinction, which is low in carbon 
dioxide, as shown in Table I. 

The experimental determination of the feed consumed, the char 
y i e l d , and the noncondensible gas yields are relatively straight­
forward. However, the primary vapor and water yields have proven 
d i f f i c u l t to measure directly due to the formation of aerosols. 
These aerosols escape high-pressure sprays, cyclonic separators, 
and impingement or inert ial collection techniques. The use of 
condensible steam as the carrier gas makes the water yield very 
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4. DIEBOLD & SCAHILL Production of Primary Pyrolysis Oils 37 

sensitive to small measurement errors in the steam carrier gas 
flow. The use of noncondensible gases as the carrier tends to 
strip the volati le organics and the water of pyrolysis from the 
condensate. These considerations have led to the use of a noncon­
densible carrier gas, nitrogen, and to the determination of the 
water formed during pyrolysis and the primary oi l y ield by d i f f e ­
rence. By analyzing the recovered condensate for water, the y ield 
of water may be determined. These techniques led to the con­
clusion that yields of about 70% primary vapors were achieved, 
based on taking the difference between the sawdust fed and the 
measured gas flow and char col lected, correcting for the water 
content of the condensates. After elemental compositions were 
obtained for the feed and the collected products, an elemental 
balance was computed which verified the high primary vapor yields 
of 69 to 77 wt %, as shown in Table II, based on the yield of 
recovered char (2_). However, our best recovery of dry oi ls has 
been 55 wt % of the dry feed with a 94% mass closure, when 
operating the system with 9 kg dry feed per hour and a nitrogen 
carr ier gas flow rate of 20 kg per hour. 

The primary pyrolysis o i l s , which have been recovered from 
the vortex reactor, are highly oxygenated and have nearly the same 
elemental composition as the biomass feedstock. The oi ls have a 
dark brown color and are acidic with a pH between two and three. 
The heating value (HHV) of the dry oi ls is 20 to 22 kJ/g (8700 to 
9500 Btu/lb). The oi ls can absorb up to about 25% water before 
forming two phases. The viscosity of the o i l s was 1300 cp at 
3 0 ° C , and the density was 1.3 g/mL (16). Although the primary 
vapors have a low molecular weight as determined by the FJMBMS 
(17), they rapidly polymerize upon physical condensation to form 
high-molecular-weight compounds in the oi ls (18). Attempts to 
slowly d i s t i l l the oi ls led to the rapid polymerization of the 
oi ls boiling above 100°C Q 6 ) . The oi ls have significant chemical 
a c t i v i t y , which suggests their potential use in low-cost 
adhesives, coatings, and p l a s t i c s . 

Scale-up Potential 

The concept of supplying heat through the wall of a vortex reactor 
to drive endothermic processes is in its early development. The 
scale-up potential of this concept depends upon the angular 
momentum of the swirling carrier gases to keep the entrained feed 
particles moving on the wall. The heat flux delivered to tubular 
pyrolysis reactors typically ranges between 5 and 15 W/cnr (20,000 
to 50,000 Btu/hr-ft 2 ). Reported data for vortex tubes indicates 
that with diameters larger than 2.5 cm most of the angular 
momentum is retained even after traveling a tube length equivalent 
to 20 tube diameters. The major momentum losses are due to the 
f r i c t i o n a l contact of the solids and the gases with the vortex-
tube wall. With larger vortex tubes needed for scale-up, the 
angular momentum of the process stream will increase more than the 
f r i c t i o n a l losses. The heat transferred to the reactor will scale 
by the product of the diameter and the length. These consid­
erations have led to calculations which suggest that a vortex 
reactor with a 250 TPD capacity would have a diameter of only 
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38 PYROLYSIS OILS FROM BIOMASS 

Table I. Pyrolysis Gas Composition at Various 
Cracking Severities (mol %) 

Vortex Exit Gases Vortex Exit Severely Cracked 
w/o Recycle Gases w/Recycle Vapor Gases 
(Run 34) (Run 58) (Run 5c 

H 2 3.4 8.3 17.8 
CO 46.2 49.2 52.2 
co2 43.1 27.6 7.5 
CH4 4.6 8.9 12.0 
C 2 H 2 — 0.1 1.1 

1.3 2.4 5.9 
C 2H 6 

0.3 0.7 0.6 
C3 H8 0.1 0.1 — 

C 3
H6 0.4 0.8 0.8 

C 4 H 8 0.3 0.3 0.6 
0.5 1.4 1.4 

wt % y i e l d f4 f6 65% 
of gases 

Source: Reprinted with permission from ref. 12. Copyright 1983 
Solar Energy Research Institute. 

Table II. Elemental Balance for Fast Pyrolysis 
to Primary Vapors 

Feed Τ Primary Vapors + Water + Char 

C H 1 . 4 ° 0 . 6 2 T w CHi.2Oo.49 + X ¥ + Y 

+ Gas 

C H 0 . 5 3 ° 0 . 1 2 + 1 C H 0 . 3 8 ° 1 . 3 3 

Exp. 
Char Yield 

Calculated Product Values, Wt % 
Exp. 

Char Yield Primary Vapors Water Prompt Gas 

7.5 76.8 11.7 4.0 

10.5 73.1 12.8 4.1 

12.7 69.0 14.0 4.3 

Source: Reprinted with permission from ref. 12. Copyright 1983 
Solar Energy Research Institute. 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
30

, 1
98

8 
| d

oi
: 1

0.
10

21
/b

k-
19

88
-0

37
6.

ch
00

4

http://CHi.2Oo.49


4. DIEBOLD & SCAHILL Production of Primary Pyrolysis Oils 39 

about 0.5 m and a length of 9 to 12 m. The fabrication technique 
would most l ikely be by the welding up of a spiral ly wrapped tube 
to form the raised, helical r i b . 

Conclusions 

For the fast pyrolysis of biomass, a vortex reactor has s i g n i f ­
icant advantages for the production of primary pyrolysis vapors, 
including: high heat transfer coefficients which allow the use of 
moderately low temperatures of the vortex reactor walls to supply 
the endothermic heat of pyrolysis; separation of the part ial ly 
pyrolyzed feed particles from the char; the abi l i ty to recycle the 
p a r t i a l l y pyrolyzed feed; the abi l i ty to accept a wide spectrum of 
particle sizes in the feed; short gaseous residence times; and 
preferential heating of the solid feed over the vapor stream to 
preserve the primary vapors. Primary pyrolysis vapor yields in 
the 70% range have been calculated by mass balances and verif ied 
by elemental balances, although physical collection of these 
vapors has proven to be elusive due to the formation of persistent 
aerosols and due to the v o l a t i l i t y of the vapors in the carrier 
gas (methods to recover these vapors more completely with p r a c t i ­
cal means are under development). 
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Chapter 5 

Conditions That Favor Tar Production 
from Pyrolysis of Large, Moist 

Wood Particles 

Marcia Kelbon, Scott Bousman, and Barbara Krieger-Brockett 

Department of Chemical Engineering, BF-10, University of Washington, 
Seattle, WA 98195 

The experiments described in this paper will aid 
in identifying favorable feedstock properties and 
process settings for tar production from large (about 
1 cm) wood particles. Conversion of biomass to 
pyrolytic oils will be greatly facilitated if large, 
undried particles can be used directly as a feedstock. 
The experiments have been conducted using 
well-defined, reactor-independent conditions and the 
results indicate that an optimum moisture content can 
facilitate tar production. The reacted fraction that 
is tar is greater for intermediate moisture contents, 
particle sizes, and heating rates, and the optimum tar 
production conditions for moist feeds change with both 
heating intensity and particle size. 

The economics of making p y r o l y t i c o i l s from biomass w i l l be improved 
i f l a r g e , and perhaps moist, p a r t i c l e s can be used d i r e c t l y as a 
feedstock. This i s a r e s u l t of the high cost of s i z e r e d u c t i o n and 
dr y i n g of f i b r o u s and o f t e n green biomass. Both present and planned 
i n d u s t r i a l biomass c o n v e r t e r s employ l a r g e p a r t i c l e s , u s u a l l y the 
r e a d i l y a v a i l a b l e wood c h i p s , sometimes u s i n g them i n f l u i d i z e d beds 
which are l e s s s e n s i t i v e t o feed s i z e d i s t r i b u t i o n s (1). However, 
the p y r o l y s i s of r e a l i s t i c a l l y s i z e d p a r t i c l e s (about 0.01 χ 0.01 
χ 0.005 m or gr e a t e r ) i s co m p l i c a t e d by non-uniform temperature 
p r o f i l e s w i t h i n t he p a r t i c l e , and the s y n e r g i s t i c e f f e c t s t h a t 
h e a t i n g i n t e n s i t y , p a r t i c l e moisture, and s i z e have i n a l t e r i n g the 
i n t r a p a r t i c l e temperature h i s t o r i e s . 

S e l e c t i v e l y p r o d u c i n g from wood a p a r t i c u l a r p y r o l y s i s 
f r a c t i o n such as t a r , or s p e c i f i c components i n any f r a c t i o n , i s 
d i f f i c u l t . To enhance s e l e c t i v i t y , the m a j o r i t y of s t u d i e s t o date 
have used f i n e l y ground (< 100 mm diameter) wood samples i n which 
heat t r a n s f e r r a t e s are r a p i d enough t o cause a uniform p a r t i c l e 
temperature, and mass t r a n s f e r i s f a s t enough t o minimize secondary 
r e a c t i o n s . For these powders, p y r o l y s i s w i t h a high h e a t i n g r a t e t o 
moderately high temperatures g e n e r a l l y favors t a r formation, i f the 

0097-6156/88/0376-0041$06.00/0 
β 1988 American Chemical Society 
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42 PYROLYSIS OILS FROM BIOMASS 

t a r can be q u i c k l y removed from the r e a c t i o n zone. However, i n wood 
ch i p p y r o l y s i s , the p a r t i c l e i n t e r i o r heats s l o w l y owing t o i t s low 
c o n d u c t i v i t y , and secondary r e a c t i o n s of t a r are s i g n i f i c a n t . As 
yet, the best c o n d i t i o n s f o r t a r formation from c h i p s have not been 
i d e n t i f i e d . 

Since r e a l i s t i c wood feedstocks are heterogeneous, the uniform 
e n t i t y a p p r o p r i a t e f o r fundamental s t u d i e s t o i d e n t i f y improved 
c o n d i t i o n s f o r t a r formation i s the s i n g l e p a r t i c l e . In i t , the 
i n t r a p a r t i c l e c o n d i t i o n s can be measured and r e l a t e d t o process 
c o n d i t i o n s t h a t can be manipulated. In a d d i t i o n , the e f f e c t of heat 
and mass t r a n s f e r r a t e s on r e a c t i o n products can be determined. The 
f i n d i n g s can be r a t i o n a l i z e d t o a l l r e a c t o r s i n which the s t u d i e d 
e x p e r i m e n t a l c o n d i t i o n s p r e v a i l . The i n v e s t i g a t i o n of r e a c t i n g 
s i n g l e p a r t i c l e s has proven extremely s u c c e s s f u l i n the development 
of c a t a l y t i c r e a c t o r s (2) and c o a l p y r o l y s i s (3,4,5). 

One g o a l of t h i s study was t o i n v e s t i g a t e the s y n e r g i s t i c 
i n f l u e n c e of p a r t i c l e s i z e , h e a t i n g i n t e n s i t y , and moisture on 
p a r t i c l e temperature, a dependent v a r i a b l e f o r l a r g e p y r o l y z i n g 
p a r t i c l e s . The e f f e c t of thermal or heat t r a n s f e r p r o p e r t i e s was 
s t u d i e d by m a n i p u l a t i n g t h e d e n s i t y (6) . These m a n i p u l a t e d 
v a r i a b l e s , by determining the temperature p r o f i l e , a l s o determine 
the t a r y i e l d and composition. The 0.005 t o 0.015 m t h i c k p a r t i c l e 
s i z e range was i n v e s t i g a t e d because of i t s p r a c t i c a l importance. 
In a d d i t i o n , Kung (7) demonstrated t h a t t h i s s i z e range spans the 
t r a n s i t i o n from f l a t temperature p r o f i l e s t o steep temperature 
g r a d i e n t s f o r the h e a t i n g i n t e n s i t i e s normally found i n i n d u s t r i a l 
c o n v e r t e r s . One d i m e n s i o n a l (1-D) h e a t i n g has been used 
e x p e r i m e n t a l l y (8,9) and t y p i f i e s t h e type of heat t r a n s f e r 
experienced by most wood chips owing t o the l a r g e aspect r a t i o s they 
u s u a l l y have (10). One dimensional h e a t i n g i n t e n s i t y i s made 
p r e c i s e e x p e r i m e n t a l l y by c o n t r o l l i n g the a p p l i e d heat f l u x at one 
face of a wood c y l i n d e r w i t h i n s u l a t e d s i d e s . The lowest h e a t i n g 
i n t e n s i t y s t u d i e d , 8.4 χ 10~ 4 W/m2 (2 cal/cm 2-s) , b a r e l y chars 
t h i c k samples (or causes s m o l d e r i n g combustion i f oxygen i s 
p r e s e n t ) . The high e s t , 2.5 χ 10~ 3 W/m2 (6 c a l / c m 2 - s ) , i s t y p i c a l i n 
furnaces or high temperature r e a c t o r s designed f o r maximum h e a t i n g 
of p a r t i c l e s . 

Biomass moisture v a r i e s with species and age as w e l l as with 
growing r e g i o n . T y p i c a l moisture contents (dry b a s i s ) found f o r 
feed p i l e s i n the P a c i f i c Northwest range from 10% t o 110%, hence 
the c h o i c e s i n our experiments (11). Simultaneous v a r i a t i o n s i n 
two o r t h r e e o f t h e above e x p e r i m e n t a l c o n d i t i o n s were 
s y s t e m a t i c a l l y i n v e s t i g a t e d u s i n g a Box-Behnken experimental design 
(12) . 

Experimental D e t a i l s 

A p p a r a t u s . A d e s c r i p t i o n and diagram of the s i n g l e p a r t i c l e 
p y r o l y s i s r e a c t o r appears i n Chan, e t a l . (13) but a b r i e f 
p r e s e n t a t i o n i s given f o r completeness. A wood c y l i n d e r was placed 
snugly i n a g l a s s s l e e v e and r e a c t o r assembly. One face of the 
c y l i n d e r was heated by an a r c lamp. I t p r o v i d e d r a d i a t i v e , 
s p a t i a l l y u n i f o r m , 1-D a x i a l h e a t i n g as v e r i f i e d by a b s o l u t e 
c a l i b r a t i o n of the heat f l u x (6,14, 15). The h e a t i n g p e r i o d was the 
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5. KELBONETAL. Tar Production from Pyrolysis ojWoodParticles 43 

same f o r a l l experiments, 12 min, chosen s p e c i f i c a l l y t o be 
s u f f i c i e n t l y short to enable the study of a c t i v e d e v o l a t i l i z a t i o n , 
not c h a r g a s i f i c a t i o n , i n t h e t h i n n e s t wood c y l i n d e r s . 
Thermocouples i n the wood at 2, 4, and 6 mm from the heated face 
measured the temperature. An i n f r a r e d pyrometer, mounted o f f - a x i s 
from the a r c lamp beam f a p p r o x i m a t e l y measured the s u r f a c e 
temperature of the p e l l e t . The design of the g l a s s r e a c t o r and 
b a f f l e allowed the uniform i r r a d i a t i o n but prevented v o l a t i l e s from 
condensing on the window. A la r g e helium c a r r i e r gas flowrate was 
d i r e c t e d past the heated s u r f a c e of the p a r t i c l e . The c a r r i e r 
quenched the v o l a t i l e s and swept them without s i g n i f i c a n t backmixing 
or r e a c t i o n (6 ) to the a n a l y s i s system. The helium pressure on the 
unheated face was s l i g h t l y e l e v a t e d to ensure v o l a t i l e s flow i n the 
p a r t i c l e toward the heated fa c e , which i n t u r n ensured maximum 
v o l a t i l e s r e c o v e r y . I t has been v e r i f i e d (8) t h a t d u r i n g 
d e v o l a t i l i z a t i o n of a la r g e authentic p a r t i c l e s , n e a r l y a l l of the 
v o l a t i l e s flow toward the heated s u r f a c e owing to the decreased 
p o r o s i t y behind the r e a c t i o n f r o n t . A c o l d t r a p (packed with glass 
wool and at -40 C) immediately downstream from the r e a c t o r condensed 
t a r s and water from the v o l a t i l e s . Permanent gases flowed through 
t h i s t r a p without condensation and were sampled near i t s e x i t at 
p r e s e l e c t e d times d u r i n g the experiment u s i n g two automated gas 
sampling v a l v e s . This p r o v i d e d information on e v o l u t i o n r a t e s of 
gaseous p r o d u c t s . A l l v o l a t i l e s were l a t e r a n a l y z e d by gas 
chromatography. 

Sample Pr e p a r a t i o n . The wood p e l l e t s were a l l cut and sanded, with 
great a t t e n t i o n to g r a i n d i r e c t i o n , from uniform sapwood secti o n s of 
the same lodge p o l e p i n e (Pinus contorta) t r e e p r o v i d e d by 
Weyerhauser Co. ( C o r v a l l i s M i l l ) . The c y l i n d e r s were oven-dried 
at 90 C f o r at l e a s t three weeks. Dry p a r t i c l e s used i n some of the 
p y r o l y s e s a t t a i n e d an e q u i l i b r i u m moisture content of about 5% 
durin g handling at the normal l a b o r a t o r y c o n d i t i o n s . Moisture was 
q u a n t i t a t i v e l y added ( f o r some pyrolyses) u s i n g a microsyringe and 
balance, and allowed to come to a uniform d i s t r i b u t i o n as described 
by Kelbon (14). 

Gas A n a l y s i s . Permanent gases, o p e r a t i o n a l l y d e f i n e d as a l l 
components passing through the -40°C c o l d t r a p , were c o l l e c t e d i n 30 
s t a i n l e s s s t e e l sample loops of known volume. Immediately a f t e r the 
experiment, samples were a u t o m a t i c a l l y i n j e c t e d i n t o a Perkin-Elmer 
Sigma 2 Gas Chromatograph using a Supelco 100/120 mesh Carbosieve S 
column 0.5 mm diameter and 1.5 m long. The peaks were i n t e g r a t e d 
and q u a n t i f i e d by a Perkin-Elmer Sigma 15 Chromatography Data 
S t a t i o n . Both a thermal c o n d u c t i v i t y d e t e c t o r and a flame 
i o n i z a t i o n d etector were used as described i n Bousman (15). 

Tar A n a l y s i s . The t a r i s washed from the t r a p and a higher 
molecular weight, but small amount, was washed from the re a c t o r . An 
a l i q u o t of the former was analyzed f o r water and low molecular 
weight compounds by gas chromatography u s i n g a Supelco 80/100 mesh 
Porapak Q column 0.5 mm diameter and 0.5 m long. The remainder from 
the t a r t r a p was t r e a t e d with approximately 2 g of MgS04 t o remove 
water and then f i l t e r e d . A known quantity of p-bromophenol was 
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44 PYROLYSIS OILS FROM BIOMASS 

added to both the trapped sample and reactor washings as an internal 
standard. Each was concentrated using a Kaderna Danish evaporator 
in order to remove THF while minimizing the loss of the other 
compounds. The resulting high molecular weight tar fraction was 
analyzed by gas chromatography using either a J and W Sci e n t i f i c 
DBWAX or Carbowax 20M fused s i l i c a capillary column 0.25 mm ID, 30 m 
long with a Perkin-Elmer sp l i t t i n g injection port. Only major peaks 
which appeared in a l l samples are presented i n this paper as 
composite, chromatogram-like figures. The component identification 
number versus absolute yield is plotted for several conditions. 

Char Analysis. The f r a g i l e char was carefully separated with a 
scalpel from the light color, unreacted portion of the wood pellet, 
and each fraction weighed. A qualitative chemical analysis of some 
char samples was performed using a Fourier Transform Infrared 
Spectrometer (FTIRS) with preparation as described in Bousman (15). 
The surface areas of some chars were also characterized using CO2 
adsorption. 

Experimental Design and Data Analysis. With such lengthy 
experiments and chemical analyses, only a f r a c t i o n of the 
independent variable combinations could be studied. These were 
picked according to a type of incomplete f a c t o r i a l experimental 
design which f a c i l i t a t e s identification of optimum conditions (12). 
The resulting measurements (Table 1) were f i t to empirical models of 
the class given in Equation 1 (12,16) to identify and quantify major 
effects : 

Yk = b0 + ^ b i x i + b^jx^xj, for i< j (1) 
where 
ν^ = k-th product yield of interest, (or other dependent variable) 
X £ , X J = independent variables (process controllables) and 
b Q f b^ and b^j = least square parameter estimates obtained from 
multiple regression. 

The independent variable settings were a l l equally spaced, 
and were scaled to a range between -1 and +1 making them 
dimensionless before f i t t i n g the data as shown in Table 1. In this 
way, the units or range of a studied variable do not contribute to 
the magnitude of the coefficients, the b's in Equation 1 above. The 
i n t r i n s i c importance of a squared term can also be determined by 
this scaling since the second order terms are of the same magnitude 
as the linear terms. The units of the coefficients b are the same 
as the dependent variable, y, and represent changes in i t for a now 
"unit change" in the independent variable from the mean value 
studied. When process controllables such as moisture and particle 
size combine to affect the pyrolysis in a non-additive (synergistic) 
way, as when the last term of Equation 1 i s large, non-linear 
dependence of yields on the process controllables is demonstrated. 
Trend lines in subsequent figures are plots of Equation 1 for 
particular values of the other variables. 
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5. KELBON ETAK Tar Production from Pyrolysis of Wood Particles 45 

R e s u l t s and D i s c u s s i o n 

The range of intraparticle temperatures measured for the pyrolysis 
conditions studied are shown in Figures 1-3. The temperatures 
achieved are consistent with those found in other studies for both 
small (17-19) and large (20) wood particles. Comparing Figure 1 to 
Figure 2 i l l u s t r a t e s the effect of i n i t i a l moisture at 110% and 
10% f respectively, on temperature history. When moisture i s 
present during pyrolysis, the temperature rises to a plateau at 
100°C u n t i l the water has l o c a l l y evaporated, and then more slowly 
attains a somewhat lower ultimate temperature than found in drier 
wood particles at the same conditions (see Figure 2 ) . The duration 
of the 100°C plateau and time to reach ultimate temperature are 
prolonged the greater the i n i t i a l moisture of the particle. The 
surface temperature measurement i n Figs 1 and 2 i s of some 
qualitative value but once volatiles are produced, the infrared 
pyrometer cannot accurately "see" the surface and the measured 
temperature i s a r t i f i c i a l l y low. In Figures 1 and 2, examine the 
r e l a t i v e l y greater temperature difference (~20 0°C) between the 
traces at 2 and 4 mm depth compared to that (~50°C) between 4 and 6 
mm. It i s indicative of the steep temperature gradient experienced 
by the 15 mm thick particle. This i s in contrast to the shallow 
temperature gradients in Figure 3. Presented are the temperatures 
in the very moist, 10 mm thick particle for the highest and lowest 
heating i n t e n s i t i e s studied (8.4 and 25.1 χ 1 0 " 4 W/m2) , 
respectively. For low heating intensities, the temperature gradient 
is slight as suggested by Kung (7), but a l l zones of the particle 
pyrolyze at low temperature. At 25.1 χ 10~ 4 W/m2, the temperature 
of pyrolysis i s high and in the range that favors tar formation, but 
the temperature drops off rapidly with distance from the surface. 
Note that reaction zones near the particle surface experience quite 
high heating rates even for moist particles, which should favor tar 
production early in the devolatilization of a large particle. 

Fractional yields are an important measure of selectivity and 
are useful for downstream separation process considerations. When 
interpreting the f r a c t i o n a l y i e l d data from large p a r t i c l e 
pyrolysis, several points should be kept in mind. The individual 
product yields are expressed as weight fractions of that which 
reacted in the 12 min pyrolysis duration. The fractional yields 
presented here are d i r e c t l y comparable to data from other 
investigators i f in those studies, particles had sufficient time to 
react completely, but not undergo extensive char gasification after 
a l l the volatiles were gone. The fraction of the particle which 
reacts in the fixed pyrolysis time i s given in Table 1. It can be 
seen that the 12 min duration successfully studies the active 
devolatilization period because a l l but 1 of the % reacted values 
are under 100%. A second point is that the reported yields reflect 
the non-uniform temperature histories presented in Figures 1-3. 

The appropriate measure of reproducibility of the experiments 
is the standard deviation for tar yield calculated from 3 replicate 
runs, and these appear at the bottom of Table 1. Their standard 
deviation i s 2%. However, because of the inherent d i f f i c u l t y in 
recovering a l l products, especially tars, the mass balances do not 
always add to 100%. Thus, another measure of uncertainty i s the 
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46 PYROLYSIS OILS FROM BIOMASS 

SECONDS 

Figure 1. Temperature histories at the indicated locations in a 
1.5 cm thick wood particle pyrolyzed with a constant heat flux 
of 1.6E-4 W/m2. I n i t i a l particle moisture was 110% (dry basis). 
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Figure 2. Temperature histories at the indicated locations in a 
1.5 cm thick wood particle pyrolyzed with a constant heat flux 
of 1.6E-4 W/m2. I n i t i a l particle moisture was 10% (dry basis). 
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5. KELBONETAK Tar Production from Pyrolysis ofWood Particles 47 

Table 1 - Experimental Conditions and Pyrolysis Product Yields 

Actual values of independent 
variables: 

Scaled values of independent 
variables: 

moisture 
content 

heat particle 
flux thickness 
W/m^ cm 

M.C. flux thickness 
percent 
reacted 

% 
tar 

% mass 
balance 

110 2. .5E-3 1 1 1 0 73. 3 41. 8 84. .2 
110 8. .4E-4 1 1 -1 0 12. 0 53. ,4 71, .5 
10 2. .5E-3 1 -1 1 0 95. 6 51. ,4 83, .0 
10 8. .4E-4 1 -1 -1 0 7. 1 40. ,6 98, .8 
110 1. .6E-3 1.5 1 0 1 33. 5 60. ,8 85, .0 
110 1, .6E-3 0.5 1 0 -1 78. ,5 63. ,8 61 .6 
10 1, .6E-3 1.5 -1 0 1 35. ,6 62. .6 83 .7 
10 1, .6E-3 0.5 -1 0 -1 97. ,9 64. .4 74 .4 
60 2 .5E-3 1.5 0 1 1 67. ,8 58. .6 79 .5 
60 2 .5E-3 0.5 0 1 -1 100. .0 60. .8 66 .5 
60 8 .4E-4 1.5 0 -1 1 8. .8 66. .4 86 .2 
60 8 .4E-4 0.5 0 -1 -1 16. .2 60. .9 73 .8 

60 1 .6E-3 1 0 0 0 73. .3 59, .0 67 .9 
60 1 .6E-3 1 0 0 0 59. .7 58, .4 83 .7 
60 1 .6E-3 1 0 0 0 59. .3 61, .0 57 .9 

mean of the r e p l i c a t e s 64.1 59 .5 69 .8 
standard d e v i a t i o n of the r e p l i c a t e s 8, .0 1 .4 13 .0 

American Chemical Society 
Library 

1155 16th St., N.W. 
Washington, D.C. 20036 
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48 PYROLYSIS OILS FROM BIOMASS 

discrepancy in the mass balance. For a l l the experiments with 
moisture added, not just the replicated, the average mass balance 
closure was 80%, with a standard deviation of 11%. For another set 
of experiments not presented in Table 1 but shown in Figure 4 for 
dry p a r t i c l e s , the mass balance closes to within 6%. The 
discrepancy was usually assumed to be tar that condensed on the 
system surfaces. 

The synergy, or interaction of particle size and heat flux to 
alter the tar yi e l d can be clearly seen in Figure 4. Presented is 
the weight fraction water-free tar produced from the fixed duration 
pyrolysis of dry wood particles of several thicknesses. The trend 
lines result from regression of a l l the data to Equation 1. Recall 
that the experimental uncertainty as evidenced by the replicate runs 
is about 2%. The data points show runs in which the density was 
changed by a factor of three using compressed sawdust pellets (6). 
It can be seen to have a small effect. If there were no "combined" 
effect of heating intensity and particle thickness, the tar trend 
lines for different particle sizes would be essentially p a r a l l e l . 
However, the reduction in tar for an increase in heating rate, as 
characterized by the slope of the trend lines at any point, 
increases as the p a r t i c l e thickness increases. The thinnest 
particle, 5 mm, produces nearly a constant tar yi e l d between 30 and 
40% when heated over this wide, practical range of intensities. 
The thickest particle pyrolyzed at the lowest heat flux produces 
over 65% tar, and i t decreases to 20% at the maximum heating 
intensity investigated. This is consistent with the extensive tar 
cracking that l i k e l y occurs in the particle surface char where high 
temperatures prevail for severe heating. Note that when heating at 
the intermediate heat flux studied, dry p a r t i c l e s of a l l 
thicknesses y i e l d approximately the same 30%-35% t a r . This 
condition represents a tar yi e l d that is insensitive to particle 
size over this range. 

The temperature p r o f i l e in a dry p a r t i c l e i s affected 
p r i n c i p a l l y by only two process variables, the particle size and 
applied heat flux. Thus, i t can be plotted in a graph such as 
Figure 4. However, when i n i t i a l moisture of the particle i s also 
varied in combination with these variables, the presentation of the 
data must be divided into several graphs, one for each particle 
size, for example. The y i e l d of tar produced from pyrolysis of 
moist wood i s presented in Figure 5 as a function of both i n i t i a l 
moisture content (abcissa) and heating intensity for the thickest 
particle size used in this study, 15 mm. The uncertainty in the 
tar from wet particle pyrolysis i s about 5%. Note that moisture 
causes the optimum tar conditions to occur at 16.7 χ 10~ 4 W/m2, 
rather than the 8.4 χ 10" 4 W/m2 for dry particles (Figure 4), 
consistent with the higher heating intensity required to vaporize 
the water and cause pyrolysis. Overall, the level of tar produced 
i s higher, 50-70%, than for dry wood p a r t i c l e s . It can be 
speculated that the reason for the higher tar yield is a combination 
of a lower average pyrolysis temperature, as well as a reduced 
extent of cracking reactions as the v o l a t i l e s leave the cooler 
particle. Hydrogen i s measurable in the gases, as well. 

The data in Figure 5 are d i f f i c u l t to visualize since tar 
yields depend on more variables than can clearly be presented in a 
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KELBON ET AL. Tar Production from Pyrolysis of Wood Particles 

Figure 3. Temperature histories at the indicated locations in 
1.0 cm thick wood paricle pyrolyzed with two different heat 
fluxes. I n i t i a l particle moisture was 110% (dry basis). 

Figure 4. Weight fraction tar yield for the pyrolysis of dry 
wood particles at varying surface heat fluxes for three 
thicknesses; trend lines are least-square f i t s and symbols are 
some of the experimental data. 
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50 PYROLYSIS OILS FROM BIOMASS 
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Figure 5. Measured weight f r a c t i o n t a r produced from a 1.5 cm 
t h i c k wood p a r t i c l e as a f u n c t i o n of moisture content f o r 3 
d i f f e r e n t heating r a t e s . 
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5. KELBONETAL. Tar Production from Pyrolysis of Wood Particles 51 

two dimensional p l o t . Another way t o v i s u a l i z e t h i s dependence 
uses contours of constant t a r production p r e d i c t e d by the r e g r e s s i o n 
of a l l the t a r y i e l d d a ta from the experiments where i n i t i a l 
m o isture was v a r i e d . F i g u r e 6 (a-c) shows how p a r t i c l e s i z e and 
h e a t i n g r a t e a f f e c t t a r y i e l d at each of the three i n i t i a l moisture 
l e v e l s t h a t were s t u d i e d . Each contour i s a 1% change i n t a r y i e l d , 
and r e c a l l t h a t the experimental u n c e r t a i n t y i s estimated at 2% from 
r e p l i c a t e s . Thus, the nature of the contours are not p r e c i s e l y 
known, but the graph serves t o i l l u s t r a t e the c o m p l i c a t e d behavior 
of optimum y i e l d s . Note by the magnitudes on each contour l i n e , 
t h a t the t a r y i e l d i n c r e a s e s from a "saddle p o i n t " f o r both l a r g e r 
and s m a l l e r p a r t i c l e t h i c k n e s s e s , but decreases from the "saddle" 
f o r l a r g e and s m a l l e r h e a t i n g r a t e s . Note the p o s i t i o n of the 
saddle moves to lower heat f l u x e s f o r higher i n i t i a l moisture of the 
p a r t i c l e s being p y r o l y z e d . The highest t a r y i e l d s observed approach 
70% f o r the s m a l l e s t and l a r g e s t p a r t i c l e s s t u d i e d . 

In F i g u r e 7, a composition p r o f i l e of some components of both 
the t a r and gas f r a c t i o n i s presented f o r p y r o l y s i s of a 1 cm t h i c k , 
moist p a r t i c l e . Changes i n t h i s p r o f i l e simply h i g h l i g h t changes 
i n p roduct c o m p o s i t i o n as process c o n d i t i o n s change, which i s 
i m p o r t a n t i n f o r m a t i o n f o r the d e s i g n of downstream s e p a r a t i o n 
o p e r a t i o n s . For d i f f e r e n t c o n d i t i o n s t h a t manipulate the p a r t i c l e 
t emperature h i s t o r y a f t e r the f a s h i o n shown i n F i g u r e s 1-3, 
d i f f e r e n t amounts of the p a r t i c l e react as can be v e r i f i e d i n Table 
1. I f the amount r e a c t e d i s normalized t o represent 100%, the 
o r d i n a t e i s the weight f r a c t i o n of each component i n the o f f g a s . 
Thus a l l components p l o t t e d are each l e s s than 2% of the moist wood 
p a r t i c l e p y r o l y s i s products. The e r r o r as estimated from r e p l i c a t e 
d eterminations i s about ±0.5% a b s o l u t e , or 25% r e l a t i v e p r e c i s i o n . 
The high molecular weight species composition appears t o vary l i t t l e 
as p a r t i c l e temperature i s manipulated by changing both moisture and 
h e a t i n g i n t e n s i t y of the p y r o l y s i s . However, the low m o l e c u l a r 
weight t a r compounds are i n g r e a t e r c o n c e n t r a t i o n f o r m i l d i n t e n s i t y 
h e a t i n g (8.4 χ 10~ 4 W/m2) than f o r severe h e a t i n g which appears t o 
f a v o r the hydrocarbon gases and hydrogen. Although the composition 
d i f f e r e n c e s are n e a r l y w i t h i n the e x p e r i m e n t a l e r r o r , m o i s t u r e 
appears t o s l i g h t l y enhance the p r o d u c t i o n of methanol and a c e t i c 
a c i d f o r these experiments (1 cm p a r t i c l e ) . 

Conclusions 

Data has been presented which suggests t h a t moisture can enhance the 
p r o d u c t i o n of t a r from the p y r o l y s i s of l a r g e wood p a r t i c l e s u s i n g 
c o n d i t i o n s t h a t occur i n a l a r g e s c a l e r e a c t o r where the heat f l u x a 
p a r t i c l e e x p e r i e n c e s i s q u i t e c o n s t a n t . The most f a v o r a b l e 
c o n d i t i o n s r e s u l t i n about 70% of the reacted biomass becoming t a r . 
I f one assumes t h a t the mass balance discrepancy r e s u l t s from t a r 
condensing on r e a c t o r s u r f a c e s , t h i s i s a c o n s e r v a t i v e estimate. 
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Symbol Key 

4110% Initial moisture, heated at 2 cal/cm2-s 
010% initial moisture, heated at 2 cal/cm2-s 
• 110% Initial moisture, heated at 6 cal/cm2-s 
Δ 1 0 % initial moisture, heated at 6 cal/cm2-s 

F i g u r e 7. Tar product composition p r o f i l e f o r 1. cm t h i c k 
p a r t i c l e s w i t h two d i f f e r e n t i n i t i a l moisture contents, heated at 
two d i f f e r e n t h e a t i n g r a t e s . 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
30

, 1
98

8 
| d

oi
: 1

0.
10

21
/b

k-
19

88
-0

37
6.

ch
00

5



54 PYROLYSIS OILS FROM BIOMASS 
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Chapter 6 

Relation of Reaction Time and Temperature 
to Chemical Composition of Pyrolysis Oils 

Douglas C. Elliott 

Pacific Northwest Laboratory1, P. O. Box 999, Richland, WA 99352 

Biomass pyrolysis tars have widely varying chemical com­
positions. As a result of this variation, the physical 
properties of the tars also vary over a wide range. For 
short-residence-time processing there is a direct cor­
relation between chemical composition and operating tem­
perature. As the temperature increases the oxygen con­
tent decreases and the hydrogen to carbon ratio 
decreases. Biological activity, as measured by mutagenic 
and tumor-initiating activity, also correlates with tem­
perature. The activity appears only in the high­
-temperature tars which contain high levels of polycyclic 
aromatic hydrocarbons. The effect of pressure and res­
idence time on pyrolysis tar yield and quality is also 
shown. The addition of reducing gas and catalysts to the 
pressurized system results in product improvements which 
make comparisons to pyrolysis less straightforward. 

The recognition of the production of tars by pyrolysis of wood dates 
to ancient times (1). The composition of these complex mixtures was 
studied over the years and many components were identif ied (2). 
Unti l the last several decades the results reported in the l i t e r a ­
ture accurately portrayed the composition of wood pyrolyzate tar 
since essentially a l l of such tars were byproducts of charcoal pro­
duction, a slow process operated at temperatures limited to less 
than 500°C. As the processing technology has developed during this 
century, the processing environment has moved to higher temperatures 
and shorter residence times in attempts to optimize product d i s t r i ­
bution to either l iquid or gas products and minimize sol id char 
production. As processes developed to minimize tar production (as 
for gasification) or maximize tar production (as for l iquefaction), 
the variation in the tar composition has not always been recognized. 

As a result of the study of biomass pyrolysis tar composition 
which has occurred over the past decade, i t is now obvious that a l l 
biomass tars are not the same 03). When considering the tar product 

1Operated by Battelle Memorial Institute for the U.S. Department of Energy under Contract 
DE-AC06-76RLO-1830. 

0097-6156/88/0376-0055$06.00/0 
c 1988 American Chemical Society 
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56 PYROLYSIS OILS FROM BIOMASS 

of a given biomass conversion process i t is not enough to deal only 
with the quantity of tar but the quality of the tar must also be 
considered. It is apparent that further processing, either chemi­
cally or biologically, of the tar as a byproduct or as the major 
product w i l l be entirely dependent on the tar formation conditions 
which determine the tar composition. 

Early recognition of the changes in tar composition as a result 
of pyrolytic processes was reported by Diebold in 1980 (4). The 
pyrolysis pathways reported (see Figure 1) depict the conversion of 
primary pyrolysis tars to two types of secondary tar. The "second­
ary tar" from Figure 1 i s the high-pressure liquefaction product 
which has been widely studied. The other secondary tar is the 
"Vapor Phase Derived Tar." This material is also suggested as being 
favored at high pressure with further reaction at high pressure 
leading to carbon black. However, neither of these secondary tar 
formation pathways addresses the change in tar composition as i t is 
held at high temperatures without high pressure. Only transient 
oxygenated fragments and gases are produced from primary tar at low 
pressure and high temperature according to these reaction pathways. 

A somewhat more complete series of pyrolysis pathways was 
presented recently by Evans & Milne (_5). In this series of reac­
tions (see Figure 2) biomass is pyrolyzed at low pressure to primary 
o i l which is further converted sequentially to oxygenates, 
aromatics, polycyclic aromatics and, eventually, soot. This series 
correlates well with the progression of chemicals earlier identified 
by this author (6) which is repeated below. 

Mixed ^ Phenolic ^ Alkyl ^ Heterocyclic ^ Λ Larger 
Oxygenates • Ethers • Phenolics ψ Ethers Ψ PAH • PAH 

400°C 500°C 600°C 700°C 800°C 900°C 

These chemical groups are representative of the type of components 
found in condensate produced by short-residence-time processing of 
wood at the given temperature. As such these chemical groups sug­
gest the types of chemical mechanisms occurring in high-temperature 
pyrolysis of biomass, i.e., dehydrogenation and condensation (aroma-
tization), dealkylation and deoxygenation. 

Experimental Systems 

The data in this paper are drawn from a number of studies performed 
at Pacific Northwest Laboratory (3,7-9). We have examined biomass 
pyrolysis tar samples from many types of pyrolytic gasification and 
liquefaction systems through the U.S. Department of Energy support 
of domestic biomass thermochemical conversion research and inter­
national cooperative efforts. Many of these can be compared 
directly as a function of temperature since they are a l l produced at 
short residence time, approximately one second. Others produced at 
longer residence time or pressure require discussion separately. 

The bulk of this chapter w i l l deal with tar produced in short-
residence-time reactors. There are four convenient groups in which 
to categorize these processes: conventional flash pyrolysis 
(10-13), high-temperature flash pyrolysis,(14) conventional steam 
gasification (15-17) and high-temperature steam gasification (18). 
The effects of these four process groups and their operating tem­
perature regimes on product distribution is presented in Figure 3. 
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Dlebold, 1980 

Figure 1. Biomass pyrolysis global mechanism, circa 1980 

Primary Oils Secondary Oils Tertiary Oils (Tars) 

Vapors 
and 

Gases 

Liquids 

Solids 

H 20, C0 2, 
CO 

Primary Oil 
Vapors 

(Oxygenates) 

Ο M 

Light 
Hydrocarbons, 
Aromatics and 

Oxygenates 

Olefins, 
Aromatics 
CO, C 0 2 , 
H 2, H 2 0 

High 
Pressure Condensed 

Primary Oil Oils 
Liquids (Phenols, 

Aromatics) 

High 
f Pressure 

PNA 
|CO, H 2 , C 0 2 

H20, CH4 

CO, H 2 

C 0 2 , H20| 

Biomass Charcoal Coke Soot 

Pyrolysis Severity • 
Evans and Milne, 1986 

Figure 2. Biomass pyrolysis global mechanism, circa 1986 
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58 PYROLYSIS OILS FROM BIOMASS 

As has been reported numerous times previously in the literature the 
amount of tar product decreases steadily above 500°C while the 
amount of gas product increases. The amount of char is low even at 
500°C and also decreases over the temperature range. The quality of 
both the tar and the char as indicated by the oxygen content changes 
dramatically. 

Results and Discussion 

Chemical Properties of Tars. In addition to the change in quantita­
tive yield of wood pyrolysis tar there is also a substantial change 
in chemical composition of the tar as a function of temperature. As 
shown in Figure 4 the oxygen content as well as the hydrogen to car­
bon atomic ratio can be plotted vs. temperature to show a strong 
relationship. These data are for tar elemental compositions calcu­
lated to a water-free basis from analyses of crude tars. As stated 
earlier these data are from a number of different reactor systems 
yet the strong correlation is evident. With increasing processing 
temperature the oxygen content declines as does the hydrogen to 
carbon ratio. These changes represent the conversion of the highly 
oxygenated pyrolyzates to more thermally stable less oxygenated 
species which are eventually deoxygenated leaving highly aromatic 
structures. 

The relationship of tar composition to processing temperature 
is further substantiated by the l i s t i n g of chemical components of 
the tars as found in Table I. These chemicals were identified 
through the use of gas chromatography-mass spectrometry (for proce­
dures see ref. 3). Since gas chromatography was used for separating 
these components, certain limitations of the data can be assumed. 
For example, low v o l a t i l i t y of a compound w i l l interfere with the 
identification of a compound in a gas chromatography system. There­
fore, high-molecular-weight components would not be identified in 
this system nor would highly polar compounds. High-molecular-weight 
hydrocarbons, up to 276 molecular weight, have been identified in 
our analyses. Single-hydroxy, double-ring aromatic compounds 

Table I. Chemical Components in Biomass Tars 

Conventional Hi-Temperature Conventional Hi-Temperature 
Flash Flash Steam Steam 

Pyrolysis Pyrolysis Gasification Gasification 
(450-500°C) (600-650°C) (700-800°C) (900-1000°C) 

Acids Benzenes Naphthalenes Naphthalene 
Aldehydes Phenols Acenaphthylenes Acenaphthylene 
Ketones Catechols Fluorenes Phenanthrene 
Furans Naphthalenes Phenanthrenes Fluoranthene 
Alcohols Biphenyls Benzaldehydes Pyrene 
Complex Phenanthrenes Phenols Acephenanthrylene 

Oxygenates Benzofurans Naphthofurans Benzanthracenes 
Phenols Benzaldehydes Benzanthracenes Benzopyrenes 
Guaiacols 226 MW PAHs 
Syringols 276 MW PAHs 
Complex 

Phenolics 
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ELLIOTT Relation of Time and Temperature to Oil Composition 

Conventional 
Flash Pyrolysis 

High Temp. 
Flash Pyrolysis 

Low Temp. 
Steam Gasification 

High Temp. 
Steam 
Gasification 

4 5 0 - . 5 0 0 ° C 

6 0 0 - 6 5 0 ° C 

7 0 0 - 8 0 0 ° C 

9 0 0 - 1 0 0 0 ° C 

Liquids 

Maximum 
(High Oxygen) 

Gas 

Minimum 

Char 

Low 
(High Oxygen) 

î A I 
(Low Oxygen) Maximum 

Minimum 
(Low Oxygen) 

Low 

F i g u r e 3. B i o m a s s p y r o l y s i s t a r p r o d u c i n g s y s t e m s 

F i g u r e 4. E l e m e n t a l c o m p o s i t i o n o f d r y t a r s p r o d u c e d o v e r a 
r a n g e o f t e m p e r a t u r e s 
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60 PYROLYSIS OILS FROM BIOMASS 

(phenylphenols and naphthols) seem to be the upper l i m i t f o r h i g h -
molecular-weight polar compounds. S p e c i f i c isomer i d e n t i f i c a t i o n i s 
d i f f i c u l t with our type of a n a l y s i s . Often no reference l i s t i n g can 
be found for many of the a l k y l a t e d aromatics and phenolics found i n 
these t a r s . Therefore, i d e n t i f i c a t i o n i s u s u a l l y l i m i t e d to func­
t i o n a l type and molecular weight. 

The l i s t i n g s i n Table I f u r t h e r confirm the multistep t r a n s ­
formation as a function of temperature of the hi g h l y oxygenated 
pyrolyzates to the condensed aromatics. The s c i s s i o n of l a b i l e 
bonds around aromatic rings to eliminate side chains containing c a r -
bonyl and methoxyl groups leads to catechols. For example, the 
p y r o l y s i s of guaiacol to catechol i s w e l l documented i n the l i t e r a ­
ture ( 19 ) . Other condensation reactions to produce benzofurans, 
biphenyls and naphthalenes from phenolics have also been r e c e n t l y 
demonstrated i n these high-temperature environments (20 ) . At higher 
temperatures the phenolics and furans disappear while the molecular 
weight of the more stable aromatics continue to increase. In a d d i ­
t i o n to e l i m i n a t i o n of oxygen, a l k y l side chains are no longer 
observed at the highest temperatures tested. 

This same s e r i e s of r e a c t i o n pathways can als o be found i n the 
co a l p y r o l y s i s l i t e r a t u r e . The r e l a t i o n s h i p of phenol and 
naphthalene content i n coal t a r i s the same as that found f o r wood 
t a r . As g r a p h i c a l l y presented i n Lowry (21) naphthalene increases 
while phenol decreases as the coal t ar processing temperature 
increases. S i m i l a r l y , Figure 5 shows data f o r aqueous condensate 
components from wood g a s i f i c a t i o n systems. However, i n the case of 
Figure 5 the weight percent of a l l phenolics and Cg to aromatics 
are summed f o r the data presentation. The thermal environment at 
temperatures above 800°C leaves l i t t l e d i f f e r e n c e between the c o a l 
tar composition and that produced from wood. 

Ph y s i c a l Properties of Tars. Due to the d i f f e r e n c e s i n chemical 
composition of the t a r s , the p h y s i c a l properties also vary s i g ­
n i f i c a n t l y . The p y r o l y t i c oxygenates e x h i b i t considerable water 
s o l u b i l i t y . In a d d i t i o n to water, other lightweight polar compounds 
such as a c e t i c a c i d , hydroxyacetaldehyde, methanol, and hydroxypro-
panone are present which als o act as sol v e n t s . As a r e s u l t , the 
conventional f l a s h p y r o l y s i s o i l can be thought of as a s o l u t i o n of 
polar organics i n a water, a c i d , ketone solvent. This s o l u t i o n has 
a high density (>1.2 g/ml) and a r e l a t i v e l y low v i s c o s i t y (60 cps at 
4 0 ° C ) . 

Higher temperature products show a trend to lower density 
i n d i c a t i v e of the transformation of oxygenates to hydrocarbons. 
V i s c o s i t y can vary widely depending on the degree of water i n c o r ­
poration i n t o the t a r and the condensation temperature which deter­
mines the amount of l i g h t hydrocarbons c o l l e c t e d i n the t a r . In the 
higher temperature ranges the high molecular weight hydrocarbons can 
be c o l l e c t e d from the t a r as toluene i n s o l u b l e char. The amount of 
t h i s m a t e r i a l increases from 19.0 weight percent to 41.2 weight per­
cent i n t a r samples recovered over the operating temperature range 
from 880°C to 1000°C Ç7) . 

B i o l o g i c a l Properties of Tars. Just as p h y s i c a l properties of tars 
can be r e l a t e d to t h e i r chemical composition, so can b i o l o g i c a l 
a c t i v i t i e s of the t a r s . B i o l o g i c a l a c t i v i t y can be categorized as 
e i t h e r short-term, as i n acute t o x i c i t y , or long-term, as i n 
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ELLIOTT Relation of Time and Temperature to Oil Composition 

700 800 900 

Degrees Celsius 

Figure 5. Shift in chemical composition of aqueous ph 
condensate from fluidized bed gasifiers 
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62 PYROLYSIS OILS FROM BIOMASS 

carcinogenicity which is often measured as mutagenicity or tumor-
in i t i a t i n g activity. The short-term acute toxicity of these tars i s 
a valid concern. However, one would expect a wide range of effects 
based on the variation in chemical composition. The lack of such 
toxicological tests for biomass tars is a major shortcoming of the 
current state of knowledge. Long-term toxicity as measured by Ames 
Assay for mutagenicity and mammalian c e l l tumor-initiating activity 
was measured in this study and was found to vary widely depending on 
the biomass processing temperature. Ames Assay was used as an i n i ­
t i a l survey for a l l the tars and aqueous condensates. Activity was 
limited to high-temperature process tars (> 800°C). Results of more 
lengthy tests of mouse skin painting and tumor counting (30 mice per 
treatment group) confirm the Ames Assay results. The results 
depicted in Figure 6 and 7 show that activity in the high tempera­
tures was equal to or greater than that of the benzo(a)pyrene 
activity standard. The activity of the tar produced at 750°C was 
much less, yet s t i l l s t a t i s t i c a l l y significant. The low-temperature 
tar (485°C) showed no activity above that of the control. The 
activity in these tars is attributed to polycyclic aromatic hydro­
carbons. For example, the concentration of benzo(a)pyrene in the 
high-temperature tars was so great that the amount added to the 
animal skin was actually greater than the amount of pure compound 
used as a standard. There were essentially no polycyclic aromatic 
hydrocarbons in the low-temperature pyrolysis tar. 

The Effect of Time and Pressure on Tar Properties. An inadequate 
data base is currently available to truly evaluate the effect of 
time and pressure on biomass pyrolysis tar composition. Most 
pressurized pyrolysis tests with biomass have been performed at 
lower temperatures and longer residence times than flash pyrolysis. 
In addition, a reducing gas and catalyst are sometimes added in 
pressurized experiments. Considering the elemental composition of 
high-pressure processed biomass oils (22) a trade-off in temperature 
and residence time can be envisioned in order to make the data com­
parable to flash pyrolysis tars as in Figure 4. Typical catalyzed, 
high-pressure o i l composition (12% oxygen, 1.23 H/C) (9) can be com­
pared to flash pyrolysis oils produced at between 550°C (based on 
the H/C ratio) and 700°C (based on the oxygen content). Apparently 
due to the reducing gas and catalysis, the oxygen content is reduced 
while the hydrogen to carbon ratio remains higher in the high-
pressure oils than is typical for flash pyrolyzates. However, the 
chemical components identified in the high-temperature flash pyroly­
zates representative of this temperature (see Table 1) are not 
obviously different from those found in the high-pressure oils (9). 

In the case of uncatalyzed, high-pressure processing, as 
reported by Boocock (22), the o i l has a composition (24% oxygen, 
1.10 H/C) which f a l l s at the 600°C level for a flash pyrolyzate. In 
extending this comparison to i t s logical conclusion, one finds that 
a similar product can be produced at lower temperature (300°C less) 
with an increase in residence time (100 times) and increased pres­
sure (100 times). Equivalent comparisons with the catalyzed case 
are not so straightforward, apparently due to different reaction 
mechanisms favoring an improved product composition, i.e., lower 
oxygen and higher hydrogen to carbon. 
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ELLIOTT Relation of Time and Temperature to Oil Composition 

37 51 65 79 93 107 121 135 149 163 177 196 
Days Post Initiation 

Figure 6 · Tumor incidence as a percentage of animals a f f e c t e d 

Figure 7. T o t a l number of tumors r e s u l t i n g from s k i n 
a p p l i c a t i o n 
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Chapter 7 

Pyrolysis of Biomass 
Evidence for a Fusionlike Phenomenon 

Jacques Lede, Huai Zhi Li, and Jacques Villermaux 

Laboratoire des Sciences du Génie Chimique, Centre National de la 
Recherche Scientifique-ENSIC, rue Grandville 54042 Nancy, France 

This paper presents an outline of the main ideas and 
results illustrating the fusion like behaviour of bio­
mass pyrolysis. The ablative pyrolysis rate of wood 
rods applied on a hot spinning disk or on a stationnary 
heated surface is studied. The observations are quite 
similar to those made in the same conditions with rods 
of true melting solids (ice, paraffin, ...) in agree­
ment with a theoretical approach. The "fusion" tempe­
rature of wood is found close to 739 Κ in agreement 
with a limited number of experiments of wood sawdust 
fast pyrolysis in a hot cyclone reactor. The results 
show also that in most of the experimental devices, 
the direct measurement of wood pyrolysis reaction rate 
constant is impossible above about 800 K. 

Considering a thermal reaction of a Solid --> Fluid type, the apparent 
rate of reaction can be controlled by chemistry, thermal and mass 
transfer resistances. If the chemical processes are very fast, and i f 
the f l u i d products are easily eliminated from the medium, the overall 
rate of reaction is controlled by heat transfer. This is the case of 
the ablation regime ( J _ ), characterized by a steep temperature gra­
dient at the wood surface and consequently by a thin superficial 
layer e of reacting solid moving at a constant velocity ν towards the 
cold unreacted parts of the solid (Figure 1). 

Suppose now that heat is provided by a surface at T w. A theore­
t i c a l increase of the surface temperature T^ of the solid (by increa­
sing T w) would lead to a subsequent increase of the heat flux demand. 
Such a demand would be satisfied by an equal external heat flux sup­
ply, a condition f u l l f i l l e d only i f large temperature gradients exist 
(large T w - T^ differences). The consequence is that Tj seems to 
reach a stable value, leading to a fusion like behaviour of the reac­
tion. 

Wood pyrolysis carried out in conditions of high available heat 
flux and efficient elimination of products has been found to occur 
in ablation regime with production of very low fractions of char 
(2,3,4) and could therefore be interpreted as a simple fusion. This 

0097-6156/88/0376-0066$06.00/0 
• 1988 American Chemical Society 
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7. LEDEET AL. Pyrolysis of Biomass 67 

paper presents a brief outline of the main ideas and results i l l u s ­
trating this effect observed under different experimental conditions. 
More details can be found in related papers (5,6,7,8). 

The reaction has been carried out in three different conditions: 
heating against a hot spinning disk ; against a fixed heated surface; 
in a continuous cyclone reactor. In the f i r s t two cases, the beha­
viour of the reaction is compared to that of solids undergoing simple 
fusion in the same conditions. 

Spinning Disk Experiments 

The melting of ice, paraffin and "ri l s a n " (polyamide 11) and the py­
rolysis of wood have been carried out by applying under known pres­
sures p, rods of the corresponding solids against a hot spinning 
stainless steel disk (temperature T w)(5,6). In wood experiments, the 
reaction produces almost exclusively gases and liquids, the solids 
being mainly ashes deposited on the disk. The liquids produced are 
rapidly extracted from the wood surface and eliminated by the fast 
moving disk on which they undergo further decomposition to gases at 
a rate depending on T w. The presence of the thin liquid layer acts as 
a kind of lubricant. 

Figure 2 reveals that under comparable values of p, the beha­
viour of ν as a function of v R is similar, the orders of magnitude of 
ν being the same for the four types of solids. 

For ν > 2 m s~^, ν increases with ρ following : 

ν = a p F (1) 

a depends on T w and F on the material. The mean values of F (ice : 
0.035 ; paraffin : 0.29 ; "ri l s a n " : 0.83 ; wood : 1) can be f a i r l y 
well represented by : 

Cp (T.-T ) Cp (T,-T ) 
τ , / ι · - i - j N s f o y

 , v *s d o' r o . F(melting solid) = or F(wood) = (τ -Τ )+ΔΗ ( 2 ) 

*s f ο s d ο 

F being close to 1 for wood shows that i t is probable that ΔΗ, the 
enthalpy of pyrolysis, is small with respect to sensible heat in 
agreement with the littérature. 

The equations of heat flux density balances between the disk 
and the rod are : 

melting solid : h(T w - T f) = vp gCp s(T f - T Q) + vp gL 

wood : h(T w - T d) = vp sCp s(T d - T q ) + vpsAH 

Assuming that the heat transfer coefficient h is the only para­
meter depending on the pressure (h = KpF) i t can be deduced : 

Τ — Τ Τ — Τ ν , , . - . , χ Κ w f ν , j v Κ w d — (melting solid) = — ; -j (wood) = — ( ) + Δ Η 

p s *s f ο ρ s rs α ο 

(4) 
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68 PYROLYSIS OILS FROM BIOMASS 

Rod of melting 
or reacting solid 

Reacting zone 

Elimination of 
liquid products 

Hot surface 

Figure 1. Ablative pyrolysis (melting) of a solid cylinder pres­
sed against a heated surface. 

Figure 2. Experimental variations of ablation velocities ν with 
disk velocity V R for four kinds of solids : a (ice, T w = 348 K, 
ρ = 2 χ 105 Pa), b ("rilsan", T w = 723 Κ, ρ = 3,45 χ 105 Pa), 
c (paraffin, T w = 373 Κ, ρ = 3.45 χ 105 Pa), and d (wood, 
T w = 1073 Κ, ρ = 3.7 χ 105 Pa). 
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7. LEDEETAL. Pyrolysisof Biomass 69 

In agreement with Equation 4, Figures3(a,b,c,d) show that the 
variations of v/p F with T w are linear for the three melting solids and 
also for wood. The values of calculated from the extrapolation of 
the straight lines to ν = 0 are in very good agreement with the known 
values of melting points (better than 2 % accuracy). The correspon­
ding "fusion" temperature of wood is then calculated close to 739 K. 
The apparent large magnitude of errors observed in figure 3d for 
wood (the error bars correspond to extreme measured values of v/p F 

for a given T^) is a consequence of the slight theoretical dépendance 
of T^ with T w and h as mentioned in the final discussion. This "fu­
sion 1 1 temperature of 739 Κ must then be considered as a mean value 
(figure 8). 

The values of heat transfer coefficients obtained from the 
slopes of the straight lines in figures 3(a,b,c,d) are of the same 
order of magnitude (around 10^ W nf^ κ"^) whatever the solid showing 
that the mechanisms of heat transfer are probably similar for wood^ 
and melting solids (6). For wood, h varies as h = 0.017 p(W m~̂  Κ ) 
(5). These values reveal very efficient transfers. 

Fixed Heated Wall 

The same experiments as before have been made with rods of ice, pa­
ra f f i n and wood pressed against a stationnary piece of brass heated 
at T w. 

An analytic solution has been found for representing the rate of 
ablative melting of a solid cylinder pressed against a horizontal 
wall maintened at T w (7). In steady state, a liquid layer of constant 
thickness is formed between the hot surface and the rod, with a ra­
dial flow of liquid. The resolution of the equation of liquid flow 
associated with that of energy balance between the two surfaces allows 
to derive the following relationship : 

Mo* 

Pe (Ph) ρ 
1/4 

(5) 

where Pe is a Peclet number, a function of a phase change number Ph : 

Ph Ph = 
C P £ ( T W - T F ) 

with Pe = 
1 + 0,33 Ph 5/6 

0.25 The Equation 5 shows that ν varies as ρ ' whatever the type 
of solid. In reduced form, the Equation 5 can be written as follows : 

V = \ [Pe3 P] 1/4 

with V = — — ν and Ρ = R 

By plotting V against 2 „ . 3 „ J l / 4 t =k Pe Ρ 

(6) 

one should obtain a straight line 
of slope one whatever the nature of melting solid and wall temperature 
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70 PYROLYSIS OILS FROM BIOMASS 

700 800 900 1000 1100 1200 

Figure 3. Experimental variations of v/p with disk temperature 
T w. The straight lines have been determined from the least square 
method. Fig. 3a : ice ; Fig. 3b : " r i l s a n " ; Fig. 3c : paraffin ; 
Fig. 3d : wood. 
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7. LEDE ET AL. Pyrolysis of Biomass 71 

As in the case of ice and paraffin Ç7 ), ablation rate ν for 
wood pyrolysis varies as p^ with a mean value of F close to the theo­
re t i c a l one : 0.25 (figure 4). The figure 5 gathers a l l the experi­
mental points. It shows a similar behaviour for wood, ice and paraf­
f i n in agreement with the theoretical straightline. The physical pro­
perties used for the calculation of V and Ρ for ice and paraffin are 
reported in ref. (7,8). In the case of wood, the factor containing 
these properties in Equation (5) has been fitted to the experimental 
results (figure 4) leading to ν = 1.55 χ 10~3 (Pe 3 p/po) 1' (m.s ). 
The fitt e d constant associated with estimated values for p^(500 kg. 
m'3), Cp£ (3.65 kJ.kg-^K"1) and o£ (0.3 χ 10"7 m2 s" 1) allows us to 
calculate μ£ = 72.5 χ 10~3 Pa.s, a reasonable value for the viscosity 
of a liquid at a melting point of 739 Κ (7,8). 

Life Time of Liquids Produced 

The same pyrolysis conditions can be achieved with a moving piece of 
wood pressed upon a fixed heated surface. In that case, i t is easy to 
measure the necessary time t e of decomposition of the liquids l e f t 
behind the wood on the surface. Figure 6 reports the linear varia­
tions of the experimental values of \/tœ (pseudo f i r s t order kinetic 
constant) as a function of 1/TW. Assuming that the liquids are rapid­
ly heated to surface temperature before decomposition i t is possible 
to estimate the kinetic parameters of the reaction of liquids decom­
position : A = 2.7 χ 107 s - 1 and Ε = 116 kJ. Compared to the parame­
ters used in Diebold kinetic model (14) the experimental points could 
represent the two possible processes : "Active" primary vapors or 
"Active" -> char. 

Cyclone Reactor Experiments 

The continuous fast pyrolysis of wood sawdust has been studied in a 
Lapple type (2.8 χ 10" 2 m diameter) cyclone reactor heated between 
893 and 1330 Κ (2). The wood particles carried away by a flow of 
steam enter tangentially into the cyclone on the inner hot walls of 
which they move and undergo decomposition. Mass balances show in a l l 
the cases, a very low fraction of char (< 4 %) while the gasification 
• -ι J ν /v weight of dry gas evolved N . . i n . 

yield X (X = — r - s - —— / ?— T) increases with wall tempe-
weight of dry wood pyrolysed 

rature T w. It appears from figure 7 that the reaction seems to occur 
only for wall temperatures greater than about 800 Κ in good agrément 
withftusion"temperature of 739 K. The variation of X with T w is 
approximately linear up to about 1300 K. For higher temperatures, the 
gasification yield must tend to the theoretical constant value of 1. 
In such a model, the decomposition temperature of particles being 
roughly constant, the gasification yield increase with T w would then 
result from further vaporization and/or decomposition of primary 
products (mainly liquids) at the wall and/or in the gas phase with an 
efficiency depending on T w. 
Discussion 

A l l these results obtained in different experimental conditions, show 
striking similarities between ablative wood pyrolysis and melting of 
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PYROLYSIS OILS FROM BIOMASS 

IT 
Figure 4. Ablative pyrolysis rate of wood ν as a function of 
applied pressure ρ for different wall temperatures. Ο ' 823 Κ ; 
Φ: 873 Κ ; Δ 923 Κ ; Ο : 973 Κ. 

Figure 5. Dimensionless representation of reduced velocity V as 
a function of reduced pressure Ρ for three kinds of solids. 
Ο· paraffin ; X : ice ; α : wood. 
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LEDE ET AL. Pyrolysis of Biomass 

Figure 6. Variations of the observed kinetic constant of liquid 
decomposition with wall temperature in an Arrhenius representa­
tion. A comparison with the scheme of Diebold (14). 

X 

01 . L - i ι . I ι . L -

500 600 700 800 90a 1000 1100 1200 1300 1400 

Figure 7. Variation of the gasification yield X as a function of 
wall temperature T w in the fast pyrolysis of wood sawdust in a 
cyclone reactor : comparison with the "fusion" temperature of 
739 K. 
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74 PYROLYSIS OILS FROM BIOMASS 

solids. Nevertheless the equivalent fusion temperature of 739 Κ has 
been calculated from Equation 4 based on the assumption that is 
constant. Let suppose now that depends on external physical condi­
tions (p, T w) under the assumption that ΔΗ << Cp s (T<j - T Q ) . The heat 
flux density balance equation is : 

h(T w - T d) = ν p s Cp s(T d - T o) (7) 

The reaction occuring in ablation condition concerns only a su­
pe r f i c i a l wood layer of thickness e moving at a constant velocity ν 
towards the unreacted parts of the rods as the reaction proceeds. 
Assuming, in a f i r s t approximation, that the temperature is constant 
( e T^) inside this reacting volume eS (S being the cross section of 
the rod) the equation of mass balance inside this volume is 
k e(Sp ) = v ( S p g ) where k is the chemical f i r s t order kinetic cons­
tant or the reaction. This equation associated with the relation 
between ν and e (ev = <xs (5)) leads to k = v^/a g and f i n a l l y to : 

h Τ + Τ /k λ ρ CÏ~ 
T d = — J î ° — — — (8) 

h + /k λ ρ Cp~~ s s *s 

Figure 8 shows the variations of T d with Τ (λ = 0.2 W m^K"1 ; 
Cpg = 2800 J kg" 1 K"1 ; p g = 700 kg m"3) with h as a parameter. The 
f i r s t order rate constant for the formation of "active cellulose" (9) 
(k(s - 1) = 2.83 χ 10 1 9 exp(-29000/Td)) has been postulated to f i t the 
present case of wood primary decomposition. 

It can be observed that the smaller the value of h, the shortest 
the domain of wall temperature where T^ = T w (for the lowest values 
of h, Td/T w becomes less than one as wood begins to decompose). In 
most of usual experimental devices wood temperature is then very dif­
ferent from source temperature. Consequently, the direct determina­
tion of pyrolysis rate laws would make sense only for low wall tempe­
ratures (< 800 K). 

Figure 8 shows that T^ varies with T w and h indicating that 
s t r i c t l y speaking, the fusion model is not appropriate. But i t can be 
observed (specially for low h) that as soon as T^/T^ < 1, T^ in­
creases more and more slowly with T w and rapidly reaches a roughly 
constant value. The fusion model seems then to be an excellent f i r s t 
approximation. 

The hatched zone reported in figure 8 is bounded by the extreme 
values of h determined in ref. (5) and by the extreme values of T w 

explored. The "fusion" temperature of 739 Κ appears to be centrally 
situated inside the hatched surface. Such a fa i r agreement shows that 
the chosen kinetic law is a good approximation for wood decomposition. 
The "fusion" temperature must then be considered to have a mean value 
lying roughly between 660 and 725 Κ for T w = 773 Κ and between 700 
and 800 Κ for T w = 1173 K. 

Conclusion 

The behaviour of wood rods undergoing ablative pyrolysis by more or 
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Figure 8. Theoretical variations of wood surface temperature T^ 
as a function of heat source temperature T w for different values 
of the external heat transfer coefficient. The hatched surface 
corresponds to the experimental domain (776 < T W(K) < 1176 and 
105 < ρ (Pa) - o c - 1 λ 5 J *— ° - - ̂ 'TT ~~ 2 

6 χ 10 5). 
35 χ 105 corresponding to 2 χ 103 < h(W nf Z K~ ) < 
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76 PYROLYSIS OILS FROM BIOMASS 

less intimate contact with a hot surface has revealed strong simila­
r i t i e s with a phase change phenomenon. The principal reasons develo­
ped are the following : similar behaviour of wood rods to those of 
true melting solids when applied on moving or fixed surfaces ; simi­
lar orders of magnitude of ν and h ; same dependence of ablation rate 
on an exponent (F) of the applied pressure showing probable low va­
lues of the enthalpy of reaction ; the same p 0 ,25 dependence of ν in 
the case of a fixed surface ; similar law of variations of ν with 
wall temperature. Ablative pyrolysis carried out with sawdust in a 
cyclone reactor has shown that no fast reaction occurs for wall tem­
peratures lower than ^ 800 Κ in good agreement with the fusion tempe­
rature of 739 K. 

A consequence of these conclusions is that the accurate direct 
determination of kinetic rate constant of wood decomposition is a 
d i f f i c u l t task, in fact impossible over wide ranges of temperatures 
in most of experimental devices (upper limit around about 800 K). 
Even i f such high temperatures could be reached, the system would 
have to be designed in such a way that the products of the reaction 
be removed from the reacting surface with high efficiencies. For 
example, figure 8 shows that T^ = Τ = 800 Κ would be observed for 
h = 10 W πΓ 2 Κ" 1. Assuming that the available heat flux is control­
led by conduction through the o i l layer, such a heat transfer coef­
ficient would be effective for an equivalent layer thickness of 
0.1 ym ! (calculation made with a thermal conductivity of 0.1 W m-1 

K - 1 for o i l ) . Of course, an efficient removal of these liquids would 
prevent also the extent of their subsequent decomposition to seconda­
ry products and then reduce the formation of new thermal isolating 
layers. 

A l l these conclusions are in agreement with the analysis of 
other authors. With his demonstration of sawing biomass with a hot 
wire, Diebold illustrated in 1980 (4) the efficiency of "solid con­
vection 1 1 for carrying out the reaction of ablative pyrolysis of bio­
mass. The same author stated also recently that cellulose passes pro­
bably through a liquid or plastic unstable state("active cellulose") 
during pyrolysis before further decomposition (14). Considering the 
simplified cellulose pyrolysis reaction scheme proposed by this 
author, figure 6 shows that the values of the kinetic constants mea­
sured in the present work are close both to the process "active" •> 
char and "active" -> primary vapors with similar activation energies. 
In the same way, Antal pointed out the strong analogies observed 
between cellulose pyrolysis at high heating rates and phase change 
phenomena (10,11) with an upper limit at which pyrolysis occurs of 
773 K. Evidence of such an upper limit is explained by a competition 
between heat demand from biomass and available external heat flux 
(12). The same author also noted the d i f f i c u l t y and indeed impossi­
b i l i t y of achieving conditions whereby pyrolysis kinetics could be 
studied at very high temperatures. Finally, i t must be recalled that 
in 1980, Reed (13) proposed a model for estimating the enthalpy of 
flash pyrolysis of wood based on several steps : heating of biomass 
up to a reaction temperature of 773 K, followed by a depolymerisation 
to form a solid which subsequently melts, melted matter being after­
wards able to vaporize, following the temperature. 
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7. LEDE ET AL. Pyrolysis of Biomass 77 

Legend of Symbols 
— J -γ 

a Constant (m s Pa ) _ j 
A,Ε Kinetic parameters of liquids decomposition (s , kJ) 
Cp Specific heat capacity (J kg~^ K"^) 
e Thickness of reacting wood layer (m) 
F Exponent 2 _ j 
h Heat transfer coefficient (W m Κ ) 
Η Specific enthalpy (J kg"^) 
Κ Constant (W n f 2 K"1 Pa"F) 
k F i r s t order kinetic constant (s ) 
L Heat of fusion (J kg""̂ ) 
ρ Pressure (Pa) 
p 0 Atmospheric pressure (Pa) 
Ρ Reduced pressure 
Pe Peclet number 
Ph Phase change number 
r 2 Correlation coefficient 
R Radius of the solid cylinder (m) 
S Cross section of the rod (m2) 
t œ Life time of liquids (s) 

Wood surface temperature (K) 
Tf Fusion temperature of a melting solid (K) 
T Q Ambient temperature (K) 
T w Wall temperature (K) 
ν Ablation velocity of the solid cylinder (m s~^) 
V Reduced velocity _ l 
V R Relative velocity between the disk and the rod (m s ) 
X Gasification yield 

9 — 1 
α Thermal diffusivity (nr s ) 
λ Thermal conductivity (W m"̂  s" ) 
μ Viscosity (Pa s) 
ρ Density (kg m"̂ ) 
Subscripts : 
s solid cylinder 
£ liquid layer 
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Chapter 8 

Liquids from Municipal Solid Waste 

James E. Helt and Ravindra K. Agrawal1 

Argonne National Laboratory, 9700 South Cass Avenue, Argonne, IL 60439 

The pyrolysis of municipal solid waste (MSW) is a 
promising method of producing useful fuels. However, the 
reaction mechanisms are not well understood. Current 
DOE/ANL research is directed at gaining a better 
understanding of the basic thermokinetic mechanisms 
associated with the pyrolytic conversion of MSW. 

Initial results are given for determinations of pyrolytic 
reactivity for MSW components in a nonisοthermal bench­
-scale reactor. The effects of heating rate and sample 
weight on overall degradation and product formation over 
the temperature range 300-475°C were determined. Gas 
chromatographic and gas chromatographic/mass 
spectrometric analyses of both the gaseous and liquid 
products are being performed. Tentative identifications 
were made of some liquid components from pyrolysis of 
MSW. 

Municipal so l id waste (MSW) is a highly variable "raw material," 
by both season and location. However, i t is generally accepted to 
have a composition within the ranges shown in Table I (jL). 
Cel lulos ic materials, including paper, newsprint, packaging 
materials, wood wastes, and yard cl ippings, constitute over 50% of 
MSW. 

A basic understanding of the pyrolytic reactions is important 
and relevant to both combustion and conversion of MSW. As MSW is 
heated the different components react differently at different 
temperatures. The vo la t i l e species can evaporate without major 
change, while the rest of the cel lulosic . components par t ia l l y 
break down to vo la t i l e components leaving a carbonaceous char 

Current address: K R W Energy Systems, Inc., P.O. Box 334, Madison, P A 15663-0334 

0097-6156/88A)376-0079$06.00/0 
c 1988 American Chemical Society 
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80 PYROLYSIS OILS FROM BIOMASS 

Table I. Composition Ranges for Several 
MSW Samples 

Component 
Composition Range, 

wt % 

Paper 30-50 
Glass 8-10 
Metals 7-10 
Plastics 1-5 
Rubber-Leather 1-3 
Wood 1-4 
Textiles 1-5 
Food Wastes 10-20 
Yard Wastes 5-20 
Other 1-4 

Source: Reprinted with permission from 
réf. 1. Copyright 1983 Argonne National 
Laboratory. 

containing in addition the ash and noncombustibles. One fraction 
of the vol a t i l e pyrolysis products is a noncondensable gaseous 
fraction comprising CO, C O 2 » some hydrocarbons, and Η 2 · Another 
fraction is a light condensable fraction containing H 2 O , v o l a t i l e 
hydrocarbons and low molecular weight degradation products such as 
aldehydes, acids, ketones, and alcohols. Finally, there is a tar 
fraction containing higher molecular weight sugar residues, furan 
derivatives, and phenolic compounds. The proportion and 
composition of these products are highly dependent on the 
cellulosic composition of the MSW, the pyrolysis temperature and 
the presence of inorganic compounds that could influence 
(catalyze) the pyrolysis reactions. 

Pyrolysis of cellulose at temperatures below 300°C results 
mainly in char formation. Any lignin present in the MSW (Kraft 
paper, cardboard, and wood waste contain significant proportions) 
tends to char, even at higher temperatures. On the other hand, 
the cellulose and hemicelluloses readily decompose to vo l a t i l e 
products at temperatures above 300*C. Most of the plastics 
present thermally degrade at a significantly higher temperature 
(400-450°C) (2). 

BASIC MECHANISMS RESEARCH 

The ANL/DOE program on pyrolysis of municipal solid waste (MSW) 
has two overall objectives: (1) to understand the basic 
thermokinetic mechanisms associated with the pyrolytic conversion 
of MSW and (2) to seek new processing schemes or methods of 
producing a liquid or gaseous fuel from MSW feedstock. To meet 
these objectives, we are performing laboratory experiments with 
the aim of determining the effects of different operating 
parameters on the pyrolysis-product compositions and deriving an 
analytical model of the pyrolytic process that describes the 
chemical kinetics. 
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8. HELT & AGRAWAL Liquids from Municipal Solid Waste 81 

This DOE-sponsored research involves both ANL act iv i t i es and 
subcontracted work. Argonne is performing closely controlled 
laboratory-scale parametric tests. The work is being performed on 
two experimental f a c i l i t i e s : (1) a TGA to study the thermal 
degradation versus temperature, and (2) a bench-scale reactor to 
produce significant quantities of products to permit 
characterization. The goal is to determine how different 
operating parameters influence the product compositions. 

Subcontracted act iv i t ies are being performed at the Solar 
Energy Research Institute (SERI) and the Chemical Engineering 
Department at the University of Arizona. SERI has used their 
direct high-pressure molecular beam mass spectrometric sampling 
system to col lect qualitative "fingerprints" and experimental data 
on the pyrolysis products generated from components of MSW and 
various refuse derived fuel (RDF) samples (3). They are also 
using the same experimental apparatus to distinguish between the 
primary and secondary reactions leading to the formation of the 
pyrolysis products (4). This data w i l l be part of an overal l data 
base to describe the influence of sample properties and reaction 
conditions on the so l id phase and gas phase processes of low-
temperature (<500°C) MSW pyrolysis to o i l s . Addit ional ly , SERI 
has recently started a new task on the development of a rapid 
method of characterizing the l iquid products from pyrolysis based 
on mass spectrometric data. This new task is composed of three 
parts: 1) compound class analysis by advanced pattern recognition 
techniques, 2) l iqu id product analysis v ia compound class 
analysis, and 3) correlation of chemical composition to fuel 
properties. 

The University of Arizona has completed a small research 
effort on the fundamentals of direct l iquefaction of MSW (5). 
They modified an existing autoclave and a real-time d i g i t a l 
microprocessor control system so that i t could be operated in a 
semi-continuous mode. Various components of MSW were studied in 
order to obtain meaningful data, not confused by the different 
thermokinetics of different MSW components. Feedstocks included 
wood f lour, cardboard, newsprint and rice (starch), as well as the 
important model compounds alpha cellulose and l i gn in . It was 
found that these MSW components could be converted to l iqu id o i l s 
and a high-heating value residual so l id at temperatures of 325°C 
to 400°C and pressures of 1000 ps i to 3000 p s i . 

A task which is related to the basic mechanisms work is also 
being performed by ANL (2). This task explores the poss ib i l i ty of 
using catalyt ic hydrotreating to upgrade the l iquid products 
produced during conventional pyrolysis of MSW. The l iqu id 
products obtained from MSW pyrolysis processes are generally 
unsuitable for use as l iquid fuels. Heating values are low and 
the l iquids are very corrosive, viscous and unstable during 
storage. A major reason for these problems is the extremely high 
oxygen content of the pyrolysis products. The kinetics of 
catalyt ic reactions that remove oxygen-containing compounds from 
the pyrolysis l iquids is being experimentally determined in a 
high-pressure, fixed-bed microreactor of the trickle-bed type. 
The reactions of interest involve the reduction of the oxygen-
containing hydrocarbon with high pressure hydrogen using a so l id 
catalyst. The catalysts which have been used are primarily 
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82 PYROLYSIS OILS FROM BIOMASS 

commercially available hydrodesulfurization (HDS) catalysts 
containing molybdenum oxide with either cobalt or nickel oxide, 
supported on high surface area alumina matrix. 

ANL BENCH-SCALE STUDIES 

The emphasis of this paper w i l l be on the bench-scale studies 
being performed at ANL and on the associated act iv i t i es i n 
characterizing the l iquids produced in the pyrolysis reactions. 

The reactor is a fixed bed contained inside a quartz tube 
(70-mm ID) and placed between two glass f r i t s . The outside of the 
tube is enclosed in a furnace. The reactor tube can be purged 
from top to bottom with the desired gas(es). The reactor is 
operated in the nonisothermal mode with heatup rates as high as 
~30°C/min. Temperatures are recorded on a multipoint recorder to 
allow indication of existing temperatures and temperature 
gradients. There is a rotameter on the inlet gas l ine and a dry 
gas meter on the outlet . Cold traps are in the gas outlet 
downstream of the condenser unit . These traps are f i l l e d with ice 
or dry ice . Downstream of the traps, the gases that do not 
condense are collected in plast ic sampling bags for analysis by 
gas chromatography (GC). 

Experimental results on the thermal decomposition of typica l 
MSW components (Whatman #1, newsprint, kraft paper, 
cardboard,aspen, and pine) over a temperature range of 275-475°C 
have been gathered. The details of these experimental runs may be 
found elsewhere ( 6 ) · 

CHARACTERIZATION OF LIQUIDS 

Various l iqu id samples produced in the bench-scale apparatus have 
been analyzed with GC and GC/MS. The chromatograms were 
qual i tat ively compared to each other by both measurement of peak 
retention times and by observation of the patterns present. As a 
result , six different groups were identif ied: 

Group A - Most components elute early in the chromatogram as 
many sharp peaks within a small retention window. 

Group Β - Bulk of components elute across a 6- to 20-min 
retention window and are a mix of both sharp and 
broad peaks. 

Group C - Many peaks are observed; the bulk of components 
elute across a 4- to 30-miη retention window. 

Group D - Similar to C, but most components elute across a 
4- to-20-min retention window. 

Group Ε - A few early peaks are observed, especially i n the 
5- to 7-min retention window. 

Group F - Similar to D, but many peaks are observed i n the 
9- to 11-min retention window. 
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8. HELT & AGRAWAL Liquids from Municipal Solid Waste 

The gas chromatogram obtained from a typical tar sample is 
shown i n Figure 1. This tar sample was produced from a newsprint 
feedstock pyrolyzed i n an inert atmosphere of helium. A computer 
search was performed using the 31,000 component NIH/EPA l ibrary in 
addition to a l ibrary of compounds from Battelle Pacif ic Northwest 
Laboratory. The results of the computer search and from 
interpretation of various standard spectra yielded tentative 
ident i f icat ion of numerous compounds. It is apparent that many 
compounds of homologous series are present. Recognition of just 
one of the compounds in a series leads to ident i f icat ion of a l l 
since they w i l l most l ike ly d i f fer only by 14 amu (a C H 2 group) or 
by 31 amu (a C H 3 O group). In some cases the same ident i f icat ion is 
made for more than one compound. Actually, different isomers of 
the compound are probably being found. The percent found was 
estimated by dividing the response of the most abundant ion for a 
compound by the to ta l of the responses of the most abundant ions 
for a l l compounds. 

In general, the classes of compounds included furfurals 
(9.4%), phenols (2.51), methoxyphenols (16.9%), cyc l i c compounds 
such as methyl cyclopentanones (10.81), methoxy benzenes (3.8%), 
and the substituted propane tentatively identif ied for the peak at 
scan number 1207 (36.8%). Although the compound eluting at scan 
1207 is by far in the highest concentration, insufficient 
information is available from i t s spectrum to allow a reasonable 
ident i f icat ion. The base peak observed is 75amu, and a 115 amu ion 
is also present at 40% abundance. These results , which are 
preliminary, d i f fer somewhat from other published compositions of 
pyrolysis o i l s (3« 7-8). Future work w i l l be required to verify 
the compositions observed above. 

YIELDS AND ANALYTICAL RESULTS 

With the Whatman No. 1 f i l t e r paper, the yields at 475°C of water 
vapor and gases were in the ranges 5-13 wt % and 26-34 wt %, 
respectively, of the or ig inal cel lulose. The hydrogen balance 
suggests the higher water content (13%), whereas both the carbon 
and oxygen contents suggest a lower water y ie ld (5 wt %)· 

Efforts have been made to analyze the gases collected i n the 
sample bags. A Hewlett-Packard Gas Chromatograph is being used to 
identify major gas components. The preliminary GC analyses show 
that, for the Whatman No. 1 paper at 475°C, the gases produced are 
56.6 vol% C O 2 and 43.4 vol% CO. No other gases were detected i n 
signif icant quantities. The y ie ld of C O 2 i s , therefore, in the 
range of 18-23 wt % of the or ig inal cellulose and the y ie ld of CO 
is 8-11 wt %· Roughly 25% of the energy in the feedstock is 
released in the gaseous products. These pyrolysis gases can be 
considered a low-Βtu fuel . 

The Whatman No. 1 paper (as received) contained 4.1 vol % 
moisture and 0.074 wt % ash. A l l results reported here are on a 
moisture- ash-free basis unless other wise specified. Table II 
summarizes some analytical results of cellulose and condensed-phase 
cellulose pyrolysis products. A comparison of the results i n Table 
II for cellulose and cellulose tars indicates that the elemental 
composition of these two materials i s very s imilar . (The heating 
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8. HELT & AGRAWAL Liquids from Municipal Solid Waste 85 

value of cellulose tars reported here may be low due to the loss of 
lower-molecular-weight products during the drying step.) Tars seem 
to have a s l ight ly higher heating value than that of cel lulose. 
These results strongly suggest that the nature of cellulose tars is 
similar to that of i t s parent cel lulose. 

Table II . Analyt ical Results of Feedstock, 
Tars, and Chars from Whatman No. 1 

Paper (heating rate, 5*C/min; 
f ina l temp., 475#C) 

Feedstock Tar Product Char Product 

Heating V a l u e , a ca l /g 4170 4330 7566 

Ash Content, wt % 0.074 "0.075 0.63 

Moisture Content, wt % 4.1 — — 

Elemental A n a l y s i s , 0 wt 
Carbon 
Hydrogen 
Oxygenc 

% 
44.7 

5.9 
49.4 

42.3(43.6) b 

6.1(47.5) 
51.6(48.0) 

81.0(27.3) 
3.6(10.0) 

15.4(4.7) 

Y i e l d , wt % — -46 "15 

a Dry basis. 
^Numbers in parentheses give percent of or ig inal material (based 

on the reported y ie lds) . 
cDetermined by adding together the carbon and hydrogen contents 

and subtracting them from 100%. 

As can be seen from Table II , the cellulose chars are very 
different from the parent cel lulose. When compared with the 
or ig ina l cel lulose, the cellulose chars have a carbon content that 
is roughly double, and H£ and O 2 contents that are about one-half 
and one-third respectively. The richness in carbon content of the 
chars is indicated by their high heating value (7566 ca l /g ) . 
Unfortunately, the low H 2 content of the chars make them an 
unlikely candidate for use as transportation fuels. Because of the 
high carbon content and low H2 and O 2 content, the ce l lu los ic chars 
are comparable to a low-volatile bituminous coal or a low-grade 
anthracite coal . However, since the chars contain no sulfur or 
nitrogen compounds that could form potential a i r pollutants upon 
combustion, they do have potential as a so l id fuel . Tables III and 
IV give the analyt ical results for newsprint and Kraft paper 
feedstock. 

The atomic ratios (H/C and 0/C) and the heating value of 
ce l lu los ic chars indicate that they are very similar to coal . The 
H/C ratio of cellulose tars (1.73) is comparable to that of No. 2 
fuel o i l (1.84). Unfortunately, the high oxygen content indicated 
by the 0/C ratio (0.91 compared to 0.01 for fuel o i l ) s ignif icant ly 
reduces the heating value of the tars . 
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86 PYROLYSIS OILS FROM BIOMASS 

Table III . Analyt ical Results of Feedstock, Tars, 
and Chars from Newsprint (heating rate, 

5 #C/min; f ina l temp., 475*C) 

Feedstock 
Tar 

Product 
Char 

Product 

Heating V a l u e , a ca l /g 4722 5573 7866 

Ash Content, wt % .95 — 4.1 

Moisture Content, wt % 8.3 — — 

Elemental A n a l y s i s , a wt 
Carbon 
Hydrogen 
Oxygenc 

% 
48.0 

5.4 
46.6 

47.5(45.5) b 

5.6(47.7) 
46.9(46.3) 

78.0(24.4) 
3.7(10.3) 

18.3(5.9) 

Y i e l d , wt % — -46 -15 

a Dry basis. 
bNumbers in parentheses give percent of or ig inal material (based 

on the reported y ie lds) . 
cDetermined by adding together the carbon and hydrogen contents 

and subtracting them from 100%. 

Table IV. Analyt ical Results of Feedstock, Tars, and 
Chars from Kraft Paper (heating rate, 5*C/min; 

f ina l temp., 475*C) 

Feedstock 
Tar 

Product 
Char 

Product 

Heating V a l u e , 0 ca l /g 

Ash Content, wt % 

Moisture Content, wt % 

Elemental A n a l y s i s , a wt % 
Carbon 
Hydrogen 
Oxygenc 

Y i e l d , wt % 

4445 

1.3 

6.1 

47.5 
5.5 

47.0 

5272 

46.9(24.7) b 

5.3(24.1) 
47.8(25.4) 

-25 

7333 

4.3 

75.5(38.2) 
3.9(17.0) 

20.6(10.5) 

~24 
a Dry basis. 
^Numbers in parentheses give percent of or ig inal material (based 

on the reported y ie lds) . 
cDetermined by adding together the carbon and hydrogen contents 

and subtracting them from 100%. 
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8. HELT & AGRAWAL Liquids from Municipal Solid Waste 87 

DISCUSSION 

It should be noted that the tar analysis results of this study are 
very similar to those obtained from vacuum pyrolysis of small 
cellulose samples conducted by Agrawal et a l (9). Also the tar 
yields are comparable to those obtained by Shafizadeh using small 
samples of Whatman No. 1 paper under vacuum conditions (10). These 
findings support the assumption that limited tar decomposition 
takes place in the reaction bed. 

Efforts are also in progress to ascertain some of the possible 
heat and mass transfer l imitations of the pyrolysis process. 
Figure 1 depicts the residue and tar yields of 5-g and 15-g 
cellulose samples at a heating rate of 5*C/min. Increased sample 
weight shifts the weight-loss curve to a higher temperature by 
about 10°C. Figure 2 also shows that increased sample weight 
decreases the tar yie lds . Efforts to explain this effect of sample 
weight on product y ie ld are in progress. 

Figures 3 and 4 summarize the data for the influence of 
heating rate on product yields from Whatman No. 1 paper. It is 
seen from Figures 3 and 4 that increasing the heating rate or 
sample weight has a similar effect in shift ing the weight-loss 
curve to a higher peak temperature. However, the shift i n the 
weight-loss curve along the peak-temperature axis in the case of 
increased sample weight is due to mass transfer l imitations, 
whereas, in the case of increased heating rate, this shift is due 
to combined effects of kinetics and heat transfer resulting in 
delayed decomposition. At a peak temperature of about 370°C, the 
product yields are essentially independent of the heating rates 
(Figure 4). 

The results in Table V i l lus tra te the influence of sample 
weight and heating rate on product yie lds . The data show that 
increasing sample size reduces the tar yields and increases the 
char yie lds . The drastic decrease in tar yields is primarily due 
to increased vapor residence time in the reaction bed. If the 
vapor residence time is reduced in the reaction bed by using a 
f luidized bed or an entrained flow reactor, then secondary 
decomposition can be s ignif icantly reduced, and the effects of 
sample weight w i l l not be as drast ic . Thus, data collected in the 
loosely packed fixed-bed reactor of the present study may represent 
an extreme for an operating industrial reactor. 

Increasing the heating rate appears to decrease the char 
yields but has l i t t l e influence on tar yie lds . This implies that 
gas yields increase at the expense of char yie lds . 

Table VI summarizes elemental analyses of chars formed under 
various pyrolysis conditions. The elemental analyses of ce l lu los ic 
chars suggest that the composition of chars is not strongly 
influenced by either the heating rate or sample weight. 

Results to date strongly imply that, depending on the 
residence time, the tar yields for f ina l pyrolysis temperatures 
above 300°C w i l l be independent of heating rates. This observation 
i s strengthened by the finding from TGA data analysis that the 
apparent activation energy for cellulose decomposition is similar 
to that for tar formation. 

Olefins and other hydrocarbon gases were not detected in the 
pyrolysis gases. This is not surprising since these fuels are not 
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88 PYROLYSIS OILS FROM BIOMASS 

Fig. 3. Effect of Heating Rate on Weight Loss for Whatman No. 1 
Paper 
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Fig. 4. Effect of Heating Rate on Tar Yields for Whatman No. 
Paper 
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90 PYROLYSIS OILS FROM BIOMASS 

Table V. Effect of Sample Weight and Heating Rate 
on Ultimate Product Yields from 

Whatman No. 1 Paper 

Pyrolysis 
Sample 

Heating 
Rate, 

Y i e l d s , 0 % 

Sample No. Weight, g # C/min T a r b Char 

FPL08 5 5 46.14 14.55 
FPL 15 10 5 42.13 15.26 
FPL 13 15 5 38.54 15.66 
FPM03 5 20 47.18 12.65 
FPH05 5 30 47.76 11.93 

aProduct yields are given for a peak temperature of 475*C. 
bBased on weight percent Whatman No. 1 paper (dry basis) . 

Table VI . Effect of Sample Weight and Heating Rate on the 
Composition of Chars from Whatman No. 1 Paper 

Ultimate 
Pyrolysis Heating Char Y i e l d 0 ^ „ , „ # Λ Chars, wt % at 475*C, 1 Sample Rate, 

Char Y i e l d 0 ^ „ , „ # Λ Chars, wt % at 475*C, 1 

Sample 
wt % C H 0 b No. Weight, g *C/min wt % C H 0 b 

FPL08 5 5 14.55 82.80 3.75 13.45 
FPL 15 10 5 15.26 81.00 3.55 15.45 
FPL 13 15 5 15.66 81.90 3.45 14.65 
FPM03 5 20 12.65 81.30 3.45 15.15 
FPH05 5 30 11.93 80.30 3.55 16.15 
a Y i e l d from or ig ina l Whatman No. 1 (dry basis) . 
^Derived by adding together C and Η contents and subtracting from 

100%. 

products of primary cellulose pyrolysis (11-12). The significant 
yields of olefins and hydrocarbon gases from flash pyrolysis 
studies are most l ike ly a result of secondary tar decomposition. 
Cellulose tars start to decompose at about 550°C, and most of these 
other studies were carried out over the temperature range of about 
600 -800°C. These observations suggest that results from flash 
pyrolysis studies are dominated by secondary tar decomposition 
reactions. 
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Chapter 9 

Producing, Evaluating, and Upgrading Oils 
from Steam Liquefaction of Poplar Chips 

D. G. B. Boocock, S. G. Allen, A. Chowdhury, and R. Fruchtl 

Department of Chemical Engineering and Applied Chemistry, University of 
Toronto, Toronto M5S 1A4, Canada 

Chipped poplar wood can be liquefied using only high 
temperature/pressure steam (300-355°C). Approximately 
60 per cent of the carbon feed appears in the oi l phase 
(acetone-soluble). The oils (= 45% mass yield) are just 
solid at room temperature but soften around 50°C (1.5% 
moisture). They typically contain 69% carbon, 5.8% 
hydrogen and about 25% oxygen. Both weight and number­
-average molecular weights, as measured by HPSEC, are less 
than 1000. The major fraction of the oi l is of lignin 
origin. Model compound studies show that the major oil 
functionalities (phenolic OH and OCH3) can be hydrodeoxy­
genated using typical hydrodesulphurisation catalysts. 

In the early 1970!s, in response to the world o i l c r i s i s , studies on 
the direct thermal liquefaction of biomass were initiated. These 
studies could be classified into those on water-based processes and 
those on non-water-based processes. The focus in this chapter is on 
the water-based processes and, in particular, on a process which uses 
no catalysts or reducing gases. It should be noted that actual 
biomass used for commercial liquefaction would certainly contain 
significant moisture, and water is expected as a product of the 
liquefaction. Despite this, the water-based and non-water-based 
processes are significantly different. 

Two types of water-based processes were i n i t i a l l y studied. The 
f i r s t of these, based on Bergstrom's earlier work (1), employed 
sodium carbonate as a soluble catalyst and carbon monoxide as a 
reducing gas (2). The second technology, also based on earlier work, 
used nickel metal catalysts and hydrogen (3). In a l l cases the 
substrate was powdered wood slurried in water. In both processes the 
role of the added chemicals was not clear. Sodium carbonate would 
i n i t i a l l y dissolve any phenolic and other acidic products. However, 
its major role was assumed to be an aid for the addition of carbon 
monoxide via the formate ion. As we have shown, wood w i l l liquefy 
without the addition of sodium carbonate and carbon monoxide. 
Researchers at the University of Saskatchewan also noted that removal 

0097-6156/88/0376-0092$06.00/0 
c 1988 American Chemical Society 
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9. BOOCOCK ET AL. OUs from Steam Liquefaction of Poplar Chips 93 

of carbon monoxide from their screw reactor system did not noticeably 
change the reaction, although they never went the extra step of 
eliminating the sodium carbonate (4)· 

We chose to study the nickel/hydrogen system, but here again i t 
was unclear what role the nickel catalyst played with regard to a 
solid substrate. It was reasoned that gases or liquids must be 
formed before the catalyst could intervene. Since very l i t t l e liquid 
was formed on slow heating in the absence of nickel and hydrogen, i t 
was also reasoned that the catalyst/hydrogen system must stabilise 
the products. The early experiments were performed in batch auto­
claves, but subsequently we fed water slurries of powdered wood and 
nickel carbonate semicontinuously to a hydrogen-containing reactor 
(5). The feed was heated so fast that the nickel carbonate decom­
posed to nickel oxide instead of reducing to nickel metal. In 
addition, when product was discharged from the reactor, both char and 
o i l — t h e latter in 25 per cent yield—were present. We reasoned that 
the o i l yield was i n i t i a l l y higher, but, because of prolonged 
residence times and the absence of the desired stabilising system, 
some of the o i l had recondensed and charred. 

As a test of this theory, powdered wood was heated rapidly to 
350°C, together with water only, in small reactors heated by a 
fluidised sand heater. Oil yields, up to 50 per cent by weight 
(based on dry wood) were obtained (6). 

Until this time, a l l studies on water-based processes had been 
confined to powdered wood or sawdust, the general concern being that 
heat and mass transfer limitations in wood pieces would prevent 
liquefaction. We, therefore, studied the aqueous liquefaction of 
single poplar sticks (6.5 mm square cross section) in the same small 
reactor and showed that complete liquefaction occurred (no char) at 
300°C and above (7). Although heating was f a i r l y rapid (2 minutes) 
for most experiments, heat-up times were extendable to at least 11 
minutes without dramatic changes in o i l yield. By quenching the 
reaction at various temperatures and noting the change in the 
physical state of the sticks, as well as noting the change in heat 
transfer characteristics to the internal thermocouple, we were able 
to define the liquefaction process at the macro level, as seen in 
Figure 1. I n i t i a l l y steam enters the chip and swells i t . This 
results in disruption of the matrix which then collapses to release 
condensed water. When too l i t t l e water is present, the swelling 
phase removes free liquid water from the reactor and results in 
decreased heat transfer. When the matrix collapses, the reappearance 
of liquid water increases the heat transfer. Chemical depolymeri-
sation then results in liquefaction. The presence of liquid water 
appears to retard the liquefaction slightly. It also stabilises the 
o i l and prevents charring. Samples quenched at temperatures of 290°C 
and 300°C do not truly represent the swelling phase, since they have 
been dried (see Figure 1). 

Electron scanning microscope studies of the sticks have identi­
fied the i n i t i a l phases of the liquefaction at the c e l l level (8). 
On the surface, the middle lamella i n i t i a l l y disrupts, but this is 
quickly followed by fusion of the adjacent c e l l walls. The flowing 
matrix then engulfs the c e l l cavities. Inside the stick a different 
sequence of events occurs. Spherical structures appear, particularly 
on vessel walls. These spherical structures, which result from 
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94 PYROLYSIS OILS FROM BIOMASS 

softening matrix, eventually f i l l the irregular cavities formed by 
the breakdown of c e l l walls, and gas and vapour bubbles can be seen 
within the flowing matrix. It is assumed that this process continues, 
although this could not be observed, since the wood eventually had 
too l i t t l e mechanical strength for sample preparation, even using our 
special freezing techniques. More recently, we have investigated the 
liquefaction of softwoods. The liquefaction process is slower which 
is probably due to decreased wood porosity. However, the spherical 
structures are much more prevalent during the liquefaction (Figure 2) . 

The Reactor 

On the basis of these encouraging results, i t was decided that a 
laboratory unit should be constructed for the purpose of studying the 
liquefaction of commercial-size (and larger) poplar chips (see Figure 
3). A batch system was chosen employing a gravity feed and discharge 
system. The reactor is designed to hold 100-120 g of poplar chips 
and as such has an internal volume of 700 mL. A single ingot of TP 
316 stainless steel was used for machining the reactor which has an 
internal diameter of 1.5 inches and an external diameter of 3.0 
inches. The length is approximately 19 inches. At the top an Oteco 
hub is threaded and seal welded to the reactor body. A one inch slim 
line connector is threaded to the base of the reactor. A total of 9 
holes are d r i l l e d in the reactor side to take i inch slim line 
connectors. Three of these are for the steam inlet lines. Three 
others are for 1/8 inch thermocouples, and one of the remaining three 
is for the rupture disc line. A vent line and pressure gauge occupy 
the fi n a l two holes. 

The reactor is heated by two 6 feet long heaters joined in 
parallel. These are coiled around the reactor and held close to i t 
by 4 longitudinal steel strips and eight c i r c l i p s . The maximum power 
drawn by the heaters is 4 KW. The reactor is insulated with ceramic 
brick which is cut and fit t e d to the contours of the external surface. 

The inlet valve is a 1.5 inch ball type (Mogas Industries Ltd.) 
rated at 24.8 MPa (3600 psi) at 370°C. It is joined to the reactor 
by a matching hub. The controller is air operated and failure of air 
pressure causes the valve to close. The valve is insulated by three 
layers of 1.5 inch thick glass wool. A similar valve was planned for 
the outlet valve. However, because of cost considerations, a 0.5 
inch ball valve (Crosby) rated at 18.4 MPa (2665 psi) at 370°C is 
currently being used. This valve operates well, but we are reluctant 
to operate i t close to i t s design rating. 

The cooling lock has an internal column of 300 mL and is 
machined from stainless steel. An outer jacket allows for a variety 
of coolants. The steam generator is a 2-L autoclave. A Milton-
Royal high pressure pump allows for the continuous addition of water 
to the hot generator, i r necessary. The product collector if a 
pyrex vessel approximately 8 inches in diameter and 5 inches deep. 
Separated gas passes to a brine displacement vessel for volume 
measurement. A number of electrical and mechanical overrides plus 
barriers are designed to prevent any injury to the operator as a 
result of accidental discharge from the reactor or steam vessel. In 
addition, the control panel is located in a separate room adjacent to 
the reactor. 
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9. BOOCOCKETAL. OUs from Steam Liquefaction of Poplar Chips 95 

original 250 270 278 290 300 310 319 330 350 
Figure 1· Liquefaction of poplar sticks in water (dried samples). 

Figure 2. Scanning electron microscope picture of interior of 
black spruce stick (surface heated to 309°C in water). 
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96 PYROLYSIS OILS FROM BIOMASS 

Reactor Operation 

In operation, the reactor is brought to temperature with the inlet 
valve open. A slow nitrogen flush through the inlet lines is also 
employed. The feed is contained in a cylindrical steel mesh basket 
which is manually dropped through the inlet valve. The purpose of 
the basket is three-fold. F i r s t , i t allows rapid charging of the 
feed to the reactor. Secondly, i t prevents direct contact between 
the chips and the reactor wall; and thirdly, i t retains any unconver­
ted wood in those experiments when large-sized feed and low reaction 
times and temperatures are used. After addition of the feed, the 
inlet ball valve is immediately closed and the steam line opened. 
Mechanical and electrical overrides preclude accidental ejection of 
steam through the inlet valve. Ordinarily, steam injection time is 
short (3-7 s), since the relative low temperature at the bottom of 
the reactor encourages flushing of the steam vessel contents. After 
closure of the steam valve, a further two minutes is allowed for re­
action before the outlet valve is opened and the products are allowed 
to enter the lock. After a suitable cooling period (up to 1 minute) 
the products are discharged to the product collector. The basket is 
retrieved through the inlet valve after venting the reactor. 

Results 

Figure 4 shows typical temperature profiles immediately after closure 
of the steam lines. The temperature profile highlights the major 
drawback of the reactor. This is the relatively low temperature at 
the base of the reactor due to (a) the low rating and low thermal 
mass of the outlet valve; and (b) the thermal conduction tô the 
cooling lock. Opening of the steam valve thus causes flashing of 
steam to this cooler area. I n i t i a l l y the middle and upper thermo­
couples are hotter than the steam, but the upper thermocouple rapidly 
cools as steam enters. The steam cools on expansion, and thus has a 
temperature less than 340°C when entering the reactor. Although 
heating and subsequent cooling of the bottom thermocouple is 
occasionally observed (particularly i f the temperature is below 
300°C), the most common observation is that the base temperature 
varies very l i t t l e . After approximately two minutes the temperatures 
at the top and bottom of the reactor are almost equal. However, the 
temperature at the middle is typically 40-60°C higher after 120 s of 
reaction time. 

Oilj water and gas exit the cooling lock and enter the collec­
tion vessel. In a l l , over 30 runs have been made, and of these 13 
have been completely analysed in terms of carbon balance, elemental 
analysis and quantification of the various phases. For chipped 
poplar, the varied parameters have been steam temperature, injection 
time, water level in steam generator and total reaction time. The 
liquefaction of non-standard poplar in the form of dowels has also 
been studied. 

Overall mass balances can be obtained, but these are not 
meaningful, given the relatively large amounts of water involved in 
the reaction. More important aspects are the carbon balance and the 
percentage of feed carbon found in the various product phases. These 
phases are the o i l , including a separately obtained acetone wash o i l 
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9. BOOCOCKETAL. OUs from Steam Liquefaction of Poplar Chips 97 

from cleaning the reactor, the aqueous phase and the gas phase. In 
addition, a small amount of insoluble material (usually acetone-
soluble) is found in the aqueous phase. Figure 5 shows a typical 
carbon distribution in the product phases. 

The gas phase is 93% carbon dioxide, the balance being mostly 
carbon monoxide. About 7 l i t r e s of gas is obtained for each 100 g of 
chipped wood (7% moisture). Thus approximately 7 per cent of the 
wood carbon appears in the gas phase. The volume of the aqueous 
phase is d i f f i c u l t to control, because of the flashing of steam to 
the reactor. Typically the volume of aqueous phase is close to 300 
mL for 100 g of chipped poplar. Interestingly, when 160 g of poplar 
in the form of a poplar dowel 23 inches long and 1 inch in diameter 
is liquefied, the volume of water collected is the same. This 
suggests that there is a trade off between steam,required to heat the 
wood, and the i n i t i a l void space. The overall major finding is that, 
for wood chips, there is very l i t t l e variation in carbon distribution 
amongst the various product phases for reaction times of 45-120 s and 
steam generator temperatures of 335-355°C. This is only true i f the 
amount of feed is held at 100 g, and the steam vessel is relatively 
f u l l of water. 

Products 

The Aqueous Phase. As mentioned previously, the amount of aqueous 
phase collected under typical operating conditions appears to be 
independent of void space or mass of wood in the reactor. In 
general, slightly less than 300 mL is usually collected for each run. 
The concentration of 'soluble 1 carbon in this water is about 45 g/L 
when 100 g of wood is used. This corresponds to 15 g of carbon or 
about 30 per cent of that in the wood. HPLC analysis has been 
performed for simple carboxylic acids (9) and some sugars. 

A more detailed study of the aqueous phase is available for the 
small reactor experiments in which single poplar sticks are subjected 
to hot water and steam generated internally. The combined aqueous 
phases from single-stick experiments have been analysed for heart-
wood, sapwood, and bark feeds. The analytical procedures involved 
extraction of the aqueous phases with relatively large amounts of 
ether. However, this ether extract only contained about 10 per cent 
by weight of the original feedstock. Since this would leave the 
carbon balance deficient, i t is concluded that the ether did not 
capture a l l the aqueous phase. Rapid hydropyrolysis of isolated 
poplar lignin in the same reactor not only yielded twice the amount 
of o i l but also produced much less ether extract from the aqueous 
phase. It is thus concluded that the majority of organic compounds 
in the aqueous phase derive from the holocelluloses. Table 1 
supports this showing the major products as acetic acid, other car­
boxylic acids and furfurals. While hemicellulose accounds for most 
of the acetic acid and furfural, we have shown (10) that the cel l u -
lost yields the other furfural derivatives. The phenols obviously 
derive from the lignin. 

The O i l . The o i l yield is typically 40-45% on a dry mass basis, and 
the carbon content is about 59% of that in the original feed. This 
yield varies very l i t t l e using steam temperatures of 335-355°C and 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
30

, 1
98

8 
| d

oi
: 1

0.
10

21
/b

k-
19

88
-0

37
6.

ch
00

9
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MESH BASKET 
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Figure 3. Schematic diagram of wood l i q u e f a c t i o n u n i t . 
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Figure 4. Temperature p r o f i l e s at top and bottom of r e a c t o r . 
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Figure 5 . Carbon d i s t r i b u t i o n i n product phases. 
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9. BOOCOCKETAL. Oils from Steam Liquefaction of Poplar Chips 99 

Table I. Compositional Analysis of Ether-Solubles 
from the Aqueous Phase* 

Substance Sapwood Heartwood Bark Douglas F i r 
Acetic acid 30 40 20 10 
Other aliphatic acids 5 10 10 5 
Furfural 30 10 12 10 
5-Methylfurfural 5 3 10 10 
5-Hydroxymethy1furfural 3 4 5 8 
Phenols (including 

guaiacol, syringol 
and alkyl derivatives) 5 5 10 5 

Levulinic acid and 
lactones 7 10 5 20 

Unidentified 15 18 28 32 

* figures represent wt.% of the aqueous phase ether-solubles 

reaction times of 45-150 s. The o i l softens around 50°C. On average 
the carbon and hydrogen contents of the dry o i l are 69% and 5,75%, 
respectively. The oxygen content is about 25% and the nitrogen is 
also measurable (0.3%). As mentioned previously the o i l is separated 
easily from the bulk aqueous phase by f i l t r a t i o n . The trapped water 
(up to 20%) can be separated by then melting the o i l , and this lowers 
the water content to less than 5%. These two steps could, of course, 
be combined by preventing rapid cooling of the o i l . However, in the 
laboratory we find i t convenient to operate in the two step mode, 
although i t would be relatively easy to provide heating to the pro­
duct collection vessel. It should be noted that fast (non-aqueous) 
pyrolysis oils contain considerable quantities of water which is 
inseparable because of the high content of poplar compounds. 

A boiling point distribution curve, together with thermal evalu­
ation analysis data, suggests that 36% of the o i l d i s t i l l s below 
405°C which is at the upper end of the range for heavy gas o i l in 
petroleum d i s t i l l a t i o n . However, proton and carbon-13 nmr spectra 
clearly show that the o i l is not alkane in character. A strong 
methoxyl signal is evident at 4.2 ppm in the proton spectrum (Figure 
6) and 56 ppm in the carbon spectrum (Figure 7) and this and other 
evidence indicates that the o i l is predominantly of lignin origin. 
Many of the sharp peaks found in the carbon-13 spectra of fast 
pyrolysis o i l s are absent, and there is evidence of peak broadening 
in both proton and carbon spectra. Spectra of co-mixtures of steam 
pyrolysis o i l and fast pyrolysis o i l show the broadening is real and 
is not caused by metal content in the steam pyrolysis o i l (11). 

Solvent-separation of the o i l s , using diethyl ether, chloroform 
and acetone, followed by analysis, support the proposed origin of the 
o i l . Ether essentially dissolves monomeric material, while chloro-
and acetone dissolve successively higher molecular weight materials. 
Phenols, guaiacols and syringols are found in the ether-soluble 
fraction along with aliphatic acids (C-5 and higher) and various 
benzoic acids, the latter being of lignin origin. The carboxylic 
acid fraction appears to be twice as prevalent as the phenolic 
fraction. The neutral fraction showed spectral (nmr, EIMS) 
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100 PYROLYSIS OILS FROM BIOMASS 

TO 9 $ 7 6 5 4 3 2 ϊ OPPM 

Figure 6. Proton nmr spectrum of o i l . 
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Figure 7. Carbon-13 nmr spectrum of o i l . 
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9. BOOCOCK ET AL. Oils from Steam Liquefaction of Pop for Chips 101 

characteristic of straight chain aliphatic protons and may contain 
extractives reported to be mono-, d i - , and triglycerides (10). 

Spectroscopic evidence shows that the chloroform soluble 
fraction is of both lignin and cellulose origin. In addition, the 
use of either lignin or cellulose as feedstock produce significant 
amounts of this fraction (ether-insoluble/chloroform-soluble). The 
ratio of syringyl and guaiacyl contributions to this fraction can be 
estimated from the C-13 nmr spectra. This ratio is 4:1 for heart-
wood, sapwood and lignin o i l s . 

A l l the thermally produced o i l s are thermally unstable and, at 
sufficiently high temperatures, 'react 1 to form a char. This is 
particularly true of the fast pyrolysis o i l s which appear to have 
undergone less chemical conversion and contain more reactive 
functionalities. Special processes, such as entrained flow, may 
have to be used to upgrade a l l the o i l s . 

High performance size exclusion chromatography (HPSEC) has been 
used to determine apparent molecular weight distributions and also 
to determine the effects of aging (12). The number and weight 
average molecular weights are less than 1000 based on polystyrene 
standards. Work is currently being done to quantify variations in 
detector response with molecular weight and sample concentration. 
The o i l s were found to age slowly at room temperature but rapidly 
repolymerized when heated above 100°C. 

Upgrading of Oils. It is obvious from examination of the o i l that i t 
must be transformed in at least two ways. One of these transforma­
tions involves further molecular-weight reduction. This has to be 
achieved whilst avoiding the natural tendency of the o i l to react 
condensatively at high temperature yielding chars. Some kind of 
entrainment may be necessary to obtain this desired cracking at high 
temperature. Our own studies have been confined to methods for 
removing and/or changing the phenolic OH group and methoxy groups in 
the product. The objective of this study was to find ways to control 
the transformations in specified directions and, therefore, provide 
maximum ve r s a t i l i t y . Although we have used many aromatic substrates, 
anisole and phenol have been the major focus of our work and our 
discussion w i l l be limited to them. 

We decided there were definite advantages to be gained i f 
catalysts already used for hydrodesulphurisation of petroleum could 
be used for deoxygenation and rearrangement of functionalities. We 
have, therefore, studied molybdenum oxide/cobalt oxide (15%/4%) and 
molybdenum oxide/nickel oxide (15%/3%) (both on γ-alumina) catalysts 
both in sulphided and unsulphided forms. A batch reactor was used 
for the study and, therefore, much larger conversions were obtained 
than in previously used flow reactors. Disadvantages of such a 
system include the heat-up time required for the reactor and the 
non-removal of product water from the system. It was concluded from 
the study of phenol that the highest benzene production occurred 
when the sulphided cobalt catalyst was used at relatively low 
temperatures and hydrogen pressures (350°C, 1.4 MPa). Ratios of 
benzene to cyclohexane yields are 14:1 or higher. However, the 
reaction rate may be too low at this temperature, but raising the 
temperature and pressure causes the ratio to f a l l (2:1 at 450°C and 
2.8 MPa). High conversion can be obtained at 450°C using the 
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102 PYROLYSIS OILS FROM BIOMASS 

unsulphided cobalt catalyst. The aromatic to cycloalkane ratio is 
5:1, but half the cycloalkane is methylcyclopentane. The latter 
product is favoured by the higher temperatures. The unsulphided 
nickel catalyst is slightly more active at 450°C, but the aromatic/ 
cycloalkane ratio is not as good (3:1). If cyclohexane is the 
desired product, i t is best to use the sulphided nickel catalyst at a 
relatively low temperature (350°C), when a cyclohexane/benzene ratio 
of 11:1 results. 

Anisole readily demethylates, even in the absence of hydrogen. 
Even without the catalyst, some demethylation occurs. At 350°C, 
using the unsulphided cobalt catalyst, some of the lost methyl groups 
alkylate the aromatic ring to yield methyl and dimethylphenols. 
However, only 68% of the methyl groups can be accounted for (inclu­
ding 14% unconverted anisole). The same accounting holds at 450°C 
when deoxygenation yields toluent (21%), xylene (12%), and even some 
trimethylbenzenes (3%). The use of the sulphided cobalt catalyst 
results in a greater loss of the methyl groups (77%). Methylation of 
the ring is thus obviously favoured by the oxided form of the 
catalyst. The lost methyl groups are probably converted to methanol 
or dimethyl ether, but we have not analysed for these compounds. An 
interesting observation was that recycled (3 times) sulphided cobalt 
catalyst gave enhanced benzene yields (68% vs 49%). Deoxygenation 
was virtually complete, whereas fresh catalyst l e f t significant 
unconverted phenol. Obviously the degree of sulphiding has not yet 
been ful l y exploited. Thrice used catalyst gave a ratio of aromatics 
to cyclohexane of 6.5:1. We suspect that similar effects would be 
observed i f phenol were used as substrate. 
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Chapter 10 

Oil Production by High-Pressure 
Thermal Treatment of Black Liquors 

Process Development Studies 

P. J. McKeough and A. A. Johansson 

Laboratory of Fuel Processing and Lubrication Technology, Technical 
Research Centre of Finland, 02150 Espoo, Finland 

Liquid-phase treatment of black liquors, from alkaline pulp­
ing, at 300 - 350 °C in a reducing atmosphere results in the 
formation of an oil-like product, which separates out from 
an aqueous phase containing the inorganic constituents. The 
process has several potential forms of application. This 
study was conducted in support of the development of one 
such application: a new recovery system for the kraft pulp­
ing process. Thermal treatment experiments were performed 
using different reactant gases with the main objective of 
elucidating the interactions between the gaseous-phase and 
aqueous-phase components. This information was used to ad­
vantage in the compilation of a process scheme for the re­
covery of the cooking chemicals from the aqueous phase. 

A process producing l i q u i d fuels from the organic matter of the black 
liquors from alkaline pulping is being developed at the Laboratory of 
Fuel Processing and Lubrication Technology, Technical Research Centre 
of Finland (VTT). The central operation in the process is the l i q u i d -
phase thermal treatment of black liquor at 300 - 350 °C under a re­
ducing atmosphere U ) . The treatment results in the formation of a 
hydrophobic oi l which separates out from an aqueous phase containing 
the inorganic constituents and some organic matter. 

The process can be applied in either of two basic ways: 
- as a method to produce oi l in conjunction with the kraft 

pulping process, 
- as an entirely new system for recovering the cooking chemicals 

and energy from kraft spent l iquors. 
The f i r s t type of application exploits the favourable properties 

of black liquor as a feedstock for high-pressure conversion. In compa­
rison to sol id biomass, the advantages of black liquor as a feedstock 
include: 

- no pretreatment required. Black liquor can be directly pumped 
into the reactor at dry solids concentrations as high as 60 
%. 

0097-6156/88/0376-0104$06.00/0 
Published 1988 American Chemical Society 
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10. McKEOUGH& JOHANSSON Oil Production from Black Liquors 105 

- black liquor contains alkaline compounds known to catalyze con­
version reactions, 

- cel lulose, the most valuable component of wood, is not 
subjected to the conversion process. 

In this type of application, the kraft cooking chemicals are re­
covered using the traditional method which is centred around the Tom-
linson recovery boiler. Additional plant fuel (wood waste, peat, 
coal) is needed. Preliminary economic evaluations have indicated that 
this type of oi l production process would be economic i f oi l prices 
were at their 1985 l e v e l . 

In the second type of application, the Tomlinson recovery boiler 
is replaced by a safer and thermally more e f f i c i e n t recovery system, 
in which the oi l produced by thermal treatment is used as plant fuel . 
This type of process i s , in many respects, similar to the Hydropyro-
l y s i s Recovery Process developed by the St. Regis Paper Company, USA 

the essential difference being the use of a reducing atmosphere 
in the YTT process. 

The primary objectives of the present study were to elucidate 
the main interactions between gaseous-phase and aqueous-phase compo­
nents, and, by applying this knowledge, to establish process schemes 
for the recovery of the cooking chemicals from the aqueous phase. 
Because the composition of the aqueous phase is dependent upon the 
composition of the reactant gas, several different gases were 
employed in these experiments. 

Experimental 

The kraft black l iquor, employed in the experiments, originated from 
a laboratory cook of Scots pine (Pinus sy lvestr is) . An analysis of 
the liquor is given in Table I. 

Table I. Analysis of kraft black l i q u o r 1 . 

% of dry solids 

Organic matter 78.9 
Total Na 18.4 
NaOH 3.0 
Na9S 5.5 
Na30. 0.04 
Nâ CO 1.1 

1 dry solids content of 30 % 
A later batch of l iquor, prepared in a similar way, was also analyzed 
for volat i le acids (formic and acetic acids) and l a c t i c acid, which 
are present as sodium salts in the l iquor. On the basis of the ana­
lyses i t can be concluded that the contents of these acids in the 
feed liquor used in the present experiments were approximately 6 % 
om, 4 % om, and 4 % om respectively, where % om denotes the per­
centage of black liquor organics. 

The experiments were conducted in a 1- l i t re autoclave. In a 
typical experiment 500 ml of black liquor was placed in the autoclave 
and reactant gas was charged at suff ic ient pressure ( 5 - 9 MPa) to 
result in a total pressure of about 20 MPa at the reaction tempera­
ture. The autoclave was then heated at a rate of about 5 ° C / m i n . A 
fixed time-at-temperature of 45 m i η was chosen for these experiments. 
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106 PYROLYSIS OILS FROM BIOMASS 

At the end of the reaction period, the autoclave was rapidly 
cooled, after which gases were released, measured, and analyzed. The 
organic phase and the aqueous phase were separately recovered from 
the autoclave and weighed. The pH of the aqueous phase was measured. 
In many of the experiments the aqueous phase was also analyzed for 
formic, acetic, and l a c t i c acids (present as sodium salts) and for 
C0 2 (chemically bound in sodium carbonate or bicarbonate). The former 
were analyzed by gas chromatography as their benzyl esters (3J, the 
latter by measuring the amount of C0 2 l iberated upon acidi f icat ion 
with excess mineral acid. 

The primary experiments were those employing either carbon mon­
oxide or hydrogen as reducing gas. Two temperatures, 300 °C and 
350 °C were investigated. Experiments employing non-reducing carbon 
dioxide were also conducted in order to assess whether alkal i neutra­
l i z a t i o n by the reactant gas plays an important role in the thermal 
treatment process. One experiment was performed with a reactant gas 
of composition similar to that of a typical low-calorif ic fuel gas 
(producer gas) generated by gasification of biomass with a i r . 

Results and Discussion 

The main experimental results are presented in Table II. 

Formation of o i l phase. Although this study was not primarily con-
cerned with the oil-forming reactions, several aspects of o i l forma­
tion deserve mention. F i r s t l y , in most of these experiments, the 
organic- phase product separated into two fractions, denoted as "oil" 
and "bitumen" in Table II. (In more recent experiments, such a sepa­
ration has been avoided by using a lower temperature during pressure 
let-down after the reaction.) In two of the present experiments 
(Expts. 3 and 6), no "oil" fraction was obtained and the apparent 
"bitumen" y i e l d was exceptionally high. These products were wet 
agglomerations of poorly-separating sol ids. Thus, the presence of a 
reducing gas was essential for obtaining an o i l - l i k e product, and, 
furthermore, when using hydrogen, the higher reaction temperature 
(350 °C) was necessary. The organic-phase product originates, to a 
large extent, from the l ignin fraction of the black liquor. As will 
be discussed later , the other black liquor organics, mainly al iphatic 
acids, are not converted into organic-phase products ( o i l , bitumen) 
to any signif icant extent. 

Interactions between gaseous and aqueous components. In al l experi-
ments the thermal treatment led to a decrease in the black liquor 
a l k a l i n i t y , the final pHs being in the range 8 - 1 0 (Table II). The 
chief neutralizing agents were the gases CO and C0 2 . The decrease in 
alkal inity was least extensive in experiments employing hydrogen as 
reactant gas, but i t was nonetheless quite signif icant, particularly 
at 350 °C (Expts. 4 and 5). In these cases, the neutralizing agent 
was C0 2 , a product of the thermal decomposition of the organic matter 
(decarboxylation). 

The electrolyte systems of kraft black liquor are well known 
(4·). In principle this data can be applied to the product mixture of 
the thermal treatment process, allowing the following conclusions to 
be drawn: 
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10. McKEOUGH& JOHANSSON Oil Production from Black Liquors 107 

Table II. Results of autoclave experiments. Time-at-
-temperature: 45 min. 

Experiment 1 2 3 4 5 6 7 8 

Reactant gas CO CO H2 H 2 H 2 co 2 0 0 2 / Η 2
Ί Producer 

gas 2 

Temperature, °C 
Pressure, MPa 

300 350 300 350 350 350 345 350 Temperature, °C 
Pressure, MPa 20 26 18 22 22 24 26 26 
Yields, % of 
black liquor or-
ganics [% om) 

oi l 3 

bitumen 4 

C0 9 5 

& 
CH -gases 
H S 
Co2/aqueous 6 

formic acid 7 

acetic acid 7 

l a c t i c acid 7 

Aqueous-phase pH 

24.9 26.9 0 23.2 22.6 0 22.1 20.2 
35.1 25.6 80.7 36.5 33.4 81.4 34.1 36.5 
30.1 32.1 0.4 2.4 2.4 0.6 5.2 3.9 

0.5 0.7 -0.5 -0.3 -0.2 0 -0.3 -0.1 
•31.8 -28.6 0 0 0 0 0 -3.8 

0.4 0.6 0.1 0.7 0.8 0.7 1.0 0.7 
1.4 1.1 0.3 0.5 0.4 1.0 ND 0.4 
2.0 19.0 10.0 ND 18.0 ND 19.0 ND 

35.7 10.6 6.2 ND 4.6 1.6 ND ND 
4.5 3.9 4.1 ND 3.8 3.9 ND ND 
4.5 3.5 5.4 ND 4.0 ND ND ND 

8.5 8.5 10.2 9.5 9.4 8.9 8.4 9.1 

1 60 % C0 o , 40 % H. 

2' 51 % N 2 , 17 % H 2 , 2 14 % CO 
18 % CO 

3 organic product as oi l layer 
k heavier organic product 

5 in gaseous phase 
6 in aqueous phase as HCO" 

C 0 3 « 
7 present as sodium salts 
ND not determined 

or 

1. In al l cases, sulphur is present as HS" in the aqueous phase, the 
f inal pHs (8 - 10) being lower than the pKa for HS" (~ 13.5) and 
higher than the pK afor hLS (~ 7). 

2. HC03" Predominates over C0 3 *, particularly at the lower end of 
the observed pH range. pK a f o r HC03" i s ~ 10. 

3. The phenolic hydroxyl groups of the l ignin molecules are largely 
in an unionized condition, i . e . not bound to the sodium ion (pK s: 
9.5 - 11). a 

4. The carboxyl groups, which do not decompose during the thermal 
treatment, remain ionized (pK s: 3 - 5). The three main fractions 
of the organic matter of the Black liquor are l i g n i n , al iphatic 
acids, and extractives. The al iphatic acid fraction contains the 
bulk of the carboxyl groups, but some are also encountered in the 
other fractions (5_). 

For the case when the neutralizing agent is C 0 2 , the main 
neutralization reactions can be written as follows: 
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108 PYROLYSIS OILS FROM BIOMASS 

NaOH + C0 2 ^ NaHC03 1) 

NaHS + C0 2 + H20 ^ NaHC03 + H2S 2) 

N a 0 p h e n o l i c + C 0
2

 + H20 ^ N a H C 0 3 + H 0 p h e n o i i c 3) 

Na 2C0 3 + C0 2 + H20 ^ 2 N a H C 0 3 4) 

For the case when CO is the neutralizing agent, the equations become: 

NaOH + CO ^ H C 0 2 N a 5) 

NaHS + CO + H20 <^HC02Na + H2S 6) 

N a 0 p h e n o l i c + c o + H20 ^ H C 0 2 N a + H O p h e n o l i c 7) 

Na 2C0 3 + 2C0 + H 2 0^r2HC0 2 Na + C0 2 8) 

NaHC03 + C 0 ^ H C 0 2 N a + C0 2 9) 

The reactions 1 to 9 are competitive. Under different sets of re­
action conditions different gas-alkali reactions will predominate. 
The results of Table II indicate which were the dominant reactions 
under the different sets of conditions employed in these experiments. 
At 350 °C, reactions 1 to 4 occurred to a signif icant extent in a l l 
atmospheres. In the CO atmosphere, a signif icant amount of formate 
was also produced (Reactions 5 to 9). At 300 °C, the gas-alkali i n ­
teractions were very dependent on the composition of the reducing gas 
atmosphere. In the CO atmosphere, a very large quantity of formate 
was formed. The increase compared to the CO/350 °C experiment was 
presumably due to a shift in the e q u i l i b r i a of Reactions 8 and 9. In 
the H 2 atmosphere at 300 °C, carbonate formation, although s t i l l 
s ignif icant, was less than at 350 °C (less decarboxylation of organic 
matter). 

Reactions of organic acid s a l t s . A large fraction of the organic 
material of black liquor is comprised of al iphatic acids (5K In 
addition to the acids analyzed, there are signif icant quantities of 
less volat i le aliphatic hydroxy acids. The acids, present as sodium 
salts in black l iquor, are formed from wood polysaccharides during 
pulping*In conditions of excess a l k a l i , these acid salts are not 
s ignif icantly converted into hydrophobic product ( o i l , bitumen) 
during this type of treatment (6). As confirmed in our more recent 
studies, three of the main acid components present after reaction are 
formic, acetic, and l a c t i c acids, the less volati le hydroxy acids 
having undergone signif icant decomposition. When the yields of 
formic, acetic, and l a c t i c acids (Table II) are compared to the 
amounts present in the feed liquor (6 %9 4 %, and 4 % of black l iquor 
organics respectively), the following conclusions can be drawn. The 
treatment affected, to only a minor degree, the amounts of sodium 
acetate and sodium lactate present in the aqueous liquor. Any new 
formation of these compounds was apparently offset by loss through 
thermal decomposition. Sodium formate decomposed in the C0 2 
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10. M C K E O U G H & J O H A N S S O N OU Production from Black Liquors 109 

atmosphere, presumably due to a shi f t to the l e f t of the equi l ibr ia 
of Reactions 8 and 9. In the H 2 atmosphere, formate was f a i r l y 
stable. In this case, the decomposition of formate to carbonate was 
opposed by the following reaction (7_): 

NaHC03 + H 2 ^ HC02Na + H20 10) 

Consumption of reducing gas. From the point of view of oi l forma-
tion, the most important reactions of CO or H are the reduction 
reactions: 

c o + ° o r g a n i c matter — > C 0 2 1 1 ) 
H 2 + ° o r g a n i c matter — > H2° 
Sodium formate can also function as a reductant in a similar 

way (8): 

HC02Na + 0 o r g a n 1 c m a t t e r —> NaOH + C0 2 —> NaHC03 13) 

However, the results of the H2/300 °C experiment suggest that the 
formate present in the black liquor feedstock (at 6 % om concentra­
tion) is not an effective reductant under these conditions. 

In addition to i t s being consumed as a reductant, CO is con­
sumed in partial neutralization of black liquor alkal inity (Equa­
tions 5 to 9) and in production of H by the water-gas-shift re­
action: 

CO + H 2 0 ^ C 0 2 + H 2 14) 

From the data of Table II, i t has been possible to establish 
the consumption patterns of CO at 300 °C and 350 °C (Table III). 

Table III. Consumption of CO. 

% of black liquor organics (% om) 

CO/300 °C CO/350 °C 

I Neutralization 18 3 
II Reduction 7 16 
III Shift 7 10 

Total 32 29 

The total level of CO consumption, about 30 % om, is equivalent to a 
H consumption of 2.1 % om, which is a much higher value than that 
observed in H 2 experiments: 0.3 - 0.5 % om (Table II). 
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110 PYROLYSIS OILS FROM BIOMASS 

Implications for Process Development 

The aqueous phase leaving the thermal treatment reactor contains the 
following compounds: 

- NaHS ( ^ N a 0 S ) 
- NaHC03 ( ^ N a 2 C 0 3 ) 
- Sodium salts of al iphatic acids, with formate, acetate, and 

lactate as three main components. The formate content is con­
siderable when the reactant gas is CO. 

- Other organic compounds in smaller amounts. 
The organic acid salts and other organic compounds cannot be 

recycled, in their entirety, to the cooking stage. If not purged 
from the system, they will quickly build-up in concentration in the 
cooking liquor and retard the del ignif ication reactions. Furthermore, 
particularly i f the formate concentration is high, there may be i n ­
suff ic ient sodium for binding to the hydroxide ion. In fact, various 
p o s s i b i l i t i e s of converting sodium formate directly into sodium 
hydroxide were investigated in this study, but none of these proved 
to be technically feasible. 

One example of a workable scheme for the recovery of chemicals 
is depicted in Figure 1. A part of the aqueous phase leaving the 
thermal treatment stage is recycled through a wet oxidation reactor 
where organic matter is oxidized to carbonate, C 0 2 , and H O . The 
heat produced is employed in heating the feed stream to tne thermal 
treater. The rest of the aqueous phase is recausticized in the con­
ventional way. In addition to the normal components of kraft green 
l iquor, this liquor contains NaHC03 and some organic matter. The 
presence of organic matter should Be an advantage because, according 
to the l i terature, a small but signif icant increase in pulp y i e l d can 
be expected (2). The presence of NaHC03 will lead to a higher lime 
requirement in the recausticizing stage. 

Wet oxidation is quite an economic process step in this scheme 
because the feed stream to i t is already at the required temperature 
and pressure. Sulphide wil l be oxidized to sulphate, but i t should 
be reduced again to sulphide in the subsequent heat treatment stage. 
This latter reaction will be investigated experimentally in the near 
future. For reasons of low gas consumption and low gas cost, producer 
gas is the reducing gas proposed for the scheme of Figure 1. 

Preliminary economic evaluations of this scheme have indicated 
that i t would be more economic than the conventional recovery pro­
cess, particularly i f a higher pulp y i e l d were obtained. This process 
would also have a higher thermal efficiency than the conventional 
process. 

Concluding Remarks 

The black liquor treatment process being developed at VTT has several 
promising forms of application. The work described in this paper has 
furthered the development of one such application: a new recovery 
system for the kraft pulping process. Current research is being d i ­
rected at gaining a better understanding of the oil-forming reactions 
occurring during thermal treatment. 
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Chapter 11 

Formation of Aromatic Compounds 
from Carbohydrates 

Reaction of Xylose, Glucose, and Glucuronic Acid 
in Acidic Solution at 300 °C 

David A. Nelson1, Richard T. Hallen1, and Olof Theander2 

1Chemical Sciences Department, Pacific Northwest Laboratory, 
Richland, WA 99352 

2Department of Chemistry and Molecular Biology, Swedish University of 
Agricultural Sciences, S-75007 Uppsala, Sweden 

The hydrothermolysis (liquefaction) of glucose, 
xylose, and glucuronic acid was examined in acidic 
solution at 300°C. Glucose provided high yields of 
both 5-hydroxymethyl-2-furaldehyde and 2-furaldehyde. 
The major products, catechol, 2,3-dihydroxyaceto­
phenone, and 3,8-dihydroxy-2-methylchromone, as well 
as 2-furaldehyde, were quantitatively determined in 
the acidic reaction mixtures of xylose and glucuronic 
acid. Considerable variation of these components 
occurred within pH 1.7-4.0. Such products, 
potentially produced during biomass hydrolysis, may 
have an inhibiting effect on subsequent fermentation 
processes. 

For several years our respective groups have investigated the 
formation of aromatic compounds from carbohydrates in aqueous 
solution at various pH-values under reflux or hydrothermolytic 
conditions. For instance, previous papers(1-6) in this series 
concerned the degradation of hexoses, pentoses, erythrose, 
dihydroxyacetone, and hexuronic acids to phenolic and enolic 
components. Of particular interest were the isolation and 
identification of catechols, an acetophenone, and chromones from 
pentoses and hexuronic acids at pH 4.5 (1,2). The formation of 
these compounds, as well as reductic acid(7),was found to be more 
pronounced than that of 2-furaldehyde(2) under acidic conditions. 
The aromatic precursors of 4 and 5 were also isolated from these 
reaction mixtures. This is in contrast to the high yields of 2 
obtained from pentoses(8) and hexuronic acids(9) at very low pH. 
Similar products were obtained in lower yield from glucose and 
fructose under acidic conditions(10). However, the predominant 
product of these hexoses was 5-hydroxymethyl-2-furaldehyde (1) as 
would be expected from prior work(ll^). Surprisingly, similar 
products are noted at neutral and even alkaline pH with glucose and 

0097-6156/88/0376-0113$06.00/0 
© 1988 American Chemical Society 
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114 PYROLYSIS OILS FROM BIOMASS 

xylose(12). Previous hydrothermolytic studies of cellulose 
indicated that certain aromatic products could be obtained when the 
pH was maintained in the range of 4-11(13). This suggested that 
aldol condensation, a prime route for the production of aromatics 
from saccharides, could function under moderately acidic conditions. 

The current research was initiated to study the competition 
between the formation of phenolic compounds (aldol involvement) and 
that of furans (dehydration and cyclization). Hydrothermolytic 
(liquefaction) conditions, 5-7.5 minutes at 300°C, were chosen to 
examine the effect on potential biomass materials while exposed to 
mild acid. Xylose and glucuronic acids were previously found to 
provide higher yields of phenols than glucose. It is also of 
increasing interest for those involved with the hydrolysis of 
biomass, including steaming and autohydrolysis under slightly acidic 
conditions at 170-250°C, to obtain substrates for various 
fermentation processes or as a pretreatment for other uses. It is 
very li k e l y that the aromatic products, particularly those formed 
from pentosans and polyuronides, may have an inhibiting effect on 
fermentation processes. More information, therefore, is needed 
concerning the formation of aromatic components and their precursors 
from the exposure of cellulosic material to aqueous, acidic 
processing of biomass. Experimentation with this material at high 
temperature may provide adequate direction toward this important 
chemistry. 

Experimental 

A series of 3.0 mL capacity tubing autoclaves (316 stainless steel) 
were used. Each tube was 0.6 χ 9 cm and sealed with Swagelok 
fi t t i n g s . The tubes were charged with 0.27 g sodium glucuronate, 
0.19 g D-xylose, or 0.22 g D-glucose, respectively. Buffered acid 
solutions (2.0 mL) were added to the tubes. For instance, sodium 
acetate-acetic acid buffer was used for the pH 3 to 4 reactions, 
while a potassium chloride-hydrochloric acid buffer was used for the 
pH 1.7-1.9 reactions. The void space of each tube was swept with 
nitrogen prior to insertion into a 300°C sand bath. Interior tube 
temperature reached 300°C within 2.5 minutes, while quenching to 
below 100°C required only 0.1 minute. After cooling the solutions 
contained minimal or no precipitate. However, the solutions were 
dark brown after quenching. The tube contents were extracted with 
ethyl acetate. This extract was dried, and the solvent was removed. 
After the solids were weighed the extract was reconstituted with 1.0 
mL of ethyl acetate for GC analyses. Gas chromatographic analyses 
were obtained with a Hewlett-Packard 5880A instrument using a DB-5 
capillary column (30 m χ 0.25 mm). The temperature program involved 
an i n i t i a l temperature of 40°C for 5 minutes followed by an increase 
to 300°C at 10°C/minutes. 

Results and Discussion 

The yields of the solvent free extracts are presented in Table I. 
Column A shows the standard wt.Z yields. Column Β was formulated to 
show a loss of three moles of water for glucose and xylose and a 
loss of one mole of carbon dioxide for glucuronic acid. This 
represents the theoretical conversion of carbohydrates to furan or 
phenolic components. The standard yields (column A) give mixed 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
30

, 1
98

8 
| d

oi
: 1

0.
10

21
/b

k-
19

88
-0

37
6.

ch
01

1



11. NELSON ET AL. Formation of Aromatic Compoundsfrom Carbohydrates 115 

Table I. Yields of Ethyl Acetate Extracts After Acidic 
Treatment of Glucose, Xylose, and Glucuronic Acid at 300°C 

PH Time (min. ) A* B** 
Glucose 1.7 5 37 52 
Xylose 1.7 5 27 42 

3.6 5 40 62 
3.6 7.5 38 59 

Glucuronic Acid 1.9 5 20 41 
3.0 5 22 45 
3.6 5 20 41 
3.6 7.5 31 63 
4.0 5 15 31 

*A equals wt.Z based on the amount of carbohydrate. 
*B equals wt.Z based on glucose or xylose minus 3 H 2 O , and 

glucuronic acid minus 3 H 2 O and C O 2 . 

results when pH is compared; i.e., xylose shows higher yields at 
higher pH, while glucuronic acid does not. This may reflect two 
different mechanisms, however. These solvent extracted yields are 
rather similar to those obtained under basic conditions(13). 

There was some change in pH after the acidic hydrothermolysis 
of glucose, xylose, and glucuronic acid. The pH of the aqueous 
phase of glucose and xylose increased from 1.7 to about 2.6 after 5 
min at 300°C. Those reactions of xylose buffered at pH 3.6 held 
that acidity level rather well. The pH of the glucuronic acid 
reactions tended to increase more than those of xylose regardless of 
buffer; i.e., pH 1.9 to 3.2, 3.0 to 3.4, 3.6 to 3.8, and 4.0 to 5.2. 
This may be partially attributed to the decarboxylation of the 
glucuronic acid. 

Table II presents the quantitative results of those components 
volatile enough for GC analysis. At low pH the furan compounds 
predominate when both glucose and xylose are exposed to 300°C. This 
is not unexpected since a l l pentoses form 2-furaldehyde(2) in high 
yield when exposed to aqueous acid solution(14^). However, the 
presence of 2 in the glucose reaction mixture is of interest. The 
major product obtained from hexoses at elevated temperatures and 
aqueous acid is 5-hydroxymethyl-2-furaldehyde(1) with minor amounts 
of 2-(hydroxyacetyl)furan(15). The 2-furaldehyde has been detected 
after acidic treatment of fructose(16), glucose(15,17), and is a 
major component after the thermolysis of cellulose in d i s t i l l e d 
water(13). One plausible explanation for the formation of 2 may 
involve loss of formaldehyde(18) from glucose with consequent 
pentose formation. It should be noted that the pyrolysis of 1 does 
produce a small amount of 2(19). However, the reaction conditions 
are sufficiently different to suggest a different mechanism for 
hydrothermolysis. 

The xylose results are also notable with the increase of 3 and 
5 at pH 3.6 and longer time. In contrast, 2 decreased with 
increased pH and time. During previous work(l) with xylose in 
refluxing acid at pH 4.5, catechol (3) was not detected. However, 3 
has been detected after xylose was exposed to refluxing caustic 
solution(12). The presence of 3 in basic solutions of xylose was 
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116 PYROLYSIS OILS FROM BIOMASS 

Table II. Major Identified Components of Glucose, Xylose, and 
Glucuronic Acid After Hydrothermolysis at 300°C with 

Various Times and pH 

Glucuronic Glucuronic Glucuronic Glucuronic Glucuronic 
Glucose* Xylose Xylose Xylose Acid Acid Acid Acid Acid 

Compo­ pH 1.7 pH 1.7 pH 3.6 pH 3.6 pH 1.9 pH 3.6 pH 3.6 pH 3.6 pH 4.6 
nent** 5 i i n 5 i i n 5 i i n 7.5 i i n 5 i i n 5 ein 5 i i n 5 s i n 5 s i n 

1 19.9 
2 8.4 46.5 6.9 2.9 2.7 6.7 - - -
3 - 3.5 6.5 3.8 4.2 16.7 4.6 8.5 
4 - - 6.5 6.5 4.1 6.9 6.6 
6 6.4 6.3 8.5 2.3 3.3 - 6.7 -

* Values are reported as moleZ; o i l yields are reported in Table I; 
those values not reported are <0.1Z. 

**The components refer to those compounds identified in Figure 1. 

CH 3 

ι 

HOCH 2 

Ο 

1 2 3 4 5 

Figure 1. Major components isolated from carbohydrates exposed to 
300°C and acidic conditions. 

attributed to retro-aldol and re-aldol reactions since both xylose 
and glucose yielded the same type of products. Unfortunately, this 
does not explain the presence of 3 in the acidic hydrothermolysis 
product, but i t has been shown that the aldol reaction can occur at 
pH 4.0(13). Detection of 3,8-dihydroxy-2-methylchromone(5) has been 
noted previously in xylose solutions at pH 4.5(1,20). Since 5 is a 
ten-carbon product, i t is presumed that at least two moles of xylose 
were necessary for i t s composition. Thus, the moleZ values of 5 
(Table II) should be doubled to reflect this. Further support for 
this was recently demonstrated by E. Olsson, N. Olsson, and 0. 
Theander in unpublished work during the preparation of 5 at pH 5 and 
100°C from l- 1 3C-pentose (prepared by a K i l i a n i synthesis involving 
erythrose and K13CN). The major distribution of the 1 3 C-label was 
at the 2-methyl and C-8a positions. 

The results from glucuronic acid do not appear quite as 
informative as those from xylose. The 2-furaldehyde content 
decreased with increasing pH; none was observed beyond pH 3.0. 
Correspondingly, the amount of phenolic components (3 and 4) 
increased with pH, but reached a maximum at pH 3.6. The decrease of 
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11. NELSON ET AL. Formation of Aromatic Compoundsfrom Carbohydrates 117 

3 and 4 after 7.5 min at pH 3.6 may be due to ins tab i l i ty of those 
components toward the thermal conditions, however degradation of 3 
at pH 4.5 was negligible at 1 0 0 ° C ( 1 ) . The results at pH 4.0 do 
suggest a contribution toward less 3 due to the decreasing acidi ty . 
The decrease of 1 with increasing pH is also of interest since i t 
had previously been isolated from glucuronic acid exposed to pH 4.5 
and 1 0 0 ° C ( l t 2 0 ) . The Table II values obtained for 3, 4, and 5 from 
glucuronic acid may also represent only 50Z of the mole percentage 
since each component may require more than one mole of glucuronic 
acid for i ts preparation. 

Several unidentified components in the ethyl acetate fraction 
were also observed in the reaction mixtures of hydrothermolyzed 
glucuronic acid and xylose. Unfortunately, i so lat ion attempts were 
not successful for these products although two were found in 
moderate amounts. The mass spectra (m/e 164 and 162 from glucuronic 
acid and xylose, respectively) were not def ini t ive . However, both 
appeared to be related isomers of the methylchromone(5). When both 
are compared to 5, one compound (m/e 162) is missing a mass of 18 
(possibly water), while the other (m/e 164) is missing a mass of 16 
(possibly oxygen). Several other products remained in the aqueous 
phase after solvent extraction. We presumed that they represented a 
low molecular weight fraction comprised of formaldehyde, 
acetaldehyde, crotonaldehyde, acetoi, and pyruvic acid, for example 
( 1 8 . 2 1 ) · 

It is evident from the results of this research that phenolic 
products, especially 3, may be obtained by the acidic hydrother-
molysis of xylose and glucuronic acid containing materials. The 
phenolics and 2-furaldehyde could contribute toward the inhibi t ion 
of fermentation organisms i f acidic pretreatment procedures are not 
carefully controlled. 
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Chapter 12 

Kinetics of Alkaline Thermochemical 
Degradation of Polysaccharides 

to Organic Acids 

John M. Krochta, Joyce S. Hudson, and Sandra J. Tillin 

Western Regional Research Center, Agricultural Research Service, 
U.S. Department of Agriculture, Albany, CA 94710 

Thermochemical degradation of starch and cellulose in 
alkaline solution can be described by second-order 
kinetics, with the hydroxide ion concentration 
determined by the stoichiometry of polysaccharide 
conversion to organic acids. The thermochemical 
degradation activation energy for both starch and 
cellulose is 39.5 Kcal/mol. The production of 
organic acids proceeds more slowly for starch 
compared to cellulose. Ultimately, the yields are 
quite similar for both. Formic, acetic, glycolic, 
lactic, 2-hydroxybutyric, 2-hydroxyisobutyric and 
2-hydroxyvaleric acids are produced in significant 
amounts. The maximum yield of lactic acid is 20% and 
the maximum total yield of the acids identified is 
45% for the conditions investigated. 

Very l i t t l e research has been done to explore commercial 
application of the thermochemical degradation of polysaccharide 
materials to organic acids in alkaline solution. Much of the work 
on alkaline degradation of polysaccharides has been conducted at 
100°C or lower to investigate mechanisms of degradation, reaction 
termination and the effects of molecular structure (1-4). However, 
l i t t l e conversion of polysaccharides to acids occurs at these low 
temperatures. Most investigations at higher temperatures have 
involved study of the alkaline pulping process at approximately 
170°C (5.6), where polysaccharide degradation is limited and not 
desired. Chesley et a l . (2) proposed a commercial method for 
producing formic, acetic, glycolic and lactic acids from cellulosic 
materials. More recent work has provided additional information on 
the thermochemical degradation of cellulose to organic acids at 
reaction conditions of practical interest (8-10). No data has been 
reported for the important polysaccharide, starch, at reaction 
conditions of practical interest. 

The object of this study was to identify additional organic 
acid products and to obtain and compare kinetic data for the 

This chapter not subject to U.S. copyright 
Published 1988 American Chemical Society 
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120 PYROLYSIS OILS FROM BIOMASS 

thermochemical degradation of s t a r c h and c e l l u l o s e i n a l k a l i n e 
s o l u t i o n . Reaction c o n d i t i o n s leading to s u b s t a n t i a l or complete 
degradation i n short times were s e l e c t e d so that the r e s u l t s could 
have p r a c t i c a l a p p l i c a t i o n to the production of organic a c i d s . Both 
s t a r c h and c e l l u l o s e were studied to determine i f they r e a c t w i t h 
a l k a l i at s i m i l a r r a t e s and produce the same products. Data f o r 
the formation of i d e n t i f i e d acids were a l s o c o l l e c t e d to a l l o w 
determination of r e a c t i o n c o n d i t i o n s leading to optimum y i e l d s . 
The r e a c t i o n system used i n a previous study (8) was modified to 
al l o w r a p i d attainment of r e a c t i o n temperatures, thus making 
k i n e t i c data more e a s i l y analyzed. 

Experimental 

M a t e r i a l s . Starch used i n experiments was commercial, food-grade 
s t a r c h (CPC I n t e r n a t i o n a l Inc., Englewood C l i f f s , NJ) having a 
moisture content of 13%. C e l l u l o s e was purchased commercially as a 
h i g h l y p u r i f i e d , f i n e l y powdered product ( C e l l u l a y - C e l l u l o s e , 
United States Biochemical Corp., Cleveland, OH) and had a moisture 
content of 6%. 

Formic a c i d (88%) ( F i s h e r S c i e n t i f i c Co., F a i r Lawn, NJ), 
g l a c i a l a c e t i c a c i d ( J . T. Baker Chemical Co., P h i l l i p s b u r g , NJ), 
g l y c o l i c a c i d , L ( + ) - l a c t i c a c i d (grade L - l ) , DL-a-hydroxybutyric 
a c i d (sodium s a l t ) , a-hydroxyisobutyric a c i d and 
DL-a-hydroxyvaleric a c i d (sodium s a l t ) (Sigma Chemical Co., St. 
Lo u i s , MO) were used as standards i n high performance l i q u i d 
chromatography and gas chromatography. G l u t a r i c a c i d 
( M a l l i n c k r o d t , Inc., St. L o u i s , MO) was used as an i n t e r n a l 
standard i n the GC analyses. Boron t r i f l u o r i d e (14% i n propanol) 
(Eastman Kodak Co., Rochester, NY) was used as a d e r i v a t i z i n g agent 
to produce p r o p y l e s t e r s of the organic acids f o r GC analyses. 

Reactions. A l l r e a c t i o n s were performed under n i t r o g e n i n a 1-L 
mag n e t i c a l l y s t i r r e d autoclave equipped w i t h a c o o l i n g c o i l (Model 
AFP 1005, Autoclave Engineers, E r i e , PA). Each experiment was run 
by f i r s t adding 167g of aqueous s o l u t i o n c o n t a i n i n g 10g of NaOH to 
the autoclave and heating the sealed autoclave . The autoclave 
contents were heated to a temperature approximately 10°C above the 
des i r e d r e a c t i o n temperature. A well-mixed s l u r r y of 10g of s t a r c h 
or c e l l u l o s e (moisture f r e e ) i n 85g of water was then added to an 
adjacent Kuentzel v e s s e l (Vessel KD-19.3-SS11, Autoclave Engineers, 
E r i e , PA) which had tubing w i t h a b a l l valve l e a d i n g from i t s 
bottom to the s t i r r e d autoclave. The tubing extended through the 
head of the s t i r r e d autoclave to below the surface of the a l k a l i n e 
s o l u t i o n . The Kuentzel v e s s e l was q u i c k l y sealed, pressured to 
100 p s i above the pressure i n the s t i r r e d autoclave w i t h N 2 , and 
s t a r c h or c e l l u l o s e s l u r r y was i n j e c t e d i n t o the hot a l k a l i n e 
s o l u t i o n i n the s t i r r e d autoclave by opening the b a l l v a l v e . 
R e s u l t i n g s o l u t i o n volume was 250ml and i t contained 10g of s t a r c h 
or c e l l u l o s e (0.25M based on glucose monomer) and 10g of NaOH 
(1.00N). S o l u t i o n temperature dropped below the t a r g e t r e a c t i o n 
temperature f o r a short time, but returned to the de s i r e d 
temperature i n 1-3 min. The r e a c t i o n was timed from the moment of 
i n j e c t i o n . 
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12. KROCHTA ET AL. Kinetics of Alkaline Thermochemical Degradation 121 

Experiments were conducted at temperatures between 180 and 
300°C (145-1246 p s i a ) , and the reactants were held at the s e l e c t e d 
temperature f o r varying times. The temperature dropped q u i c k l y 
upon flow of water through the c o o l i n g c o i l and removal of the 
autoclave heater. The time required to co o l the reactants to below 
100°C was 5-15 min. 

A f t e r c o o l i n g to room temperature, the autoclave was opened and 
the r e a c t i o n products were suctioned out. In the case of 
c e l l u l o s e , any unreacted m a t e r i a l appeared as a s o l i d r esidue i n 
the r e a c t i o n s o l u t i o n . Any residue was f i l t e r e d from the r e a c t i o n 
s o l u t i o n and then extracted w i t h water. The f i l t r a t e was combined 
w i t h e x t r a c t , and an a l i q u o t of the combined s o l u t i o n was t i t r a t e d 
f o r t o t a l organic a c i d s . The s o l i d r esidue was d r i e d at 40°C f o r 
24 hr. i n a f o r c e d - a i r oven and then at 98°C f o r 24 hr. i n a vacuum 
oven. In the case of s t a r c h , any unreacted s t a r c h was s o l u b l e i n 
the a l k a l i n e product s o l u t i o n . An a l i q u o t of the s o l u t i o n was 
t i t r a t e d f o r t o t a l a c i d s . Unreacted s t a r c h was p r e c i p i t a t e d 
q u a n t i t a t i v e l y w i t h acetone (11). A 5.0g a l i q u o t of the product 
s o l u t i o n was n e u t r a l i z e d w i t h 2.ON HC1 to pH 7 and 25ml of acetone 
was added. A f t e r s i t t i n g overnight, the s t a r c h p r e c i p i t a t e was 
separated by c e n t r i f u g a t i o n , washed w i t h 20ml of a 1:3 
acetone-water s o l u t i o n , separated again by c e n t r i f u g a t i o n , and 
f i n a l l y d r i e d i n the same manner as f o r c e l l u l o s e s o l i d r esidue. 

HiRh-Performance L i q u i d Chromatography. F i l t e r e d product s o l u t i o n s 
from r e a c t i o n s w i t h s t a r c h and c e l l u l o s e were analyzed using a 
Waters Ass o c i a t e s high-performance l i q u i d chromatograph model ALC 
201 equipped w i t h a r e f r a c t i v e index detector model R-401 (Waters 
A s s o c i a t e s , M i l f o r d , MA) to i d e n t i f y water-soluble products. 
Product i d e n t i f i c a t i o n was accomplished by matching r e t e n t i o n times 
of product compound peaks w i t h r e t e n t i o n times of standards. A 300 
mm χ 7.8 mm Aminex HPX-87H organic a c i d a n a l y s i s column (Bio-Rad 
L a b o r a t o r i e s , Richmond, CA) was used. E l u t i o n was c a r r i e d out at 
60°C using 0.002N H 2 S O 4 at a flow r a t e of 0.5 ml/min. Data 
a c q u i s i t i o n from the chromatographic system was by the 
Hewlett-Packard i n t e g r a t i n g recorder model 3388A (Hewlett Packard 
Co., Palo A l t o , CA). 

Gas Chromatography. To v e r i f y the compounds i d e n t i f i e d by HPLC, 
both standards and product s o l u t i o n s were converted to pr o p y l 
e s t e r s w i t h BF3~propanol according to the method of Salwin and 
Bond (12). A n a l y s i s of the e s t e r i f i e d compounds was performed on a 
Hewlett Packard 5880A gas chromatograph equipped w i t h a flame 
i o n i z a t i o n d e t e c t o r and a bonded Superox FA ( A l l t e c h Assoc., Inc. 
D e e r f i e l d , IL) f u s e d - s i l i c a c a p i l l a r y column (25ra χ 0.25mm I.D., 
0.2 ym f i l m t h i c k n e s s ) . The temperature program was 100°C to 
240°C at 5°C/min and 10 min at 240°C. The i n j e c t o r temperature was 
225°C and the detec t o r temperature was 300°C. C a r r i e r flow r a t e 
(He) was 1.0 ml/min. I n j e c t i o n volume was l y l w i t h a s p l i t r a t i o 
of 80:1. 

Results and D i s c u s s i o n 

Degradation of Starch and C e l l u l o s e . An a n a l y s i s of the data was 
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122 PYROLYSIS OILS FROM BIOMASS 

performed to determine whether starch and cellulose degradation in 
alkaline solution could be described by second-order kinetics 
according to the equations: 

polysaccharide + Ν·alkali > products (1) 

f p =-k aC pC a (2) 

In £â = In M + Cp (M-N)kat (3) 
cp *o 

M = C a /CD (4) ao Po 

N = < ca 0- Ca^/iCpo- cp) <5> 
where k a is the reaction rate constant for starch or cellulose in 
alkaline solution, C p is the concentration of starch or cellulose, 
C is the concentration of starch or cellulose at t=0, C a is the 
concentration of a l k a l i , C a is the concentration of al k a l i at t=0, 

ao 
t is the reaction time, and Ν is the stoichiometric reactant ratio 
between hydroxide ion and polysaccharide. 

The catalytic effect of the hydroxide ion would normally be 
represented as part of the reaction rate constant (k a) for each 
temperature, because catalyst concentration normally remains 
constant. However, in the case of alkaline degradation of starch 
or cellulose, organic acids are produced which are converted to 
their salts by the al k a l i present, thus reducing the hydroxide ion 
concentration. Therefore, i t seemed that this degradation reaction 
could be represented by second-order kinetics, with the hydroxide 
ion concentration determined by the stoichiometry of conversion of 
starch or cellulose to organic acids. 

Figures 1 and 2 show experimental data plotted according to 
Equation 3 to determine applicability of second-order kinetics. 
The linear plots indicate that the results conform to second-order 
kinetics quite well. Table I shows the reaction parameters 
determined for each temperature plotted in Figures 1 and 2. 

Table I. Reaction Parameters for Alkaline Degradation 

Starch Cellulose 
Τ Ν k a Ν k a 

°C liter/mole min. liter/mole min. 

180 1.44 0.0026 2.09 0.0034 
200 1.17 0.0243 1.85 0.0194 
220 1.16 0.1334 1.71 0.1189 
240 1.16 0.3733 1.59 0.6000 

Interestingly, although M = c a 0
/ c p Q

 = f o r both starch and 
cellulose, extrapolating the data plotted in Figures 1 and 2 back 
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KROCHTA ET AL. Kinetics of Alkaline Thermochemical Degradation 

Figure 1. Effect of time on thermochemical degradation 
starch in alkaline solution according to Equation 3. 
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Figure 2. Effect of time on thermochemical degradation 
cellulose in alkaline solution according to Equation 3. 
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124 PYROLYSIS OILS FROM BIOMASS 

to t = 0 gives M = 5.0 f o r s t a r c h and M = 4.6 f o r c e l l u l o s e . Thus, 
M increased from 4.0 to 5.0 f o r s t a r c h and 4.6 f o r c e l l u l o s e i n 
very l i t t l e or no time instead of the expected f i n i t e time. 
Considering t h a t M e v e n t u a l l y reaches i n f i n i t y f o r the systems 
s t u d i e d , t h i s represents a small f r a c t i o n of more e a s i l y degraded 
polysaccharide. The r e s u l t s of t h i s paper apply to the more 
r e s i s t a n t f r a c t i o n s of s t a r c h and c e l l u l o s e , which c o n s t i t u t e the 
bulk of those polysaccharides. 

Figure 3 shows the r e a c t i o n r a t e constants determined from the 
slopes of the l i n e s i n Figures 1 and 2 p l o t t e d against the 
r e c i p r o c a l of absolute temperature. The slope of the l i n e through 
the p o i n t s allows determination of the r e a c t i o n a c t i v a t i o n energy 
according to the Arrhenius equation: k = k 0 e exp (-E/RT). The 
value of Ε determined i n t h i s manner i s 39,500 c a l o r i e s / m o l e , which 
appears to apply e q u a l l y w e l l to the degradation of s t a r c h or 
c e l l u l o s e . 

Production of Organic Acids. The values of Ν c a l c u l a t e d f o r s t a r c h 
and c e l l u l o s e are shown i n Table I . They r e v e a l t h a t a smaller 
number of organic a c i d molecules were formed from each glucose 
monomer i n s t a r c h compared to c e l l u l o s e . This means that the 
organic acids produced i n i t i a l l y from s t a r c h had a greater 
molecular weight than those produced from c e l l u l o s e . This i s 
i l l u s t r a t e d c l e a r l y i n Figure 4, which shows equivalents of organic 
acids produced from the degradation of s t a r c h or c e l l u l o s e as a 
f u n c t i o n of time. Although s t a r c h and c e l l u l o s e degrade at the 
same r a t e , the r a t e of t o t a l organic a c i d formation was l e s s f o r 
s t a r c h , and fewer equivalents of organic acids were produced i n a 
given time from s t a r c h than from c e l l u l o s e . The r e l a t i v e 
d i f f e r e n c e decreased as the temperature increased, and at higher 
temperatures the d i f f e r e n c e i n t o t a l e quivalents of organic a c i d s 
produced disappeared at short times. A maximum concentration of 
approximately 0.45 equivalents/L of t o t a l organic acids was 
produced f o r both s t a r c h and c e l l u l o s e f o r the r e a c t i o n systems 
stu d i e d . Apparently, i n s t a r c h degradation, the i n i t i a l l y l a r g e r 
molecules of organic acids e v e n t u a l l y break down i n t o a l a r g e r 
number of sm a l l e r organic a c i d s . Therefore, the t o t a l organic a c i d 
formation f o r s t a r c h u l t i m a t e l y equals t h a t f o r c e l l u l o s e . Since 
the s t a r t i n g c oncentration of s t a r c h and c e l l u l o s e was 0.25 mol/L 
based on the glucose monomer, the average equivalent weight f o r the 
organic acids produced i s (0.25)(180)/(0.45) = 100g/eq. This 
assumes t h a t a l l the polysaccharide m a t e r i a l degrades to a c i d s . 

The HPLC chromatograms of the a l k a l i n e degradation products of 
s t a r c h and c e l l u l o s e were q u i t e s i m i l a r . Based on r e t e n t i o n times 
of standards, formic, a c e t i c , g l y c o l i c , l a c t i c , 2-hydroxybutyric 
and 2-hydroxyvaleric acids were i d e n t i f i e d . The GC chromatograms 
of the p r o p y l e s t e r s of the s t a r c h and c e l l u l o s e chromatograms were 
a l s o q u i t e s i m i l a r . Since GC gave much b e t t e r separation of 
degradation products than HPLC, the GC chromatograms were used to 
c a l c u l a t e the y i e l d s of g l y c o l i c , l a c t i c , 2-hydroxybutyric and 
2-hydroxyvaleric a c i d s . Formic and a c e t i c e s t e r s were hidden under 
the GC solvent peak; thus, t h e i r y i e l d s were determined from the 
HPLC chromatograms. In a d d i t i o n , 2-hydroxyisobutyric, which was 
hidden under the HPLC l a c t i c peak, was i d e n t i f i e d and q u a n t i f i e d 
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12. KROCHTA ET AL. Kinetics of Alkaline Thermochemical Degradation 125 

Figure 3. Relation of second-order reaction rate constants for 
starch and cellulose to temperature according to Arrhenius 
equation. 

Figure 4. Effect of time on organic acid production from 
thermochemical degradation of starch and cellulose in alkaline 
solution. 
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126 PYROLYSIS OILS FROM BIOMASS 

with GC. Tables II and III give the maximum yields of these acids 
at several temperatures. The corresponding times at temperatures 
to achieve maximums are included in the headings. 

Table II. Maximum Organic Acid Yields from Degradation of Starch 
in Alkaline Solution 

Yields* 1* % 
240°C 260°C 280°C 300°C 
30 min.*2* 30 min. 20 min. 5 min. 

Formic 10.5 10.9 10.5 10.2 
Acetic 1.6 1.9 2.3 2.1 
Glycolic 3.4 4.5 5.3 5.6 
Lactic 16.9 17.5 19.1 19.0 
2-Hydroxybutyric 2.3 2.9 3.6 3.6 
2-Hydroxy i s obu tyr i c 2.4 2.6 2.7 2.5 
2-Hydroxyva1eri c 1.1 1.4 1.6 1.3 

Total 38.2 41.7 45.1 44.3 
1Based on starting dry weight of starch 
2Maximum not yet attained 

Table III. Maximum Organic Acid Yields from Degradation of 
Cellulose in Alkaline Solution 

Yields* 1* % 
240°C 260°C 280°C 300°C 
32 min. 18 min. 6 min. 3 min. 

Formic 10.8 10.9 10.7 10.2 
Acetic 1.6 1.9 1.7 1.7 
Glycolic 4.6 4.8 5.5 5.2 
Lactic 19.8 19.9 20.4 18.5 
2-Hydroxybutyric 3.4 3.3 3.5 3.4 
2-Hydroxyisobutyric 2.1 2.1 2.1 1.9 
2-Hydroxyvaleric 1.3 1.6 1.4 1.3 

Total 43.6 44.5 45.3 42.2 

-Based on starting dry weight of cellulose 

Consistent with the results for rates of total acids produced shown 
in Figure 4, i t took a longer time to reach the maximum yields 
starting with starch compared to cellulose. The maximum yields of 
the identified product acids at each temperature were quite similar 
for starch and cellulose starting materials. The time required to 
reach the maximum yields decreased as temperature increased. The 
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12. KROCHTA ET AL. Kinetics of Alkaline Thermochemical Degradation 127 

t r a d e - o f f i s the higher operating pressure at higher temperature. 
The t o t a l y i e l d s of the i d e n t i f i e d a c i d s appear to reach an optimum 
at approximately 280°C f o r both s t a r c h and c e l l u l o s e . 

The s i m i l a r i t y i n maximum y i e l d s f o r the i d e n t i f i e d product 
ac i d s from s t a r c h and c e l l u l o s e suggests s i m i l a r or i d e n t i c a l 
r e a c t i o n pathways. The slower r a t e f o r a c i d formation from s t a r c h 
could be explained by d i s s o l v e d s t a r c h polymer or p a r t i a l l y 
degraded s t a r c h polymer i n t e r f e r i n g w i t h a d d i t i o n a l degradation of 
i n i t i a l conversion products. The greater ease w i t h which s t a r c h 
polymer d i s s o l v e s i n a l k a l i n e s o l u t i o n compared to c e l l u l o s e i s 
co n s i s t e n t w i t h t h i s p o s s i b i l i t y . 

Although s i g n i f i c a n t amounts of other organic acids are 
produced, l a c t i c a c i d i s the major product f o r the r e a c t i o n 
c o n d i t i o n s s t u d i e d . As w e l l as having numerous d i r e c t uses, l a c t i c 
a c i d has the p o t e n t i a l of being an important intermediate i n the 
production of other valuable products (13, 14). P r e l i m i n a r y 
economic a n a l y s i s i n d i c a t e s that production of l a c t i c a c i d from 
a l k a l i n e degradation of c e l l u l o s e has economic merit (9). I t i s 
al s o conceivable t h a t a l l the hydroxy acids produced could be used 
together without separation to produce p o l y e s t e r m a t e r i a l s . 

Conclusions 

Starch and c e l l u l o s e can both be thermochemically degraded i n 
a l k a l i n e s o l u t i o n to water-soluble compounds of r e l a t i v e l y low 
molecular weight. (A p a r a l l e l study examines more completely the 
nature of these compounds (15).) Both s t a r c h and c e l l u l o s e 
degradation processes can be described by second-order k i n e t i c s , 
w i t h the hydroxide i o n concentration determined by the 
stoi c h i o m e t r y of polysaccharide conversion to organic a c i d s . The 
thermochemical degradation a c t i v a t i o n energy i n a l k a l i n e s o l u t i o n 
f o r both s t a r c h and c e l l u l o s e i s 39,500 c a l o r i e s / m o l e . 

The production of organic acids from s t a r c h proceeds more 
sl o w l y than from c e l l u l o s e . U l t i m a t e l y , however, the y i e l d s of 
acids are q u i t e s i m i l a r from both. Formic, a c e t i c , g l y c o l i c , 
l a c t i c , 2-hydroxybutyric, 2-hydroxyisobutyric and 2-hydroxyvaleric 
acids are produced i n s i g n i f i c a n t amounts. The maximum y i e l d of 
l a c t i c a c i d i s approximately 20%, and the maximum sum t o t a l y i e l d 
of a l l i d e n t i f i e d a cids i s approximately 45% f o r the co n d i t i o n s 
i n v e s t i g a t e d . 

I ncreasing the y i e l d s of the d e s i r a b l e acids produced from the 
thermochemical, a l k a l i n e degradation of polysaccharides w i l l 
r e q u i r e a d d i t i o n a l understanding of the r e a c t i o n mechanisms and 
k i n e t i c s i n v o l v e d . A d d i t i o n a l research should a l s o proceed to 
determine the e f f e c t of other bases and supplementation of a l k a l i 
c a t a l y s i s by other c a t a l y t i c m a t e r i a l s . 

Literature Cited 

1. Whistler, R. L.; BeMiller, J. N. Adv. Carbohydr. Chem. 1958, 
13, 289-329. 

2. BeMiller, J. N. In Starch: Chemistry and Technology; Whistler, 
R. L.; Paschall, E. F.; BeMiller, J. N.; Roberts, H. J., Eds.; 
Academic: New York, 1965; Vol. 1, Chap. XXI. 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
30

, 1
98

8 
| d

oi
: 1

0.
10

21
/b

k-
19

88
-0

37
6.

ch
01

2



128 PYROLYSIS OILS FROM BIOMASS 

3. Richards, G. N. In Methods in Carbohydrate Chemistry; Whistler, 
R. L.; Green, J. W.; BeMiller, J. N.; Wölfröm, M. L. , Eds.; 
Academic: New York, 1963, Vol. III, Chap. 27. 

4. Molton, P. M.; Demmitt, T. F. Plym. Plast. Technol. Eng. 1978, 
11(2), 127-157. 

5. Lowendahl,L.; Peterson, G.; Samuelson, O. Tappi, 1976, 59(9), 
118-121. 

6. Sjostrom, E. Tappi 1977, 60(9), 151-154. 
7. Chesley, K. G.; Montgomery, C. W.; Sandborn,L. T. U. S. Patent 

2 750 414, 1956. 
8. Krochta, J. M.; Hudson, J. S.; Drake, C. W. Biotechnology and 

Bioengineering Symp. No. 14, Wiley: New York, 1984, p. 37. 
9. Allen, B. R.; Dawson, W. J.; Jenkins, D. M. Report No. 

DOE/ID/12519-T1. Battelle Columbus Laboratories, Columbus, 
Ohio, 1985. 

10. Niemela, K.; Sjostrom, E. Biomass 1986, 11, 215-221. 
11. Taylor, T. C.; Salzmann, G. M. J. Am. Chem. Soc. 1933, 55, 

264-275. 
12. Salwin,, H.; Bond, J. F. J. Assoc. Off. Anal. Chem. 1969, 52, 

41-47. 
13. Lipinsky, E. S. Science 1981, 212, 1465-1471. 
14. Lipinsky, E. S.; Sinclair, R. G. Chem. Eng. Prog. 1986, 82(8), 

26-32. 
15. Krochta, J. M.; Tillin, S. J.; Hudson, J. S. J. Appl. Polym. 

Sci. 1987, 33, 1413-1425. 

Received March 31, 1988 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
30

, 1
98

8 
| d

oi
: 1

0.
10

21
/b

k-
19

88
-0

37
6.

ch
01

2



Chapter 13 

Direct Liquefaction of Wood by Solvolysis 

J. M. Bouvier, M. Gelus, and S. Maugendre 

Chemical Engineering Department, University of Technology, B. P. 649, 
F-60206, Compiegne, France 

Direct liquefaction of wood can be based on a two 
steps scheme : solvolysis then upgrading. 
In this paper, experimental results on solvolysis of 
wood in an acidified water-phenol mixture are 
presented. The process conditions -temperature, 
time, liquid to solid ratio, solvent composition-, 
are investigated and it is shown that mild 
conditions allow to directly solvolyse wet chips. 
Solvolysis products are : gases (few percent), 
water, light products and heavy o i l . Analysis of 
material balances shows that wood dissolution 
involves a condensation reaction between phenol and 
cellulose. 
Upgrading of the solvolysis products is necessary to 
recycle them as a solvent. Hydrotreatment seems to 
be very convenient. No water is produced but phenol, 
which was linked to solvolysis products, is made 
free. Such observations explained why upgrading 
increases the ability of the oil to dissolve wood. 
Optimization of this step is underway in order to 
design a two steps liquefaction process. 

Since the early seventies, several authors have tried to convert 
lignocellulosic materials into liquid fuels or chemicals. This can 
be done either indirectly by use of gas synthesis or directly by 
thermochemical conversion. This second way, so-called 
liquefaction, has been f i r s t carried out in one-step processes, 
which are grouped in the f i r s t generation liquefaction processes 
(1). They combined drastic conditions : high temperatures 
(300 - 350°C), high pressures ( 5 - 1 5 MPa), catalysts and reducing 
gases (H 2, CO, + CO). More recently, a second generation of 
liquefaction processes appeared, because of technological problems 

0097-6156/88/0376-0129$06.00/0 
° 1988 American Chemical Society 
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130 PYROLYSIS OILS FROM BIOMASS 

related to too severe conditions. They are based on a two steps 
scheme : solvolysis and upgrading. In the f i r t step, wood polymers 
are partly converted under mild conditions (200 - 280°C and low 
pressure) to complete their dissolution into specific solvents 
like phenols or alcohols. The resulting solution is then upgraded 
often by conventional refining processes. 

Solvolysis processes were introduced f i r s t by the LAWRENCE 
BERKELEY LABORATORY, (2, 3). YU showed (3) that pine wood can be 
completely dissolved in acid-added phenol, with a H2S0^/phenol 
ratio from 0.1 up to 0.25 wt %, at 240 - 260°C and atmospheric 
pressure ; the residence time is close to 20 minutes. He also 
showed that similar result can be obtained with a water-phenol 
mixture (water/phenol « 1) providing the weight solvent/wood ratio 
is not below 4. Later, CHORNET and al (4) proposed the UDES-S 
process which combines a highly shearing pretreatment step with 
dissolution in creosote o i l or ethylene glycol. MAUGENDRE (5) 
proposed a solvolysis process carried out in phenol and water with 
sulphuric acid, for combining hydrolysis with alcoholysis 
reactions. Finally, some authors attempted to use organic 
solvents, like acetone, methanol, tetrahydrofuran for instance at 
supercritical conditions to avoid non desirable side reactions, as 
proposed by Mc DONALD (6) or KALIAGUINE (7). 

From material balances, i t is generally concluded that 
solvent plays a keyrole in the solvolysis step ; i t avoids 
intermediate components to recondense, preventing production of 
highly condensed molecules giving char. Besides, water is produced 
whilst the production of gases is negligible. Analysis of the 
material balance allows only an overall description of the 
solvolysis process and the mechanism of the solvolysis step is not 
well established, in relation to specific characteristics of wood 
polymers. 

In this paper, a solvolysis process of wood is presented 
using phenol as solvent medium. Its characteristics are examined 
in term of material balances, the role of phenol in the solvolysis 
reaction as well as the origin of the water produced. Then, the 
solvolysis product is upgraded through a hydrotreatment, the 
purpose of which is to increase the proportion of light fractions 
as well as to produce a satisfactory solvent to be recycled in the 
solvolysis step. 

EXPERIMENTAL PROCEDURES AND MATERIAL BALANCES 
The f i r s t step is solvolysis and, as proposed by YU, we used 
phenol or phenol based solvents to perform the dissolution of 
wood, which should be complete, in order to avoid a d i f f i c u l t 
solid-liquid separation. So we carried out a lot of experiments in 
order to find the optimal conditions, i.e., a quantity of phenolic 
solvent as small as possible, low temperature and low pressure. 
Analysis of material balances of different runs shows that i t is 
necessary to keep the weight solvent/wood above 4. To complete the 
dissolution of wood, the minimum amounts of water and phenol in 
the solvent mixture are respectively 20 wt % and 25 wt % 
(Figures l.a and l.b). In this case, the liquid phase is completed 
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13. BOUVIER ET Direct Liquefaction of Wood 131 

5(5 ΪΟΌ Î5C 2GC 250 
AMOUNT OF WATER (9> 

Figure l a . Conversion ratio versus amount of water (Oak 
wood - 100 g ; phenol = 100 g ; water + o i l « 300 g ; H20 » 1 g ; 
Τ « 250°C ; t - 40 - 60 minutes). 

10 

20 40 60 80 ]00 

AMOUNT OF PHENOL ( g ) 

Figure 1-b. Conversion ratio versus amount of phenol (Oak 
wood * 100 g ; water = 80 g ; o i l - 220 g ; H20 * 1 g ; 
t » 250°C ; t - 40 - 60 minutes). 
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132 PYROLYSIS OILS FROM BIOMASS 

by an aromatic o i l (aromatics : 63 wt %, saturated : 35 wt %, 
polars : 2 wt % ) . 

The nature of the solvent influences the solvolysis rate. At 
240°C, i f solvent is phenol i t s e l f , wood is completely dissolved 
during the heating-up period (10 minutes), with no coke formation, 
even though the reaction medium is maintained at 240°C during 
several hours. Conversely, in a water (20 wt %) - phenol (25 wt %) 
- aromatic o i l (55 wt %) the rate of dissolution is slower. The 
conversion ratio reaches 75 % during the heating-up period and 
complete conversion is achieved within 20 - 25 minutes as reaction 
time. 

The material balance is set up through the analytical 
procedure summarized in Figure 2. Five fractions were separated 
and evaluated : water, light o i l , heavy o i l , free phenol and 
linked phenol, which cannot be separated by physical methods. The 
crude mixture is f i r s t d i s t i l l e d , giving two fractions. The light 
one contains water, phenol and light products. The heavy one while 
anhydrous, contains free phenol, the concentration of which is 
evaluated by gas chromatography. 

Then, by steam carrying the heavy o i l , an aqueous fraction is 
obtained containing free phenol, light products and a heavy o i l , 
which is solid at room temperature. The aqueous fraction is 
settled, then d i s t i l l e d and the light fraction is separated from 
free phenol. A typical material balance is shown in Figure 3, 
whilst the effect of steam carrying is illustrated in Figure 4, 
through the thermogravimetric analysis of the heavy fraction. 
Clearly, the steam carrying eliminates light products and free 
phenol. 

SOLVOLYSIS CHARACTERISTICS 
It is obvious that the rate of dissolution increases with the 
temperature, but the effect of temperature depends on the 
composition of the solvent. The mass balance of the solvolysis 
reactions is greatly influenced by the temperature. Below 280°C, 
the production of gases is quite low, approximately 2 wt % of dry 
wood. As the temperature increases to 340°C, the gas production 
increases up to 4-5 % (Figure 5). The production of water also 
depends upon the temperature as shown in Figure 6. Below 220°C, 
produced water is approximately 20 wt % of i n i t i a l dry wood. At 
280°C, the amount of water reaches 30 %. The amount of water 
produced strongly depends also upon the nature of the wood, even 
though its variation with temperature shows the same behaviour. In 
fact, pine wood gives more water than oak wood and cellulose s t i l l 
produces much more water. To a f i r s t approximation, i t is believed 
that water entirely comes from carbohydrates. Moreover, linked 
phenol is apparently linked to carbohydrates too, but not to 
lignin. Therefore, solvolysis is not only a simple dissolution 
process, but i t involves reactions based on covalent exchanges 
between phenol and carbohydrates leading to approximately 3 phenol 
molecules per glucose. In the same time, about 3 molecules of 
water are produced, meaning that the dehydration process is 
enhanced by phenol, which could stabilize the reactive sites. 
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S o l v o l y s i s 

Crude o i l 

Vacuum d i s t i l l a t i o n 

Anhydrous o i l 

Steam c a r r y i n g 

Water 
Light products 
Free phenol 

Heavy f r a c t i o n 

Sedimentation 

D i s t i l l a t i o n 
Free phenol 

L i g h t f r a c t i o n 

Figure 2. Scheme of the analytical procedure. 

WOOD C H I P S : 100 

PHENOL : 400 
S O L V O L Y S I S 

GAS : 2 
H 2 0 

2 8 
LIGHT O I L 8 
HEAVY O I L 62 
FREE PHENOL 

1 2 0 - 1 3 0 
BONDED PHENOL j 

2 7 0 - 2 8 0 

Figure 3. Material balance of the solvolysis conversion. 

TEMPERATURE (°C) 

Figure 4. Thermogravimetric analysis of solvolysis o i l 
(10°C/minute ; gas carrier : argon) 
.... before steam carrying 

after steam carrying 
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• mm · · 

220 260 3C0 

TEMPERATURE C O 

310 

Figure 5. Weight percent (100 g dry wood) gas in solvolysis. 

• P I N E WOOD 

• OAK WOOD 

Ο BEECH WOOD 

200 240 260 300 

TEMPERATURE CC) 

Figure 6. Weight percent (100 g dry wood) water in solvolysis. 
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13. BOUVIER ET AL. Direct Liquefaction of Wood 135 

Besides, i t seems that lignin is simply dissolved in phenol rather 
than covalently linked to. This result was confirmed by 
experimenting with deuterated phenol, even though the analysis is 
quite complex due to exchanges of deuterium with hydrogen of 
sulphuric acid and water. 

The solvolysis product is already a complex mixture ant i t is 
important to identify the major components which are present into 
i t . This was done by High Resolution Mass Spectrometry (HRMS). 

The light fraction ( 8 % on i n i t i a l dry wood) contains a 
large amount of benzofuran (5 % ) , methoxyphenol (1,8 % ) , 
methylbenzofuran (0,8 % ) , methylphenol (0,4 % ) . It contains also 
traces of diphenol, hydroxybenzofuran, methoxybenzofuran, 
dimethylbenzofuran , methyl-dibenzofuran and methylphenylketone. 

Analyzing the heavy fraction is quite cumbersome, but allows 
us to identify some basis molecules as aromatic etheroxydes on 
condensed polyphenols, with molecular weights in the range of 200 
to 300. 

Therefore, we can draw some partial conclusions : wood can be 
dissolved in pure phenol or in a mixture of water and phenol with 
addition of sulphuric acid. Without such adition, dissolution of 
wood is not completed. That is of great importance from a 
practical point of view : i t is possible to use wet chips as a raw 
material. Water is formed during the reaction, and this formation 
is attributed to the condensation of carbohydrates with phenol. It 
seems that one molecule of glucose, the cellulose monomer, 
involves bonding of three molecules of phenol and formation of 
three molecules of water. Phenol prevents recondensation of 
solvolysis products, allowing st a b i l i t y of the o i l . 

RECYCLING AND UPGRADING OF SOLVOLYSIS OIL 
It is unrealistic to design a solvolysis process consuming a large 
proportion of new phenol. In a continuous process, i t w i l l be 
necessary to recycle the final product as a solvent for 
solvolyzing wood. 

In a f i r s t attempt, successive soivolysis operations were 
carried out starting from a f i r s t solvolysis operation which 
solution is recycled as the solvent of the second solvolysis 
operation and so on, each operation being characterized by the 
temperature (260 °C), the residence time (30 minutes), the 
solvent/wood ratio (4/1) and the presence of sulphuric acid (1 % 
dry wood basis). It is shown that the conversion ratio stays close 
to 100 %, but the viscosity increases sharply, step by step. In 
fact, the viscosity of the solvolysis o i l is 130 cp, 6 10 3 cp and 
1,6 10 s cp for the f i r s t , the second and the third operation 
respectively. The fourth operation leads to a solid mixture at 
room temperature. 

Now, i t is clear that the solvolysis o i l must be upgraded in 
order to improve its solvent ab i l i t y as well as to convert heavy 
fraction to a lighter one. A classical hydrotreatment was chosen 
following these conditions : temperature (330°C), residence time 
(30 minutes), H 2 i n i t i a l pressure (2 MPa), commercially available 
Co/Mo catalyst. Hydrotreatment does not produce water while the 
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136 PYROLYSIS OILS FROM BIOMASS 

viscosity of the produced o i l decreases from 130 cp to 35 cp. The 
upgraded o i l was recycled as solvent in a solvolysis operation 
followed by an upgrading treatment similar to the previous 
hydrotreatment. 

Again, the resulting upgraded o i l was recycled until seven 
solvolysis-upgrading cycles are realized, without adding new 
phenol. The overall material balances show that : 
- the amount of water produced is 30 % (dry wood weight basis) ; 
- the quantity of produced gas remains at the same level during 
the solvolysis but increases in the hydrotreatment as the number 
of cycles increases. In addition, the C0 2 tends to increase too, 
while the other-CO and CH4 - did not vary in a large extent, 
except for the last step ; 
- the o i l viscosity increases too, tending to become very high 
after the last cycle (Figure 7) ; 
- the free phenol content linearly decreases t i l l the 5 cycle 
and then remains constant (20 % wt i n i t i a l phenol basis). This 
means that the upgrading generates free phenolics (Figure 7) ; 
- the overall material balance can be established after the seven 
cycles. It is based on i n i t i a l dry wood and shown in Figure 8. 
- hydrogen consumption is small, less than 1.5 wt % related to dry 
wood. 
These experimental facts show clearly that the upgrading step is 
not the optimal one. Experimental work is underway to improve the 
hydrotreatment, by applying i t , not on the crude solvolysis 
products, but after extraction of water and elimination of 
remaining sulphuric acid. Simultaneously, we use more severe 
conditions by increasing both H2 i n i t i a l pressure and temperature 
and we test other catalysts, like sulphurized oxydes of Mo and Ni. 

ECONOMICAL EVALUATIONS 
With the informations drawn from our experimental work, a 
preliminary conceptual design has been developed. Then, we used 
the same assumptions as proposed by SRI, which published a rough 
economical analysis of the PERC Process (8), in order to perform 
also economical analysis of a two steps liquefaction process. 

The capacity of the plant is 400 t a day of wet wood feed 
(humidity : 50 % ) . The major products are coke (10 t/d), gases 
(20 t/d), water (260 t/d) and o i l (112 t/d). The heating value of 
o i l is 14,150 Btu/lb, with a 16,5 % oxygen content. Within these 
assumptions the calculated price of the o i l is 13,1 $/106 Btu or 
65 $/bbl. 

In order to compare the two steps process with the PERC and 
the LBL ones, the three plants were costed out with the same 
capacity. Results are given in Table I, 
and i t appears that a two steps process is less expensive. This 
difference comes in a major part from the investment costs, which 
are very lower for this process than for the two others. However, 
the price of o i l from biomass is , in a very large extent, higher 
than fos s i l one. 
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RECYCLE MUMPER 

Figure 7. Oil viscosity ( φ ) and free phenol content ( · ) when 
upgraded o i l is recycled. 
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138 PYROLYSIS OILS FROM BIOMASS 

Table I. Comparison of o i l prices 

PERC LBL TWO STEPS 
process process process 

Capacity 
(wet wood/day) 

1815 1815 1815 

Produced o i l 
(bbl/day) 

1728 1372 3280 

Oxygen content 16,6 10,8 16,5 
Oil price 
($/bbl) 

74,9 77,6 47,4 
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Chapter 14 

Solid Residues from Supercritical 
Extraction of Wood 

Characterization of Their Constituents 

J. L. Grandmaison, A. Ahmed, and S. Kaliaguine 

Department of Chemical Engineering, Université Laval, Quebec 
G1K 7P4, Canada 

The systematic analysis of the solid residues of the 
supercritical methanol extraction of Populus tremu­
loides was performed for samples prepared at tem­
peratures varying from 250 to 350°C and pressures 
from 3.4 to 17.2 MPa, using such analytical techni­
ques as wet chemistry, chromatography, thermogravi­
metric analysis, diffuse reflectance FTIR spectrome­
try and photoelectron spectroscopy. The results 
allow monitoring of the continuous changes in chem­
ical composition of samples ranging from partly ex­
tracted wood samples to highly recondensed poly­
aromatic structures. 

In the recent studies of thermal and thermochemical processes of 
wood liquefaction, considerable progress has been reported in the 
analysis of gaseous and liquid products <JJ . Some attention has 
been given to the composition of the solid products by wet chemistry 
analysis (2> 3 ) . 

For the last twenty years much work has been done in the study 
of the thermal s t a b i l i t y of lignocellulosic materials by thermal 
analytical methods. Since these materials are complex mixtures of 
organic polymers, thermogravimetric (TG) analysis causes a variety 
of chemical and physical changes depending on the nature of the sam­
ple and i t s treatment prior to analysis. These problems have been 
reviewed recently <JL> . 

Lignocellulosic material can also be analyzed by IR spectro­
metry. This analytical method was used for characterization of 
modified lignin and cellulose in various ways ( 5 ~ 1 3 ) . Quantifica­
tion by infrared spectrometry has been reported, for example, in 
analysis of the three basic constituents in sweetgum and white oak 
chips pretreated at temperatures ranging from 140 to 280°CC£> using 
the diffuse reflectance FTIR spectrometry (DRIFT). The technique is 
simple and applicable to powdered solids and dark samples(-Li) and 
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140 PYROLYSIS OILS FROM BIOMASS 

can be used for the characterization of the chemical bonds and their 
modifications by thermal processes. 

In this paper we report our efforts to characterize the solid 
residues produced in a series of experiments with the semicontinuous 
extraction of Populus tremuloides (aspen wood) in supercritical me-
thanoH-LS.) , at temperatures ranging from 250 to 350°C (Supercritical 
Extraction residues or SCE residues), by using wet chemistry and 
chromâtographic (JJËL ) , thermogravimetric and spectral methods such as 
DRIFT* 12) and ESCA<i*.> . 

Experimental Procedure 

The solid residues analyzed here were produced by supercritical ex­
traction with methanol of Populus tremuloides in a tubular 
reactor(JJi.> . The analytical procedures used for these residues were 
described previously as elemental analysis, Klason lignin test, 
thioglycolic acid lignin test, recondensed material and 
carbohydrates*i£>, thermogravimebric (TG/DTG) and FTIR<il> and 
ESCA(JL£). Table 1 reports results obtained using these procedures 
as well as conditions of extraction for each SCE residue. 

Results and Discussion 

Wet Chemistry and Chromatography. For the analysis of wood, the 
Klason lignin test, performed in concentrated sulfuric acid, is the 
accepted method for the determination of lignin content. We 
performed similar tests using also trifluoroacetic acid (TFA), the 
results of which are almost identical to those of the Klason tests. 
TFA has the advantage of allowing further analysis of the 
saccharides in the acid soluble fraction, as i t can easily be 
evaporated from the solution. 

The acid insoluble fraction, usually designated as "Klason 
lignin", is referred to in this work as Klason residue. Figure L 
shows that for the most severe extraction conditions the SCE residue 
is almost entirely constituted of Klason residue. The fact that 
this Klason residue cannot be considered as lignin has been 
established through elemental analysis and IR spectroscopy in KBr 
pellets* 1L> . 

In order to determine i f the so Lid residues s t i l l contain 
lignin, the old method of forming a soluble lignin derivative with 
thioglycolic acid was used. This reagent reacts by displacement of 
α-hydroxy1 and α -alkoxyl groups in lignin, and the derivative so 
produced can be solubilized by alkali and recovered. Results are 
reported in Table 1 and Figure 1 showing that thioglycolic acid 
lignin (TGAL) decreases from 15.6% in wood to 3.3-5.9% in the sam­
ples prepared at 350°C. It was shown by IR spectrometry that the 
TGAL keeps the characteristic features of lignin even for SCE tem­
peratures of 350oC<H>. 

This confirms our belief that the thioglycolic acid test is a 
suitable method for the determination of uncondensed lignin in SCE 
residues. In spite of the fact that: I) the Klason test induces 
some condensation reactions, and 2) the thioglycolic acid test may 
only extract those lignin fragments containing benzyl alcohol groups 
or aryl ether groups*.Li> , we would like to suggest that: 1) the 
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PYROLYSIS OILS FROM BIOMASS 

Figure 1. Klason residue and thioglycol ic acid l ignin (TGAL) 
in SCE so l id residues (expressed on dry SCE residue basis) . 
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14. GRANDMAISON ET AL. Residues from Supercritical Extraction of Wood 143 

thioglycol ic acid l ignin represents a good estimate of unconverted 
l ign in , and 2)the Klason residue represents the summation of uncon­
verted l ignin and of condensation products formed by pyrolysis 
reactions during the SCE process. 

As a consequence, we suggest that the difference between the 
Klason residue and the thioglycolic acid l ignin is representative of 
recondensed material (RM) in SCE residues. The calculated values 
for recondensed material in these residues are reported in Table I. 
Figure 2 gives the values for the percent recondensed material ex­
pressed on a dry wood basis. 

Figure 3 shows the percentage of recondensed material, 
expressed on dry wood basis, plotted as a function of l ignin conver­
sion. This graph suggests different condensation reactions at 250°C 
and at 300-350°C. At 250°C in particular, the condensation seems to 
be a secondary reaction of l ignin conversion. As also shown on the 
figure, for several experiments the percents of recondensed material 
are higher than the value which would be calculated assuming that 
a l l converted l ignin is transformed to recondensed material ( l ine 
A). It is believed that this indicates that the condensation reac­
tion involves not only products of degradation of l ignin but also 
some of carbohydrates. 

The glucose and xylose contents were determined in the soluble 
TFA acid hydrolysis fraction by l iquid chromatography using a cation 
exchanged resin (Ca + + form) column. The results are reported in 
Table 1. Most of the samples prepared at 300-350°C show only minor 
amounts of hydrolyzed material, except for samples MP-16, MP-13 and 
MP-14 which were prepared at low pressure or low flow rate. The 
percents of glucose and xylose for these samples as well as those 
for the samples prepared at 250°C, expressed on dry wood basis, are 
plotted on Figure 4. The rather well defined curve indicates that 
cellulose and hemicellulose are simultaneously degraded at or below 
250°C. 

Thermogravimetric Analysis. Thermogravimetric analysis (TG and DTG) 
under nitrogen atmosphere was performed for aspen wood and the 16 
p a r t i a l l y converted wood residues. The TG and DTG curves are re ­
produced in Figure 5 for untreated wood and for 4 selected repre­
sentative SCE residues. 

The examination of TG and DTG curves, shows that: 
a) aspen wood loses weight starting near 230°C (pyrolysis of hemi­
cellulose < 2 i ) ) ) a n ( j between 350 and 420°C, with a maximum rate of 
weight loss at 385°C (cellulose and l ignin pyrolysis c ^ i ) ) ; the 
weight lost at 700°C is 89.4%. 
b) the SCE residues can be c lass i f ied according to their temperature 
of extraction. 

For the residues of type I prepared at 250°C (e.g. sample MP-
6), the weight loss takes place between 350 and 420°C, with a 
maximum rate at 375-390°C. The weight lost at 700°C is between 82.5 
and 94.6%. 

For the type II residues produced at 300°C (e.g. sample MP-
12), a continuous weight loss is observed from 300 to 600-700°C, 
with a maximum rate at temperatures ranging from 380°C to 510°C. 
The total weight loss at 700°C is less important than for samples of 
the previous type, ranging from 27.2 to 57%. 
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144 PYROLYSIS OILS FROM BIOMASS 

2«ι 

Ttmperoturc, *C 

Figure 2. Effect of SCE conditions on recondensed material 
(expressed on dry wood basis) . 
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14. GRANDMAISON ET AL. Residues from Supercritical Extraction of Wood 

Figure 3. Recondensed material (expressed on dry wood basis) 
as a function of l ignin conversion (experiment number shown in 
parentheses). 
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Figure 4. Residual hydrolyzed glucose as a function of 
residual hydrolyzed xylose (both expressed on dry wood basis) . 
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Figure 5. Thermogravimetric analysis of Populus treauloides 
and of four SCE residues; TG(A) and DTG(B) in flowing n i t r o ­
gen. 

American Chemical Society 
Library 

1155 16th St., N.W. 
Washington, D.C. 20036 
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148 PYROLYSIS OILS FROM BIOMASS 

For samples of type III prepared at 350°C (e.g. samples MP—IL 
and MP-8), the weight loss is slower than for those of type II but 
happens roughly in the same temperature range (300 to 600-700°C) and 
with maximum rates occuring at higher temperatures, from 380 to 
620°C. The weight loss at 700°C is also small, ranging from 8.2 to 
34.2%. 

Λ closer analysis of these curves shows that there is a conti­
nuous change in the shape of the thermogram of the residues as the 
SCE pressure is increased for experiments at the same SCE 
temperature. As shown in Figure 6, the temperature T m a x correspond­
ing to a maximum on the DTG curve shows a continuous evolution with 
the parameters of extraction. Two maxima are observed at the lower 
SCE pressure of 3.4 MPa (with only the overall maximum being shown 
in Figure 6), showing that when the extraction is performed less 
e f f i c i e n t l y , some of the unconverted lignin and cellulose is s t i l l 
present at relatively high content in the residue prepared at 350°C. 

The smooth evolution in the temperature of the high temperature 
DTG peak reflects a change in the nature of the volatile fraction of 
the recondensed material. 

A very good correlation (0.97) was found between weight lost 
between 200 and 420°C and the weight of trifluoroacetic acid soluble 
plus unconverted lignin previously determined by wet chemistry. 
These data suggest that the material s t i l l not volatilized at 420°C 
would be identical with what we defined as the recondensed material. 
It was indeed verified that the correlation between recondensed 
material and weight % of the solid not volatilized at 420°C i s also 
excellent. In fact, minor eorreotions een be made taking into con­
sideration the amounts of char formed during TG analysis from poly­
saccharides and lignin s t i l l present in the SCE residue. These 
corrections affect only very slightly the slope of the correlation 
curves. From thermogravimetric data the recondensed material in a 
given SCE residue can thus be further characterized by the weight 
fraction of RM volatilized between 420 and 700°C. 

Diffuse Reflectance Infrared Spectrometry. DRIFT spectra in KC1 
were obtained for the 17 afore mentioned samples, and the spectra of 
the five representative samples used to present the TG/DTG data are 
reported in Figure 7. 

The spectrum of aspen wood (Figure 7.1) shows the presence of 
the three fundamental wood constituents. A band for cellulose is at 
895 cm-1 (3-anomer in pyranose ring) (££>. The band at 1740 cm-1 is 
due to uronic acid and acetyl groups in hemicellulose . The 
bands from 1235 to 1605 cm-1, specially the one at 1505 cm - 1, are 
representative of lignin <JL2> » while those from 950-1100 cm-1 are 
due, in part, to carbohydrates (C-0 bonds in alcohols). 

As shown by the other spectra in Figure 7, these bands are 
significantly modified by the SCE treatment. 

Spectral region 2870-3050 cm-1. A band at 3050 cm-1 (aromatic 
and/or alkene C-H stretching) becomes evident at 300°C (MP-12, 
Figure 7-III) and dominates this region at 350°C (MP-8, Figure 7-V). 
The band in the 2900 cm"1 region (aliphatic C-H stretching) which is 
broad in the i n i t i a l wood sample, is progressively resolved in three 
separate bands (2870, 2930 and 2955 cm - 1) as the SCE temperature is 
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GRANDMAISON ET AL. Residues front Supercritical Extraction of Wood 149 

ο 

SCE TEMPERATURE CO 

Figure 6. DTG peak temperature as a function of SCE tempera­
ture and pressure. 

4000 3000 2000 1000 

ι 1 1 1 1 1 1 

4000 3000 2000 1000 

WAVENUMBERS (cm"1) 

Figure 7. DRIFT spectra (in KC1) of Populus tremuloides and 
of four SCE residues. 
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150 PYROLYSIS OILS FROM BIOMASS 

increased (MP-12, MP-11, and MP-8, Figures 7JII, IV and V). The 
overall pattern in Figure 7V corresponding to the most carbonized 
sample is similar to the ones reported for higher rank bituminuous 
coal <JL1> and for v i t r i n i t e <_Ξ±> , with the 3050 cnr 1 even more in­
tense in our MP-8 sample. As i t was shown earlier that this sample 
contains 89.2% of recondensed material, i t may be concluded that 
this material has a coal-like polyaromatic nature. This is 
supported by the changes in the next spectral region. 

Spectral Region 700-950 cnr 1. The band at 895 cm-1 is discernible 
in wood and MP-6 (SCE temperature 250°C) but disappears from spectra 
of samples treated at higher temperatures where saccharides analysis 
has also shown the absence of cellulose. As carbonization proceeds, 
the out-of-plane bending below 900 cm"1 (at 870-881, 800-833 and 
752-766 cm"1) increases in intensity; the position for some of the 
bands ( 800 and 750 cm - 1) can suggest condensed ring systems. 

The band at 950 cm*1, which is visible in MP-8, is probably due 
to elimination reaction giving t-alkenes ( 1 9 ). 

Spectral Region 1450-1595 cm"1. The characteristic aromatic ring 
vibration at 1505 cm-1, clearly visible in the spectrum of wood, is 
gradually hidden with an increase in the SCE temperature. This 
corresponds to the progressive decrease in lignin content of the 
residue. Inversely, two bands near 1450 and 1595 cm"1 become very 
intense and dominate in the spectra of residues produced at 300 and 
350°C (Figures 7-III, IV and V). These changes parallel the modifi­
cations in the 2870-3050 cm"1 region. The band at 1450-1460 cm"1 

can be attributed to methyl and methylene bonding and also to aroma­
t i c ring modes . The band at 1595 cm-1 is also assigned to 
aromatic ring stretching. Its high intensity in spectra 7-III, IV 
and V, could possibly be given the three following explanations 

1) aromatic ring stretching in combination with a chelated 
conjugated carbonyl structure, 2) aromatic ring stretching mode, 
with possible intensity enhancement due to phenolic groups, 3) aro­
matic ring stretching of aromatic entities linked by methylene and 
possibly ether linkages. 

Spectral Regions 1035-1370 and 1705-1740 cm"1. The bands from 1035 
to 1171 cm"1 (C-0 bonds in polysaccharides, lignin alcohols and 
lignin ethers), present in wood and samples obtained at 250°C, drop 
in the spectra of SCE residues produced at and above 300°C. The 
aromatic ethers bands (up to 1330 cm*1), and the phenolic stretching 
near 1250 cm"1, decrease also. 

The hemicellulose band, at 1740 cm*1, present on untreated wood 
almost disappears in residues prepared at 250°C. The unconjugated 
carbonyl and/or carboxyl and/or ester of conjugated acids at 1710-
•1720 cm-1 from original lignin is s t i l l visible at 250°C when hemi 
cellulose is partly removed, but at higher SCE temperatures i t is 
hidden by the highly intense 1705 cm*1 band. This last band can be 
attributed to a conjugated carbonyl or carboxyl structure, but i t 
would be surprising that carboxyl could resist at severe SCE con­
ditions. Further study is necessary for definite assignment of this 
band. 
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14. G R A N D M A I S O N E T A L . Residues from Supercritical Extraction of Wood 151 

Quantification. Schultz et alLL? reported correlations of FTIH 
absorbance ratios with such variables as percent glucose, xylose and 
Klason lignin for wood chips pretreated by the RASH process at tem­
perature ranging from 140 to 280°C. These correlations do not f i t 
correctly our data, so we developed our own equations by non-linear 
least squares regression. For quantitative evaluation of absorban-
ces, baseline was defined as shown on spectra on Figure 7. These 
equations are described in Table II. In equations 1-5, the 
intensities (I) are expressed in Kubelka-Munk units. Selection of 
the independent variables in equations 1-5 was done by f i r s t select­
ing 16 significant bands in the 17 DRIFT spectra. A l l linear 
regression equations describing the five dependent variables, as 
function of a l l possible combinations of intensity ratios, were 
obtained using two to six of these variables. A preliminary selec­
tion was made on the basis of R2 values and F test significance 
levels. A fin a l selection was performed, among the s t a t i s t i c a l l y 
equivalent regression equations, on the basis of the analytical 
significance of the bands selected, yielding equations 1-5. 

KSÇA 

ESCA i s a surface sensitive technique, based on the measurement of 
kinetic energies of photoelectrons ejected from a given atomic 
energy level under the action of a monoenergetic X-ray beam. It 
provides quantitative information on the elemental composition as 
well as on the chemical environment of each atom (bonding and oxida­
tion state). 

The kinetic energy of photoelectrons ( E k ) , as measured with 
respect to the vacuum level, is expressed as: 

E k = E x - (EB + Φ + E C ) (6) 

where E x is the energy of the incident photon, EB is the binding 
energy of the electron on i t s original level, φ is the work function 
of the spectrometer, and E c is the energy lost in counteracting the 
potential associated with the steady charging of the surface. Φ 
and E c are essentially corrections, φ depends on the spectrometer 
and is not liable to be modified between experiments. E c is high on 
low conductivity samples and can be made lower by the use of a flood 
gun. 

ESCA spectra corresponding to carbon Is peaks of Populus tremu-
loides and 3 samples isolated at three different SCE temperatures 
are illustrated in Figure 8. There is a general agreement in the 
literature on the assigment of components C i , C 2 and C 3 in wood 
derived materials: C i corresponds to carbon linked to Η or C, C 2 
has one link to oxygen, whereas C 3 has two. In the solid phase, C i 
is referenced at 285.0 eV and C 2 and C 3 are usually close to 287.0 
and 289.5 eV C2s>. 

In a l l SCE residues, a fourth C i s component is found on the low 
binding energy side of the spectrum, shifted from the C i component 
by 1.4 +0.5 eV. This is thereafter designated as the Co component. 
As the temperature of extraction is increased from 250 to 300°C, the 
C o component increases continuously whereas the general trend of Ci, 
C 2 and C 3 components in a continuous decrease. 
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Figure 8. ESCA spectra of Cie peak for Populus tremuloides 
and for 3 SCE residues. 
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154 PYROLYSIS OILS FROM BIOMASS 

It is interesting to note that the uncorrected experimental C i s 
binding energy for dibenz (a,h) anthracene and for a sample of high 
rank commercial coal is very close to the binding energy for this C o 
peak. As polyaromatics are electrical conductors, the charging is 
expected to be low and E c close to 0. On this basis, C o component 
is assigned to carbon in polyaromatics. This complementes the in­
frared conclusion about the polyaromatic nature of recondensed 
material. 

The ratio CRM/CSR (where CSR is the carbon content of the whole 
soli d residue as determined by elemental analysis, whereas CRM is 
the calculated mass of carbon in the recondensed material contained 
in a given sample) was calculated for 6 samples. Figure 9 shows 
that this ratio is correlated to the C o fraction of the C i s peak for 
ground chars, but also that both values are almost the same for each 
sample; this represents the case where residues are well ground 
(black dots on the figure). For two samples, MP-22 and MP-16, the 
ESCA analysis were ran on part i a l l y ground samples. When the grind­
ing is less severe (MP-22-a and MP-16-a), the fibers are only 
separated and not broken. The C o area value is the same as for non-
ground samples. Otherwise, by increasing the efficiency of the 
grinding (MP-22-b and MP-16-b), the Co% value decreases and, 
ultimately is equal to the bulk % carbon in recondensed material. 
It can be concluded that in partially converted material, the recon­
densed material is located at the external surface of the fibers but 
uniformally distributed within the raw samples. 

100 

80 

- 6 0 
σ ω 
σ 

o ° 4 0 

20 

0 
0 20 4 0 60 80 100 

C R M / C S R · 0 / ο 

Figure 9. Relation between carbon in recondensed material of 
some SCE residues and ESCA C o peak. 

Therefore i t may be concluded that the ESCA technique provides 
a simple means for the determination of the extent of recondensation 
reactions by a mere determination of the proportion of the C o compo­
nent in the C i s band of the solid residue. 
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Chapter 15 

Some Aspects of Pyrolysis Oils 
Characterization by High-Performance Size 

Exclusion Chromatography 

David K. Johnson and Helena L. Chum 

Chemical Conversion Research Branch, Solar Energy Research Institute, 
1617 Cole Boulevard, Golden, CO 80401 

The utilization of biomass pyrolysis oils or 
isolated fractions of these feedstocks requires a 
fast overall characterization technique. Gas 
chromatographic techniques typically analyze only 
the volatile fraction (5%-50%) of underivatized 
oils. With proper choice of solvent and detector 
systems the HPSEC, on polystyrene-divinylbenzene 
copolymer gels, of the whole oils can provide 
valuable information on their apparent molecular 
weight distributions and changes that occur upon 
aging or chemical fractionation. Several pyrolysis 
oils have been analyzed as well as fractions 
isolated by solvent elution chromatography. In 
order to better understand the observed low– 
molecular-weight region, a number of model 
substances of the main classes of compounds found 
in pyrolysis oils have been investigated. While 
hydrogen bonding between the phenolic groups and 
tetrahydrofuran occurs, solute-solute interactions 
can be kept very small by operating at very low 
concentrations of solute; solute-gel interactions 
do occur with polycyclic aromatic compounds. HPSEC 
provides very good information on the shelf life 
and reactivity of pyrolysis oils, and can be used 
to compare oils produced under different process 
conditions. 

Many biomass pyrolysis processes convert 55%-65% of dry biomass to 
a very inexpensive pyrolysis oil (1-3). Costs of the oi ls wil l 
range from $0.02-$0.08/lb of o i l , depending on the biomass 
feedstock cost ($10-$40/dry ton biomass). Therefore, these 
inexpensive o i l s , rich in phenolic fractions, acids, and furan-
derivatives could be feedstocks for further upgrading or could be 
used because of their reactiv ity, in applications such as 
thermosetting resins and other wood-bonding methods. One of the 

0097-6156/88/0376-0156$06.00/0 
« 1988 American Chemical Society 
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15. JOHNSON & CHUM Pyrolysis Oik by HPSEC 157 

important considerations for this use or further processing is the 
s t a b i l i t y of the o i l . Fast techniques to determine such 
properties become necessary. We present a method of 
characterization of pyrolysis o i l s and chemically isolated 
fractions using high-performance size exclusion chromatography (4-
5), a technique commonly employed in the determination of the 
molecular weight distribution of polymers. We discuss the 
potential of the method and its l imitations. Classes of model 
compounds commonly found in these oi ls have been investigated in 
the low-molecular-weight range to shed light on interactions 
between solute and solvent, solute and gel material (polystyrene-
divinylbenzene), and solute-solute which can be kept to a minimum 
by operating at very dilute conditions. 

Experimental 
High performance size exclusion chromatography was performed on 
Hewlett-Packard 1084 and 1090 liquid chromatographs using HP1040A 
diode array and HP-1037A refractive index detectors. Data were 
stored on a HP 85 microcomputer. The columns (300 χ 7 mm) used in 
this study were purchased from Polymer Laboratories Inc. and were 
a PL Gel 100 A (10 μ particles) and a PL Gel 50 A (5 μ 
p a r t i c l e s ) . The solvent employed was tetrahydrofuran (Burdick and 
Jackson, chromatographic grade) used as received. 

Details on the preparation of pyrolysis oi ls at SERI in the 
entrained-flow, fast ablative pyrolysis reactor can be found in a 
report by Diebold and Scahill (2). The oi ls in Figure 1 were 
obtained from two runs, #40 (c and d) and #41 (a and b), the o i l s 
being collected from a packed scrubber (a and c) and a cyclone 
scrubber (b and d). The oi l obtained from the packed scrubber in 
run 41 was subjected to sequential elution by solvents 
chromatography (SESC) according to the method of Davis et al 
(7). The HPSEC of fractions 1 through 6 appear in Figure 3. 
Fraction 1 was eluted with 15% toluene in hexane (yield 0.4%), 
Fraction 2 was eluted with chloroform (yield 1.5%), Fraction 3 was 
eluted with 7.5% ether in chloroform (yield 7.5%), Fraction 4 was 
eluted with 5% ethanol in ether (yield 19.5%), Fraction 5 was 
eluted with methanol (yield 38.1%), and Fraction 6 was eluted with 
4% ethanol in THF (yield 3.1%). The oi ls displayed in Figures 4 
and 5 were produced from run 66. 

The details of the methods of preparation of the oi ls shown 
in Figure 2 can be obtained by writing to their suppliers. 
B r i e f l y , Oil 1 was supplied by D. S. Scott of the University of 
Waterloo and was produced by flash pyrolysis of a poplar-aspen 
hybrid. Oils 2, 3 and 6 were supplied by C. Roy of the University 
of Sherbrooke. Oil 2 was produced by vacuum pyrolysis of Avicel 
at 360° C, Oil 3 by vacuum pyrolysis of an aspen-poplar hybrid at 
534° C and 2.2 torr, and Oil 4 by vacuum pyrolysis of aspen at 
315° C and 0.7 torr . Oil 4 was supplied by J . Howard, of B.C. 
Research, Vancouver and was produced by extraction of aspen using 
supercritical acetone. Oil 5 was supplied by S. Kaliaguine of the 
University of Laval and was produced by extraction of aspen with 
supercritical methanol at 350° C and 1500 p s i . 
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158 PYROLYSIS OILS FROM BIOMASS 

The aromatic hydrocarbons, acids and naphthalenes used for 
Figure 6 were purchased from the Aldrich Chemical Co. and were 
toluene (1), propyl benzene (2), s-butyl benzene (3), naphthalene 
(4) , 1,4-dimethyl naphthalene (5), 1-phenyl naphthalene (6), 
v a n i l l i c acid (7), and 4-hydroxy-3-methoxy cinnamic acid (8). 

The lignin model compounds used for Figure 7 were prepared by 
J . A. Hyatt (6) and were a 5, 5'-biphenyl tetramer hexaol, 
C42H54O14 (A), a β-0-4 tetramer heptaol, C 4 1 H 5o0 1c (b), and a β-0-
4 dimertriol, C 1 7 H 2 o O g (C). The phenols used for Figure 7 were 
purchased from the Aldrich Chemical Co. and were phenol (1), 
p-cresol (2), 2-propyl phenol (3), guaiacol (4), syringyl alcohol 
(5) and acetovani1 lone (6). 

Results and Discussion 
Comparison of Pyrolysis Oils Obtained from Various Sources. The 
HPSEC of four wood pyrolysis oi ls obtained from the entrained 
flow, fast ablative pyrolysis reactor at SERI are shown in 
Figure 1. The oi ls were obtained from two separate runs and 
collected from two different scrubbers. The apparent molecular 
weight distributions of the four o i ls are very similar, indicating 
l i t t l e selectiv ity on the basis of molecular weight 
distr ibution. Figure 2, however, shows the HPSE chromatograms of 
a number of other pyrolysis o i ls obtained under a variety of 
conditions from many different sources. Clearly, some of the o i l s 
contain components of high apparent molecular weight even to the 
extent that some are excluded from the pores of the column 
polymer, indicated by the peaks at about 4.5 minutes in the 
chromatograms. The oi ls also have varying amounts of more sharply 
resolved components at lower apparent molecular weight. Thus, 
HPSEC may be used to characterize pyrolysis o i l s obtained from 
different sources, and comparisons may be drawn regarding their 
relative apparent molecular weight distributions as long as the 
analyses were carried out under the same chromatographic 
conditions. 

The wood oil obtained from the packed scrubber in Run 41 at 
SERI was also subjected to fractionation by sequential elution by 
solvents chromatography (SESC) according to the method of Davis 
et. a l . (7). The fractions obtained were analyzed by HPSEC and 
the chromatograms are shown in Figure 3. The HPSEC shows a 
general trend to higher apparent molecular weight as the polarity 
of the eluting solvent was increased up to methanol. A number of 
the fractions appear to contain relatively large amounts of 
dist inct components (the sharp peaks) of lower apparent molecular 
weight. The sixth fraction was produced by going back to a less 
polar solvent. A seventh fraction was produced using a more polar 
eluant of 10% acetic acid in methanol which could not be analyzed 
by HPSEC because i t was insoluble in tetrahydrofuran. About 
three-quarters of the oil was found in Fractions 3, 4, and 5, the 
last being the major fraction. If the chromatograms in Figure 3 
were combined taking into account the yields of the various 
fractions then, as expected, a close comparison could be made with 
the chromatogram in Figure 1 of the unfractionated o i l . 
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JOHNSON & CHUM Pyrolysis Oils by HPSEC 

2000 500 200 100 App. Wt 

5 6 7 8 
Timelmin.l 

Figure 1. HPSEC of wood pyrolysis o i ls from the SERI 
entrained-flow, fast ablative pyrolysis reactor. Analysis on 
100 Â , 10 μ GPC column using THF at 1 ml/min"1 with detection 
at 330 nm (bandwidth 140 nm), see Experimental for a 
description of the o i l s . 

2000 500 200 100 App.M.Wt. 

— 1 

Λ " 2 

— 5 

7 8 
Timelmin.l 

Figure 2. HPSEC of wood pyrolysis oi ls from a variety of 
sources. Analysis conditions as per Figure 1, see 
Experimental for a description of the o i l s . 
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160 PYROLYSIS OILS FROM BIOMASS 

Doubts have been expressed that these pyrolysis oi ls could 
have molecular weights as high as indicated by these chromatograms 
as they are obtained by condensation of the primary vapors from 
pyrolysis. Analysis by techniques requiring revaporization of the 
oi ls consistently do not detect high-molecular-weight components, 
possibly because they are d i f f i c u l t to vaporize and also because 
they may be thermally degraded to either higher or lower molecular 
weight components (8) or both. It has been suggested that the 
high apparent molecular weights observed by HPSEC are the result 
of solute-solute or solute-solvent associations producing high-
molecular-weight complexes. To verify the results obtained by 
HPSEC, the three major fractions and the original unfractionated 
oil were subjected to proton ΝMR analysis. The spectra of 
Fraction 5 and the original oi l contain broad peaks characteristic 
of irregular polymers such as l i g n i n , while the spectrum of 
Fraction 3 contains sharp peaks indicative of a mixture of 
simpler, low-molecular-weight compounds; Fraction 4 is 
intermediate between 3 and 5. Thus, the HPSEC and proton NMR 
spectra appear to be in general agreement in that this 
pyrolysis oi l contains mixtures of possibly higher molecular 
weight polymeric components and simpler low-molecular-weight 
compounds. 

Many of the chromatograms shown here are of samples whose 
history of handling and age are not known in d e t a i l . It has been 
suggested that because of the very reactive and acidic nature of 
these oi ls that the high molecular weights observed are produced 
as the oi ls get older and are exposed to ambient conditions. 
Consequently, a study has been started to examine the effects of 
aging and the conditions under which pyrolysis oi ls are stored. A 
pyrolysis oi l was produced in the SERI entrained-flow, fast 
ablative pyrolysis reactor. In this reactor, the primary vapors 
are scrubbed out with water such that about 90% are dissolved 
out. One sample of this aqueous solution of pyrolysis oil was 
stored at 4°C and the other was analyzed by HPSEC. The sample to 
be analyzed was made up by dissolving a small amount of the 
aqueous solution in tetrahydrofuran. Storage was under ambient 
conditions. The THF solution was analyzed several times over the 
period of a week to look for changes in i ts HPSE chromatogram as 
shown in Figure 4. At the end of this period, the sample kept at 
4°C was also analyzed to determine the effect of aging on the 
o i l . Actually, a physical change took place in the aqueous sample 
stored at 4°C in that a small amount of tar separated out on the 
bottom of the v i a l . Consequently, two samples were made up in THF 
from the cooled sample, one from the aqueous part and one from the 
tar. Figure 5 compares the HPSEC of the sample kept at ambient 
conditions to those of the cooled samples. The HPSEC of the tar 
sample shows i t consists of relatively much larger amounts of 
material higher in apparent molecular weight. The aqueous 
fraction of the cooled sample appears very similar to the sample 
stored at 25°C, although the latter does appear to contain a 
s l i g h t l y larger relative amount of apparently higher molecular 
weight material. The degree to which storage at lower temperature 
has prevented any increase in molecular weight of the pyrolysis 
oi l with time is d i f f i c u l t to ascertain because of the 
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15. JOHNSON & CHUM Pyrolysis Oik by HPSEC 

100 App.M.Wt. 
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Figure 3. HPSEC of SESC fractions from a SERI pyrolysis 
o i l . Analysis on a 100Â 10 μ GPC column using THF at 
0.5 ml/min~r with detection at 330 nm (bandwidth 140nm), see 
Experimental for a description of the fractions. 

2000 t 500 200 100 App.M.Wt. 

* i " 
Time (min.) 

Figure 4. HPSEC of a SERI pyrolysis oi l kept under ambient 
conditions, after 5 hours ( ), 3 days ( ), and 7 days 
( ), Analysis on a 50 Â 5μ GPC column using THF at 1.0 
ml/min"1 with detection at 270 nm (bandwidth 10 nm). 
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162 PYROLYSIS OILS FROM BIOMASS 

fractionation of the refrigerated sample. The sample kept at 
ambient conditions did not have the opportunity to fractionate 
because of the solvent i t was dissolved i n . 

The HPSEC of the unrefrigerated sample (Figure 4) does 
indicate that the pyrolysis oil "aged" over the period of a week 
with increasing amounts of apparently higher molecular weight 
components being produced with time. Most of the samples obtained 
from outside of SERI are much older than one week. Pyrolysis o i ls 
are generally very reactive so that unless they are effectively 
stabil ized in some way, increasing molecular weight should be 
expected as they get older. 

What are the Limitations of HPSEC as a Technique When Applied to 
Pyrolysis Oil Characterization. One of the major advantages of 
HPSEC as a technique is that with the proper choice of solvent to 
dissolve the sample, the whole of the sample may be analyzed under 
very mild conditions. Because HPSEC is an isocratic technique, 
di f ferential refTactometers may be used as detectors so that, 
again, al l of the sample may be detected. This is not a great 
concern when applied to pyrolysis o i l s , as they tend to absorb 
quite strongly in the ultraviolet . With a modern UV-visible diode 
array detector, a number of wavelengths can be monitored to ensure 
a l l the components of the oil are monitored. However, the eluting 
solvent must be chosen such that all the sample is dissolved, and 
as pyrolysis oi ls are f a i r l y polar and often contain water, the 
solvent will also need to be f a i r l y polar. The combination of 
polar solutes and polar solvents means that solute-solvent 
interactions through hydrogen bonding must be a concern. 
Tetrahydrofuran, probably the most popular solvent for HPSEC, can 
form hydrogen bonds with certain species such as phenols producing 
a complex molecule exhibiting greater molecular size and lower 
retention volume than would be expected (9). When nonpolar 
solvents are used such as toluene or chloroform, the molecular 
size should be relatively unaffected, but oil solubi l i ty then 
becomes very l imited. The use of solvents of greater solvating 
power, such as dimethyl formamide, also generates problems (10) 
due to solute-solute association, interaction between polystyrene 
standards and the column gel and column gel-solvent interactions. 

The other major limitation of HPSEC as a technique comes from 
the desire to correlate solute elution time with molecular 
weight. As stated in its name, this is a method of separation 
based on molecular size. HPSEC columns contain a polymer gel of 
polystyrene-divinylbenzene produced with a controlled pore size 
distr ibut ion. Solutes of different size are separated by the 
different degrees of their penetration into the pores of the 
gel. The parameter that can be obtained from HPSEC is effective 
molecular length; e . g . , material excluded from a column containing 
gel with 100 Â pores should have an effective molecular length of 
100 Â or greater. To correlate retention times to molecular 
weight, i t is necessary to use calibration standards similar in 
structure to the solute whose molecular weight is being 
determined. The most common calibration materials used are 
polystyrenes of low polydispersity. Others used include straight 
chain alkanes, polyethylene glycols, and the related materials 
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15. JOHNSON & CHUM Pyrolysis OUs by HPSEC 163 

IGEPALS™ that are 4-nonylphenyl terminated. If a column were 
calibrated with straight chain alkanes, i t is unlikely to be much 
good for obtaining molecular weights of aromatic solutes, as a 
benzene ring is only about as long as propane, and anthracene is 
only about as long as hexane. When dealing with much larger 
molecules, i t is d i f f i c u l t to estimate what their size might be in 
three dimensions in solution. Although pyrolysis o i ls have a high 
level of aromatic components, especially phenolics, they are a 
very complex mixture of components, and so it is unlikely that any 
one set of calibration standards would do a very good job. 
Despite these l imitations, HPSEC can give an idea of the molecular 
weight distribution of an oi l and certainly can be used in 
comparing o i l s . Establishing molecular weights for low-molecular-
weight components is probably the most d i f f i c u l t task. Figures 6 
and 7 compare the actual molecular weights of a variety of 
different types of compounds with their apparent molecular weights 
calculated from their retention times on a 50 Â 5 μ HPSEC column 
calibrated with polystyrenes and IGEPALS. If the calibration was 
good for al l compounds, then they should all f a l l on the straight 
l ines. The aromatic hydrocarbons follow the cal ibration, but the 
aromatic acids and naphthalenes deviate greatly and in opposite 
directions. The aromatic acids contain both carboxylic and 
phenolic groups and so probably have higher apparent molecular 
weights than their actual molecular weights because of hydrogen 
bonding with the solvent tetrahydrofuran. The naphthalenes have 
lower apparent molecular weights than actual not only because 
their condensed structure makes them relatively small for their 
molecular weight, but also because of interactions between these 
solutes and the column gel. Phil ip and Anthony (9) observed 
retention volumes that were longer than expected for anthracene, 
benzopyrene, and coronene, considering their molecular size. They 
attributed this behavior to interaction of these highly aromatic 
solutes with the phenyl groups of the polymer chains of the gels. 

The phenols and l ignin model compounds follow the calibration 
quite closely, tending to show sl ightly higher apparent molecular 
weights than they actually have, probably because of association 
with the solvent. This is encouraging for the HPSEC of pyrolysis 
o i l s as these types of compounds are more l ikely to be present. 
Heavily cracked o i l s , however, can be rich in polynuclear 
aromatics. 

Solute-solute association has not been observed for any of 
these molecules or for others when using tetrahydrofuran as 
solvent. Retention time changes of less than 0.01 minutes were 
observed in changing sample concentrations in the mg/mL range (~4 
mg/mL) to the μg/mL range (~3 μg/mL) when injecting 5 μ ΐ of these 
solutions. HPSEC of pyrolysis oi l samples made up in this 
concentration range should also be free of solute-solute 
association which would a r t i f i c a l l y increase the apparent 
molecular weight of the o i l s . 

Conclusions 
HPSEC has been shown to be a useful method of characterizing 
pyrolysis oi ls because i t examines the whole of the o i l . When 
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164 PYROLYSIS OILS FROM BIOMASS 

2000 , 500 200 100 App. M.Wt. 

I L—J ' Tfe i 

Time (min.) 

Figure 5. HPSEC of a SERI pyrolysis oi l after 7 days kept 
under ambient conditions ( ), tar fraction of 
refrigerated sample ( ) and aqueous fraction of 
refrigerated sample ( ). Analysis conditions as per 
Figure 4. 

Figure 6. Appl icabi l i ty of calibration using polystyrenes 
and IGEPALS™ for aromatic hydrocarbons, acids, and 
naphthalenes, see Experimental for a description of the 
compounds. 

Actual Mol. Wt 

Figure 7. Appl icabi l i ty of calibration using polystyrenes 
and IGEPALS1" for phenols and lignin model compounds, see 
Experimental for a description of the compounds. 
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15. JOHNSON & CHUM Pyrolysis Oils by HPSEC 165 

using polystyrene-divinyl benzene polymer gel columns, 
tetrahydrofuran as solvent and polystyrenes and IGEPALS1" as 
calibration standards a good indication of molecular weight 
distribution can be obtained for o i ls from a variety of sources. 
The high apparent molecular weights observed appear to be r e a l , 
and some corroboration is seen in proton NMR spectra. Although 
some solute-solvent association can be expected, use of phenolic 
model compounds has shown that HPSEC can give a good indication of 
molecular weight. However, i f the oi ls contained large amounts of 
either much more polar compounds or condensed aromatic compounds, 
then interpretation of HPSEC on the basis of molecular weight 
would be much more d i f f i c u l t . Pyrolysis o i l s are reactive 
materials and an awareness of the length of time and conditions 
under which they are kept must be maintained and is important for 
further processing. 
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Chapter 16 

Composition of Oils Obtained 
by Fast Pyrolysis of Different Woods 

J. Piskorz, D. S. Scott, and D. Radlein 

Department of Chemical Engineering, University of Waterloo, Waterloo, 
Ontario N2L 3G1, Canada 

Liquids obtained by fast pyrolysis of four different 
woods were analysed. On addition of excess water they 
separated into water-soluble and water-insoluble frac­
tions. The former which is principally of carbohydrate 
origin was shown by HPLC analysis to consist of sugars, 
anhydrosugars and low molecular weight carbonyl compounds. 
The latter was shown by 13C NMR to be a "pyrolytic 
lignin". In this way 81% to 92% of the organic content 
of the liquids has been characterised. 

D u r i n g t h e l a s t s i x y e a r s a f l u i d i z e d b e d f a s t p y r o l y s i s p r o c e s s f o r 
b i o m a s s h a s b e e n d e v e l o p e d a t t h e U n i v e r s i t y o f W a t e r l o o ( T h e 
W a t e r l o o F a s t P y r o l y s i s P r o c e s s ) . T h i s p r o c e s s g i v e s y i e l d s o f u p t o 
70% o f o r g a n i c l i q u i d s f r o m h a r d w o o d s o r s o f t w o o d s , w h i c h a r e t h e 
h i g h e s t y e t r e p o r t e d f o r a n o n - c a t a l y t i c p y r o l y t i c c o n v e r s i o n p r o ­
c e s s . A f l u i d i z e d s a n d b e d i s u s e d a s a r e a c t o r a n d o p t i m u m l i q u i d 
y i e l d s a r e n o r m a l l y o b t a i n e d i n t h e r a n g e o f 4 5 0 ° t o 5 5 0 ° C a t a b o u t 
0 . 5 s e c o n d s g a s r e s i d e n c e t i m e w i t h p a r t i c l e s o f a b o u t 1 . 5 mm d i a m e ­
t e r o r s m a l l e r . Two u n i t s a r e i n u s e , one w i t h a t h r o u g h p u t o f 20 
t o 100 g m s / h r , a n d a n o t h e r w i t h a t h r o u g h p u t o f 1 t o 4 k g / h r . 
D e t a i l s o f t h e p r o c e s s h a v e b e e n p u b l i s h e d b y t h e a u t h o r s i n s e v e r a l 
p u b l i c a t i o n s [ 1 ] , [ 2 ] , [ 3 ] . 

S e v e r a l s t u d i e s h a v e b e e n p u b l i s h e d d e s c r i b i n g r e s u l t s f r o m t h e 
f l a s h p y r o l y s i s o f b i o m a s s . M o s t o f t h e s e s t u d i e s w e r e c a r r i e d o u t 
a t h i g h e r t e m p e r a t u r e s a n d w e r e i n t e n d e d t o p r o m o t e b i o m a s s g a s 
p r o d u c t i o n . H o w e v e r , t h e w o r k o f R o y a n d C h o r n e t [4] r e p o r t e d h i g h 
l i q u i d y i e l d s f r o m b i o m a s s p y r o l y s i s u n d e r v a c u u m c o n d i t i o n s . M o r e 
r e c e n t l y , R o y e t a l . [5] h a v e d e s c r i b e d a v a c u u m p y r o l y s i s s y s t e m f o r 
t h e p r o d u c t i o n o f l i q u i d s f r o m b i o m a s s , b a s e d o n a m u l t i p l e h e a r t h 
t y p e o f r e a c t o r . K n i g h t e t a l . [6] h a v e d e v e l o p e d a n u p w a r d f l o w 
e n t r a i n e d p y r o l y z e r f o r t h e p r o d u c t i o n o f l i q u i d s f r o m t h e t h e r m a l 
p y r o l y s i s o f b i o m a s s . 

0097-6156/88/0376-0167$06.00/0 
« 1988 American Chemical Society 
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168 PYROLYSIS OILS FROM BIOMASS 

However, few d e t a i l s of the chemical nature of the p y r o l y t i c 
o i l s produced from wood or other biomass have been reported. Some 
recent s t u d i e s of the composition of p y r o l y s i s o i l s obtained from 
poplar wood were c a r r i e d out by workers of the P a c i f i c Northwest 
L a b o r a t o r i e s of B a t t e l l e I n s t i t u t e [7] and the Université de 
Sherbrooke [8]. Methods of q u a n t i t a t i v e determination of f u n c t i o n a l 
groups i n the p y r o l y t i c o i l s from wood were t e s t e d i n our l a b o r a t o r y 
by N i c o l a i d e s [9]. However, more d e t a i l e d c h a r a c t e r i s a t i o n e x i s t s i n 
the l i t e r a t u r e f o r the products of the thermal degradation of c e l l u ­
lose [10,11,12,13,14]. 

Resul t s 

In p r e v i o u s l y reported t e s t s (3), y i e l d s have been c l a s s i f i e d as 
gases, organic l i q u i d s , char and product water. Mass balances were 
g e n e r a l l y c l o s e t o 95% or b e t t e r . Elemental analyses were a l s o 
reported f o r many runs, but i d e n t i f i c a t i o n of i n d i v i d u a l compounds 
was done only f o r non-condensable gases and f o r some v o l a t i l e organ-
i c s such as methanol, acetaldehyde, furan, etc. However, more de­
t a i l e d analyses of l i q u i d products have r e c e n t l y been c a r r i e d out, 
and some of these p r e l i m i n a r y r e s u l t s which are of p a r t i c u l a r s i g n i ­
f i c a n c e are reported here. 

A l l experimental r e s u l t s given were obtained a t c o n d i t i o n s of 
c l o s e to o p t i m a l feed r a t e , p a r t i c l e s i z e and residence time f o r 
maximum l i q u i d y i e l d a t the s t a t e d temperatures, as determined by 
over 200 bench s c a l e runs and 90 p i l o t s c a l e runs. These o p t i m a l 
c o n d i t i o n s are those shown i n Table I, that i s , 480° to 520°C, 0.5 t o 
0.7 seconds apparent residence time and a maximum p a r t i c l e s i z e of 1 
mm. 

Table I shows the experimental y i e l d s of products from s e l e c t e d 
runs f o r four d i f f e r e n t woods whose p r o p e r t i e s are given i n Table I I . 

High organic l i q u i d y i e l d s are c h a r a c t e r i s t i c of a l l four mate­
r i a l s when undergoing f a s t p y r o l y s i s i n our process. The t o t a l 
l i q u i d y i e l d , i n c l u d i n g water of r e a c t i o n , v a r i e s from 70% t o 80% of 
the dry biomass fed, a l l of which can be d i r e c t l y used as a s u b s t i ­
t u t e f u e l o i l i f desired. The l i q u i d s are single-phase, homogeneous 
f l u i d s , which pour r e a d i l y , and which co n t a i n from 15% to 25% water 
depending on the feed m a t e r i a l and i t s moisture content. 

These l i q u i d s are q u i t e s t a b l e a t room temperature. The water 
content, i n a p e r i o d of twelve months, was found to increase s l i g h t l y 
presumably due to the slow processes of condensation-polymerization 
going on even a t room temperature. At higher temperatures, 120°C and 
above, the o i l s become i n c r e a s i n g l y unstable and decompose w i t h 
e v o l u t i o n of gas, and f i n a l l y c h a r i f i c a t i o n of a polymeric residue. 
A l l the p y r o l y s i s vapors produce an o i l m i s t f o l l o w i n g r a p i d quench­
i n g , but t h e i r p o l a r character a l l o w s the easy u t i l i s a t i o n of e l e c ­
t r o s t a t i c p r e c i p i t a t i o n i n the recovery system of a p y r o l y s i s process. 

P r e l i m i n a r y s m a l l s c a l e combustion t e s t s c a r r i e d out w i t h the 
p y r o l y s i s o i l as produced (20% water content) showed tha t i t burns 
r e a d i l y i n a furnace w i t h a conventional pressure a t o m i z i n g burner, 
p r o v i d i n g the combustion box i s preheated. I f an a i r at o m i z i n g 
nozzle i s used w i t h a p i l o t flame, no pre-heating of the combustion 
chamber i s necessary. Larger s c a l e t e s t s f o r extended periods have 
not yet been done, but p r e l i m i n a r y work shows tha t the p y r o l y s i s o i l 
has p o t e n t i a l as a s u b s t i t u t e f u e l o i l . 
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16. P I S K O R Z E T A L . Composition of Oik Obtained by Fast Pyrolysis 171 

Some properties of "wet" liquids as produced are given in Table 
III. The elemental analyses of the pyrolytic liquids as given i n 
Table III are very similar to those of the starting materials - wood. 
One could probably f a i r l y accurately describe these liquids, there­
fore, by the term "liquid wood". Two major characteristics of these 
liquids are high oxygen content and high density (much higher than 
wood). Another specific property is a limited water solubility. In 
the case of pyrolytic sirups produced by the Waterloo process, water 
is dissolved in the organic phase. The addition of more water to the 
level of about 60% by weight causes a phase separation and this be­
haviour has been utilized in our work for analytical purposes, in 
that both fractions were analyzed separately after dilution of the 
original o i l product. 

The details of the HPLC technique developed for analysis of the 
water soluble fraction are given below: 

Column 

Eluant 
Flow Rate 
Temperature 
Detector 
Internal Standard 

Aminex HPX-87H, high performance 
cation exchange resin in hydrogen form 
300 χ 7.8 mm from Biorad 
H3P04, 0.007 Ν 
0.80 ml/min, isocatic 
65°C 
Waters R 401 Differential RefTactometer 
n-propanol 

The quantitative data obtained by the HPLC technique are pre­
sented in Table IV. A typical HPLC-chromatogram i s shown in Figure 1. 

To obtain relative response factors and retention times, the 
pure compounds were fed and then eluted, although some of them, such 
as cellobiosan and 1,6 anhydro-3-D-glucofuranose, had to be synthe­
sized in-house [13]. Confirmation of compound identification was 
obtained by GC-MS [Hewlett-Packard 5970 Mass Selective Detector cou­
pled to 5890A Gas Chromatograph]. For GC-MS analysis, sugars and 
anhydrosugars were f i r s t trimethylsilylated to the corresponding 
ethers. Small amounts of simple phenols and of furanoid compounds 
were also detected by GC-MS in the water soluble fraction. These 
components were not quantified by HPLC. 

The yields of the water insoluble fraction are given also in 
Table IV. This fraction separated as a dark brown viscous liquid 
which so l i d i f i e d during drying into a hard, black, easily powdered 
material. 

The carbon-13 NMR spectrum of this pyrolytic product is shown in 
Figure 2 together with similar spectra published by Marchessault et 
al. [15] for milled wood lignin (MW) and steam exploded lignin (EXW). 
The similarity of the spectra of the steam exploded lignin and our 
pyrolytic lignin i s quite striking. It appears that the o i l s produced 
by the Waterloo Fast Pyrolysis process contain a significant fraction 
which is apparently derived from the natural wood lignin. This "pyro­
l y t i c lignin" represents nearly 80% of the original content of wood 
lignin. Evidence for this conclusion was f i r s t reported from the 
work of H. Menard [16] using thermogravimetric and infrared analysis. 

The Waterloo NMR spectrum was recorded using a 9% solution in 
DMS0-d6 at 62.9 MHz and 50°C with broad-band proton decoupling. 
Delay time between pulses was 10 seconds. 
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174 PYROLYSIS OILS FROM BIOMASS 

Figure 1. Typical HPLC chromatogram for water soluble fractions 
of pyrolytic o i l from poplar wood. Peak numbers correspond to 
those in Table IV. 
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M W Lignin 
(POPUIUS TRIMUIA) 

EX W Lignin 
iroruius TMMUIAI 

K) 1 3 

20 

VA 

UJWI L I 

26 J 

Pû_. 
50 ppm 0 

•8 19 20.21,. . 

200 150 100 50 

Figure 2. 1 3C NMR spectra of A) m i l l e d wood l i g n i n ; B) steam 
exploded l i g n i n (from Marchessault e t a l [15]); C) Waterloo pyro­
l y t i c l i g n i n . A l l from poplar wood. 
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PYROLYSIS OILS FROM BIOMASS 

Wood sawdust (7.% H2O) 
125 grams 

pyrolysis 

liquid product 

100 grams (22.4 g of H2O) 

add water 

phase separation 

insoluble 
"pyrolytic Iignin" 

24.2 gram 
soluble 5 3 . 4 g (in water solution) 

ι Cellobiosan y 3.1 gram 
Glucose 1.2 
Fructose 2.8 
Glyoxai 3.1 
Levoglucosan 4.9 
Hydroxyacetaldëhyde 9.6 
Formic Acid 8.9 
Acetic Acid 4.8 
Ethylene Glycol 1.1 
Acetol 1.5 

Final balance of Liquid Product 

"Iignin" 24.2 
water 22.4 
organics solu ble in water 53.4 41.1 gm clearly identifiable 

100.0 gram 

Figure 3 . M a t e r i a l balance f o r separation of l i q u i d p y r o l y s i s 
product from eastern spruce wood. 
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16. PISKORZ ET AL. Composition of Oils Obtained by Fast Pyrolysis 177 

Conclusions 

Four different woods under conditions of fast pyrolysis yielded very 
similar liquid products. Analyses show that this product is a 
complex mixture of chemicals. 

The pyrolytic "wet" tar-sirup can be readily separated into two 
principal fractions by water extraction. The water-insoluble frac­
tion i s derived from lignin while the water-soluble fraction is carbo­
hydrate in origin. Analytical results indicate large amounts of low 
molecular weight (-"100) lactones and aldehydes, and a significant 
fraction of these are multifunctional in nature. Four major classes 
of chemicals can be differentiated, 
1· sugars and anhydrosugars 
2. carbonyl and hydroxycarbonyl compounds 
3. acids - formic, acetic 
4. "pyrolytic" lignin. 

Results in Table IV show that 81% to 92% of the content of the 
pyrolysis o i l s produced in this work from wood has been quantitative­
ly identified. A schematic of the material balance for a typical 
separation is shown in Figure 3 to ill u s t r a t e the yields obtained for 
the various fractions. 

Detailed analysis of pyrolytic o i l s i s needed in order to allow 
possible mechanistic or kinetic models to be formulated which can 
explain the various observed aspects of fast biomass thermal degrada­
tion. A knowledge of chemical composition of these o i l s may also 
assist in the eventual future utilization, upgrading or separation of 
these compounds as higher value products. 
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Chapter 17 

Product Analysis from Direct Liquefaction 
of Several High-Moisture Biomass Feedstocks 

Douglas C. Elliott, L. John Sealock, Jr., and R. Scott Butner 

Pacific Northwest Laboratory1, P. O. Box 999, Richland, WA 99352 

Experimental results are reported for high-pressure 
liquefaction of high-moisture biomass. The feedstocks 
included macrocystis kelp, water hyacinths, spent grain 
from a brewery, grain sorghum field residue and napier 
grass. The biomass was processed in a batch autoclave as 
a ten weight percent slurry in water with sodium car­
bonate catalyst and carbon monoxide gas. Thirty-minute 
experiments were performed at 350°C with operating pres­
sures ranging from 270 to 340 atmospheres. The o i l 
products were collected by methylene chloride and acetone 
extractions. Oil yields ranged from 19 to 35 mass per­
cent on a moisture and ash-free basis. The oi l products 
contained from 9.9 to 16.7 percent oxygen with hydrogen 
to carbon atomic ratios from 1.36 to 1.61. Significant 
nitrogen content was noted in the o i l product from those 
feedstocks containing nitrogen (kelp, hyacinth, spent 
grain). Chemical composition analysis by gas chroma­
tography/mass spectrometry demonstrated many similarities 
between these products and wood-derived oils. The 
nitrogen components were found to be mainly saturated 
heterocyclics. 

Significant progress has been made over the past fifteen years 
toward the development of processes for direct production of liquid 
fuels from biomass. Process research has generally progressed along 
two lines — flash pyrolysis and high-pressure processing. Exten­
sive analysis of the liquid products from these two types of proc­
esses has demonstrated the significant process-related differences 
in product composition. However, the effect of feedstock has 
received a lesser degree of attention. 

1 Operated by Battelle Memorial Institute for the U.S. Department of Energy under Contract 
DE-AC06-76RLO-1830. 

0097-6156/88/0376-0179$06.00/0 
* 1988 American Chemical Society 
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180 PYROLYSIS OILS FROM BIOMASS 

Process Research in Direct Liquefaction of Biomass 

Two generalized categories of direct liquefaction processes can be 
identified (1_). The f i r s t , flash pyrolysis, is characterized by a 
short residence time in the reactor (~1 second) at relatively high 
temperature (450-500°C) in order to obtain maximum yield of liquid 
product. The second, high-pressure processing, is usually performed 
at lower temperature (300-400°C) and longer residence time (0.2-
1.0 hr). A typical operating pressure is 200 atm and often reducing 
gas and/or a catalyst is included in the process. The differences 
in processing conditions result in significant differences in 
product yield and product composition. 

Product Analyses. Product analysis in support of the process devel­
opment research in biomass direct liquefaction began at the rudimen­
tary level of determining solvent-soluble portions of the product. 
Analysis was soon extended to elemental analyses and proximate anal­
yses, such as ash and moisture. Later, spectrometric analyses were 
performed followed by detailed chemical analyses used in conjunction 
with chromatographic separation techniques. 

At a l l stages of development, the significant differences i n 
composition between the products of flash pyrolysis and high-
pressure processing have been evident. While polar solvents are 
most effective for both products, less polar solvents such as methy­
lene chloride and even benzene and toluene have been used as extrac-
tants for high-pressure product o i l s . Comparative analysis has 
demonstrated the higher oxygen content and higher dissolved water 
content in the flash pyrolysis o i l s . Detailed analyses with spec­
trometric and chromatographic methods have added supporting evidence 
to these findings. 

Variations in Product Due to Feedstock. While process-related d i f ­
ferences in product composition have been evident, extensive study 
of the effect of feedstock on product composition has never been 
undertaken. Some limited comparative tests can be gleaned from the 
literature; however, most process research in direct liquefaction of 
biomass has been performed with woods of various species. Table I 
provides some of the results available in the literature for non-
woody feedstocks. Significant differences in heteroatom content are 
evident, but only limited chemical analysis is available in most 
cases. 

The researchers at the Pittsburgh Energy Research Center (2-4) 
steadfastly maintained in their pioneering work on high-pressure 
liquefaction that their o i l products obtained from cellulosic wastes 
were paraffinie and cycloparaffinie in nature. These products were 
formed in the presence of sodium carbonate catalyst with an i n i t i a l 
overpressure of carbon monoxide at temperatures from 250 to 380°C 
and pressures from 10.4 to 34.6 MPa with batch residence times of 20 
to 60 minutes. They reported the presence of carbonyl and carboxyl 
functional groups but maintained that there was essentially no 
aromatic material produced except at higher temperature (then only 
in very small amounts). These conclusions were based on infrared 
and mass spectral analysis (_2). Later analysis of the sucrose-
derived o i l (3_) included proton nuclear magnetic resonance spectral 
evaluation but resulted in the same conclusion. Most of the 
hydrogen was in methylene or methyl groups and about 4 percent 
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17. ELLIOTT ET AL. Product Analysis from Direct Liquefaction 181 

Table I. Product Analyses from Liquefaction Tests with 
Various Biomasses 

Feedstock Temp. Pressure C H Ν 0 S H/C 
(°C) (MPa) (percent) 

High-Pressure Processes 

(2) newsprint 250 13.8 71.7 7.3 <0.3 -20.6 <0.1 1.21 
(2) pine needles & twigs 250 13.8 72.2 8.7 1.05 18.0 0.10 1.43 
(2) sewage sludge 250 13.8 77.0 10.7 2.80 8.8 0.64 1.65 
(3) cellulose 250 13.8 72.4 7.0 0.004 20.4 0.2 1.15 
(3) sucrose 350 27.7 75.2 9.1 — 15.7 — 1.44 
(4) municipal refuse 380 34.6 79.8 10.4 3.0 6.8 0.05 1.55 
(4) manure 380 31.1 80.4 9.4 3.0 6.9 0.26 1.39 
(5) microalgae 400 27.7" *81.2 8.6 5.4 3.5 — 1.26 

Flash Pyrolysis 
39.3 1.48 (6) aspen 450 0 53.8 6.7 — 39.3 — 1.48 

(7) sewage sludge 450 0 69.4 10.2 5.8 14.5 — 1.75 
(8) poplar 500 0 49.8 7.3 0.0 42.8 0.0 1.74 
(8) peat 520 0 67.1 9.0 3.4 20.3 0.1 1.59 

estimate 
*the microalgae analysis was calculated from the analysis of product fractions 
( o i l and asphaltene) and the product distribution 

was unsaturated but probably olefinic and not aromatic. Some ether 
linkages were also reported present in the sucrose-derived o i l . 
Mass spectral analysis of the municipal refuse-derived o i l (4) iden­
t i f i e d only two long chain fatty acids with certainty; however, not 
more than traces of aromatics were determined to be present. The 
manure-derived o i l was found to be largely a l i c y c l i c hydrocarbon but 
contained heterocyclic nitrogen and alkyl phenolics (4)· These 
claims of the saturated hydrocarbon nature of the o i l products are 
at odds with the reported elemental analyses (see Table I). The low 
hydrogen to carbon ratios dictate that the o i l products must contain 
a large fraction of aromatic or, at least, highly unsaturated 
compounds· 

An algae-derived o i l was reported to be principally n-paraffins 
and olefins with oxygen- and nitrogen-containing straight-chain 
hydrocarbons (_5_). Polar compounds were reported to comprise 50-60 
percent of the o i l . Unfortunately, there is no indication of the 
type of analysis performed or detailed results of any kind; there­
fore, i t is d i f f i c u l t to evaluate the veracity of these reported 
results. 

The comparison of the peat and wood flash pyrolysis products by 
E l l i o t t (8) is a good example of the effect of feedstock on product 
o i l composition. The poplar o i l typically was composed of phenolic, 
ketone and furan compounds with a substantial fraction of low 
molecular weight organic acids. The main components of the peat o i l 
were hydrocarbons, mostly straight chain olefins. Minor quantities 
of ketones were noted but no acids, aldehydes or furans were identi­
fied by mass spectrometry. Phenols were also present in significant 
quantities. 

A significant effort in comparing feedstock effects on product 
o i l composition was reported by Russell et a l . (9). Unfortunately, 
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182 PYROLYSIS OILS FROM BIOMASS 

this effort did not include ultimate analysis of the oils for com­
parison. The report contains qualitative analysis by gas chroma-
tography/mass spectrometry of five product oils derived from 
cellulose, hops f i e l d residue, softwood tree branches, peat, and 
sewage sludge. Phenols were a major component group for a l l feed­
stocks. Ketones and furans were also common. Hydrocarbons, 
aromatic and otherwise, were also identified primarily in the 
cellulose and softwood products. Nitrogen-containing products were 
absent from the cellulose and softwood products but could be found 
in the peat and sewage sludge-derived o i l s . 

A l l of the above accounts can be contrasted with the large 
amount of analytical work on the chemical composition of wood-
derived direct liquefaction products which has been reported over 
the past several years (8,10-18). In a l l cases the majority of the 
product oils have been identified as phenolic with only minor 
amounts of pure hydrocarbon reported. 

Liquefaction Experiments with Moist Biomass 

At Pacific Northwest Laboratory we have been testing the use of 
high-moisture biomass (marine and fresh-water biomass, post-harvest 
f i e l d residues and food processing wastes) in a thermochemical con­
version system to produce useful fuels. Although the main focus of 
the work (19) has been gasification (catalytic production of 
methane) we have also performed a limited number of tests under 
high-pressure liquefaction conditions. 

Feedstock Description. Five high-moisture biomass feedstocks were 
tested in these liquefaction experiments. They are characterized as 
follows: 

Kelp - The sample used was a freshly harvested macrocystis 
kelp from Pacific Ocean seabeds off the southern 
California coast (El Capitan Beach, Santa Barbara 
Channel). It was packed in ice and flown to our lab­
oratory where i t was frozen in a polyethylene bag 
until used. 

Water Hyacinth - Uprooted samples of hyacinths were recovered 
from the primary treatment lagoon at the Reedy Creek 
experimental sewage treatment f a c i l i t y near Orlando, 
Florida. The sample was packed in ice and flown to 
our laboratory where i t was frozen in a polyethylene 
bag until used. 

Spent Grain - The grain sample used was the residue following 
malting barley and water extraction of the sugars 
prior to fermentation. The sample was obtained from 
the Blitz-Weinhard Brewery in Portland, Oregon and 
was transported to our laboratory where i t was frozen 
until used. 

Napier Grass - Napier grass was collected after harvest by 
University of Florida researchers. The sample was 
bagged and shipped in a refrigerated container to our 
laboratory where i t was stored in a freezer un t i l 
used. 
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17. ELLIOTT ET AL. Product Analysis from Direct Liquefaction 183 

Sorghum - Grain sorghum was collected after the harvest of the 
grain by the University of Florida. The sample con­
taining stems, stalks, and leaves was bagged and 
shipped in a refrigerated container to our laboratory 
where i t was stored in a freezer un t i l used. 

Ultimate analysis, moisture contents and energy contents for the 
five feedstocks are provided in Table II. 

Table II. Analysis of Moist-Biomass Feedstocks 

C H Ν 0 Ash Moisture HHV* 
Feedstocks (P ercent, dried basis) (percent) (BTU/lb) 

Kelp 26.9 4.0 1.2 30.2 38.4 89.0 7150 
Water Hyacinth 43.0 5.8 5.6 29.5 15.3 94.9 7730 
Spent Grain 48.6 6.8 3.4 35.3 3.4 80.5 9170 
Napier Grass 45.2 6.0 <0.1 42.3 5.7 84.4 7870 
Sorghum 44.4 5.8 0.4 38.3 7.9 77.0 8040 
*HHV = higher heating value of dried biomass 

Reactor Conditions. The experiments were performed batchwise in a 
one-liter, stirred autoclave. Approximately 300 g of moist-biomass 
was charged to the autoclave in a stainless steel liner as a water 
slurry containing 5 to 10 weight percent of dry solids. Sodium car­
bonate was added to the feedstock (approximately 0.1 g/g dry bio­
mass) except in the case of kelp which already contains a high level 
of a l k a l i as part of it s chemical makeup. 

The autoclave was then sealed, purged with nitrogen and then 
pressurized with carbon monoxide (approximately 50 atm). The reac­
tor was heated to 350°C (approximately 30 minutes from 200° to 
350°C) and held at that temperature for 30 minutes. The pressure 
within the autoclave at temperature typically increased from 270 atm 
to 340 atm over the period of the experiment. At the end of the 
allotted time cooling water was flushed through the internal cooling 
c o i l which brought the reactor temperature down to 200°C within 
5 minutes. 

Product Recovery and Analysis. After the autoclave had cooled com­
pletely, the gas product was vented. The typical gas composition 
included nearly equal parts of hydrogen and carbon dioxide with a 
10-15 percent residual amount of carbon monoxide and minor amounts 
of hydrocarbons. [These results suggest a strong water-gas shift 
reaction as catalyzed by the sodium carbonate base (20).] The auto­
clave was then opened and the liquid product was collected. The 
autoclave was rinsed with acetone and the resulting wash solution 
f i l t e r e d . The liquid product (approximately 250 g) was acidified to 
pH 2 with dilute HC1 and then extracted with methylene chloride 
(3 χ 40 ml). 

The soluble and insoluble products were analyzed for elemental 
content of carbon, hydrogen, nitrogen and oxygen with Perkin-Elmer 
240 series instruments. The methylene chloride soluble o i l product 
was also analyzed as a methylene chloride solution on a gas 
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chromâtograph equipped with a mass selective detector for qualita­
tive analysis and a similar gas chromatograph equipped with a flame 
ionization detector for quantitative analysis. Identification of 
compounds was made by comparison of mass spectra with library l i s t ­
ings of known compounds in conjunction with a comparison of chroma­
tograph column retention time with similar known compounds. Quanti­
tative analysis was based on a known amount of internal standard 
(trans-decahydronaphthalene) with detector response factors deter­
mined for various functional group types. Quantitation is estimated 
at within ± 20 percent. DB-5 capillary columns are used in both 
chromatographs· 

Liquefaction Results and Product Description 

Results from the liquefaction experiments with the five moist-
biomass feedstocks are given in Table III. The o i l yield is based 
on the combined mass of acetone- and methylenechloride-soluble oils 
as a percent of the mass of dried feedstock calculated to an ash-
free basis. The product o i l elemental analysis is the calculated 
composite analysis for the combined acetone- and methylene chloride-
soluble o i l s . 

Table III. Experimental Results for Liquefaction Experiments 

Oil Yield C Η Ν 0 H/C 
Feedstocks (percent) (combined o i l analyses) 
Kelp 19.2 76.7 8.9 3.5 9.9 1.38 
Water Hyacinth 26.0 76.3 9.9 3.3 10.5 1.54 
Spent Grain 34.7 75.2 10.2 3.8 10.8 1.61 
Napier Grass 34.4 74.5 8.5 0.4 16.7 1.36 
Sorghum 26.6 75.9 8.7 1.7 13.7 1.36 

The test results in Table III demonstrate o i l product yields 
for liquefaction of the moist-biomass feedstocks at levels compara­
ble to wood liquefaction. Reported yields for wood liquefaction in 
aqueous slurries, such as the LBL process (21), have typically been 
in the 25 to 30 weight percent range. The quality of the moist-
biomass liquefaction products f a l l in a general range which is also 
similar to reports for wood liquefaction products. However, certain 
examples of moist-biomass product oils appear to have elemental com­
positions suggesting higher quality products. Especially interest­
ing are the high hydrogen to carbon ratios for the spent grain and 
water hyacinth products and the relatively low oxygen contents of 
the spent grain, water hyacinth and kelp products. A significant 
difference from wood-derived oi l s is the high nitrogen content in 
the oils from spent grain and aquatic biomasses. 

Product Analysis Details. The detailed chemical analysis of the 
five moist-biomass derived oils by gas chromatography and mass spec­
trometry helps to better define the differences in o i l composition. 
Over 190 different compounds and isomers were identified in the five 
o i l s . In order to better understand this large amount of 
information, the components have been grouped by chemical function­
a l i t y and these groups are listed in Table IV. 
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17. ELLIOTT ET AL. Product Analysis from Direct Liquefaction 185 

Table IV. Chemical Functional Groups in Moist-Biomass O i l Products* 

Compound Water Spent Napier 
Group Kelp Hyacinth Grain Grass Sorghum 

esters/aldehydes/ 
alcohols 0 (1) 0 (0) 0 (1) 3 (4) 0 (0) 

cycl ic ketones 10 (17) 3 (12) 8 (13) 23 (31) 7 (15) 
furans 0 (0) 1 ( D 4 (3) 2 (3) 2 (3) 
phenols 32 (17) 35 (30) 30 (18) 45 (36) 34 (25) 
methoxy phenols 3 (3) 3 (2) 3 (1) 5 (5) 10 (5) 
benzenediols 10 (2) 6 (4) 0 (0) 6 (6) 24 (11) 
naphthols 9 (5) 2 (3) 0 (0) 5 (9) 9 (6) 
aromatic oxygenates 1 (2) 3 (3) 6 (2) 4 (5) 2 (2) 
cyc l ic hydrocarbons 2 (3) 1 (3) 3 (3) 3 (6) 4 (5) 
long-chain 

hydrocarbons 6 (3) 15 (15) 5 (4) 3 (9) 4 (4) 
fatty acids 10 (3) 8 (7) 8 (4) 1 (2) 5 (4) 
nitrogen cyclics 16 (11) 16 (11) 19 (7) 0 (0) 0 (0) 
amines/amides 3 (1) 6 (3) 15 (7) 0 (0) 0 (0) 
percent identif ied 10.8 18.4 14.3 21.0 18.4 

*tabular l i s t ing is the mass percent of identif ied o i l components 
i n each compound group; the number in parentheses is the number 
of individual compounds and isomers in each compound group 

The compound groups consist of the following types of 
compounds : 

esters/aldehydes/alcohols - four to six carbon oxygenates 
cyc l i c ketones - five and six carbon rings, many unsaturated, 

most alkylated 
furans - dihydrofuranones, hydroxymethyltetrahydrofuran 
phenols - phenol and alkylated (up to five carbons) phenols 
methoxyphenols - mono- and dimethoxyphenols and alkylated forms 
benzenediols - dihydroxybenzenes and alkylated (up to five carbons) 

forms 
naphthols - naphthols and methylated naphthols 
aromatic oxygenates - bismethylguaiacol(?), phenylphenols, 

benzodioxin(?) 
cyc l i c hydrocarbons - alkylcyclopentenes, alkylbenzenes(?), 

alkylindane, phenanthrene 
long-chain hydrocarbons - C ^ to C 2 7 n-alkanes and olefins 
fatty acids - C ^ t 0 c20 s a t u r a t e d and unsaturated acids 
nitrogen cycl ics - alkylpyrrolidinones, a lkylazir idines(?) , 

alkylpyrroles, alkylindoles 
amines/amides - Cg to C 2 2 amines/amides(?) 

The question marks in the l i s t i n g above indicate a tentative 
ident i f icat ion. 

Comparison to Ear l i er Results. These results verify that the carbo­
hydrate structures found in biomass can be converted thermochem-
ica l l y to a mixture of primarily phenolic compounds. Hydrocarbons 
are not predominant yet they may survive the processing in a s i g ­
nificant y ie ld given an appropriate feedstock. Cycl ic ketones are 
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186 PYROLYSIS OILS FROM BIOMASS 

the other major component group which can be identified by GC/MS. 
Low molecular weight oxygenates and furans are minimized by the 
addition of base to the reaction medium as has been demonstrated by 
other researchers (22). 

The product compositions of the napier grass and sorghum-
derived product oils show many similarities to wood-derived o i l s . 
In comparing with high-pressure processed o i l from Douglas f i r the 
same groups of cyclic ketones, phenols, naphthols, and dihydroxy-
benzenes dominate. The traces of hydrocarbon in the sorghum and 
napier grass oils are significantly different from the Douglas f i r 
and are apparently feedstock related. Nitrogen-containing compounds 
were not found in either the Douglas f i r oils or the sorghum or 
napier grass oils reported here. 

The large fraction of nitrogen-containing cyclic compounds is 
the distinguishing factor between the hyacinth, kelp and spent grain 
oils when compared to earlier wood o i l analyses. Similar compounds 
were found earlier in peat and sewage sludge oils (9). Our results 
now extend this trend to high protein feedstocks and green, aquatic 
plants. It is obvious that a strong correlation exists between 
nitrogen content of the feedstock and the amount of nitrogen incor­
porated into the product o i l . High-pressure liquefaction even with 
a reducing gas environment and alkaline catalysis cannot effect a 
preferential denitrogenation reaction. Substantial amounts of 
nitrogen are condensed into cyclic systems which remain in the o i l 
product. 

Utilization of Oil Products from Moist Biomass. The o i l products 
from these high-moisture biomasses have properties similar to the 
more widely studied wood-derived o i l s . The numerous applications of 
wood-derived o i l have been discussed by others (10,22). The moist-
biomass oils should be amenable to the same types of applications. 
In addition, the nitrogen-containing compounds may be useful as 
chemical commodities. Indoles in particular may be recoverable for 
use as fragrances or flavors. The hydrocarbon component in the oi l s 
may f a c i l i t a t e the direct use of these oils as fuels. 

The nitrogen-containing components in some of the moist-biomass 
oils is a source of concern when considering their use as fuels. 
Direct u t i l i z a t i o n of these oils would certainly lead to higher 
levels of emission of Ν0 χ. The nitrogen-containing components have 
also been indicated as a source of fuel instability during storage 
and as cancer-causing agents in various chemical forms. Hydrotreat-
ing of these o i l products to remove the nitrogen is a possible means 
of upgrading the products. However, hydrodenitrogenation of the 
heterocyclic compounds is a d i f f i c u l t and costly procedure compared 
to hydrodeoxygenation of the phenolics, which would also be accomp­
lished in a hydrotreating type of o i l upgrading. 

Implications for Future Research. The high-moisture biomass feed­
stocks can be a source of useful liquid fuel products. The use of 
the high-moisture biomasses in high-pressure processing w i l l allow 
their u t i l i z a t i o n in a thermochemical process without prior drying. 
Other research on the use of these feedstocks in high-pressure gasi­
fication has suggested the f e a s i b i l i t y of feeding these materials as 
a slurry following maceration (19). This same type of feeding 
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17. ELLIOTT ET AL. Product Analysis from Direct Liquefaction 187 

should allow direct u t i l i z a t i o n of high-moisture biomass in high-
pressure liquefaction processing. Experimental verification of this 
type of continuous processing needs to be undertaken. 

The use of the nitrogen-containing feedstocks w i l l lead to 
production of a nitrogen-containing o i l product. Direct u t i l i z a t i o n 
of this o i l product as a fuel w i l l likely require development of 
appropriate emission control techniques in order to maintain air 
quality. Alternately, nitrogen-containing components can be removed 
from the o i l product for use as specialty chemicals or by hydro-
treating. Further development of hydrotreating technology specific 
to these oils may be necessary in order to process the heterocyclic 
nitrogen-containing compounds which require extensive processing in 
order to effect nitrogen removal. 
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Chapter 18 

An Integrated Spectroscopic Approach 
to the Chemical Characterization 

of Pyrolysis Oils 

Barbara L. Hoesterey1, Willem Windig1, Henk L. C. Meuzelaar1, 
Edward M. Eyring2, David M. Grant2, and Ronald J. Pugmire3 
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UT 84108 
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3Fuels Engineering Department, University of Utah, Salt Lake City, 

UT 84112 
The hydrocarbon ("oil") fraction of a coal pyrolysis tar 
prepared by open column liquid chromatography (LC) was 
separated into 16 subfractions by a second LC 
procedure. Low voltage mass spectrometry (MS), infrared 
spectroscopy (IR), and proton (PMR) as well as carbon-13 
nuclear magnetic resonance spectrometry (CMR) were 
performed on the first 13 subfractions. Computerized 
multivariate analysis procedures such as factor analysis 
followed by canonical correlation techniques were used 
to extract the overlapping information from the 
analytical data. Subsequent evaluation of the 
integrated analytical data revealed chemical information 
which could not have been obtained readily from the 
individual spectroscopic techniques. The approach 
described is generally applicable to multisource 
analytical data on pyrolysis oils and other complex 
mixtures. 

Due to the extremely complex nature of pyrolysis tars obtained from 
recent or f o s s i l biomass samples, structural and compositional 
analysis of such tars poses a formidable challenge to analytical 
chemists. Even when armed with an arsenal of sophisticated 
analytical techniques, a detailed qualitative analysis requires 
careful, laborious combination and integration of voluminous 
chromatographic and spectroscopic data. Complete quantitative 
analysis of a l l components of o i l is generally not within reach of 
current analytical methodologies, especially i f the tar contains 
nonvolatile and/or highly polar or reactive components. Although in 
recent years impressive advances have been made with the physical 
coupling of two or more chromatographic and/or spectroscopic 
techniques into so-called "hyphenated" methods, e.g., GC/MS, LC/MS, 
GC/FTIR, MS/MS, etc., true integration of the analytical data by 
means of multivariate analysis methods such as canonical correlation 

0097-6156/88/0376-0189$06.00/0 
c 1988 American Chemical Society 
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190 PYROLYSIS OILS FROM BIOMASS 

analysis is rarely even attempted. Yet, intuitively the potential 
advantages and benefits of data integration methods are easily 
understood. With these considerations in mind the authors carried 
out the present f e a s i b i l i t y study of a coal-derived pyrolytic tar 
using a combination of chromatographic (LC), spectroscopic (MS, IR, 
PMR, CMR) and chemometrics (factor and canonical correlation 
analysis) techniques. In order to reduce the complexity of the 
analytical problem to more manageable proportions, a completely 
d i s t i l l a b l e coal tar was selected. Moreover, polar and/or highly 
reactive components were removed by open column LC. Preliminary 
results of this integrated analytical approach w i l l be presented 
here. 

Experimental 

A pyrolysis tar from a high volatile Β bituminous Hiawatha seam coal 
(Wasatach Plateau f i e l d , Utah) was obtained from the fixed bed 
Wellman Galusha gasifier operated by Black, Sivalls and Bryson in 
Minneapolis (_1). Open column liquid chromatography (LC) on s i l i c a 
gel using four solvents and solvent mixtures of increasing polarity, 
e.g., hexane; hexane/benzene 8/1; benzene/ether 4/1; and 
benzene/methanol 1/1, was used to separate the whole tar into broad 
compound classes as described by McClennen et a l . (2). Hydrocarbons 
constituted more than 50% of the whole tar. The hexane and 
hexane/benzene eluted fractions constituted complex mixtures, 
principally composed of hydrocarbons as determined by low voltage 
mass spectrometry (3). These fractions were combined and further 
separated by a second LC run. Subfractionation was accomplished as 
follows: two HPLC pumps and a solvent programmer/mixer were adapted 
to deliver solvents to the top of a 1.4 by 45 cm open glass column 
packed with 60-200 mesh s i l i c a gel (activated by heating overnight at 
175°C); the sample was layered on the column in 10 ml hexane and 
fractions were eluted from the column with a nonlinear gradient 
beginning wiht 100% n-hexane (HPLC grade) and ending with 9:1 
hexane/benzene over a period of 30 min. Subfraction collection 
continued for 40 min with the 9:1 hexane/benzene. Sixteen fractions 
were collected and weighed over a total of 40 minutes. Approximately 
1 ml was taken from each sample for low voltage MS analysis. The 
remaining subfractions were then rotary evaporated and weights of 
residue were recorded. Elution volumes were calculated from solvent 
weights. The calculated elution volumes are shown in Figure 1. 

Low voltage mass spectra of subfractions 1-15 were obtained on an 
Extranuclear 5000-1 quadrupole mass spectrometer with Curie-point 
heating inlet using 1/4 μΐ glass capillary probe tips as described by 
McClennen et a l . (4). The inlet was heated to 200°C, electron 
energy was set at 12 eV. Samples were scanned from m/z 20 to m/z 
300. A l l spectra were recorded with an IBM 9000 computer. 

FTIR spectra were obtained using a few mg of neat sample on NaCl 
(salt) disks. The instrument was a Nicolet 7000 series spectrometer, 
resolution 4 cm"*, 200 scans, operated in the absorbance mode. 
Samples were scanned from 4000-600 cm"l. Baseline corrected 
absorbance intensities were recorded for 20-30 peaks in each spectrum 
which were above 0.01 absorbance units in intensity. No peaks 
indicating water were seen in the spectra. Infrared data consisted 
of raw absorbance spectra with wavenumber and intensity values 
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18. HOESTEREYETAL. Chemical Characterization of Pyrolysis Oils 191 

written above each peak. This made the choice of the wavenumber 
variables d i f f i c u l t especially in the aliphatic stretching region. 
For example, i t was not clear whether peaks with highest intensity at 
2924, 2929, and 2918 cm~l in different spectra represented 
information from the same functional group or not. The various LC 
subfractions would be expected to show differences based on elution 
time that represent chemical information. Therefore, peak maxima at 
slightly different wavenumbers in the same 20 cm"l region were 
classified as a single variable i f the differences occurred more or 
less randomly along the elution time axis. A distinct trend of 
wavenumber position vs. time was taken to indicate that more than one 
variable was present. For example, the peak maximum at 2873 cm~l 
occurred in the f i r s t 6 fractions only, and was replaced by a peak at 
2868 cm"l for the remaining fractions 7 to 15. Other spectral 
regions were straightforward with regard to the choice of variables 
since sharper peaks with narrower bandwidth were present. A l l in 
a l l , thirty three wavenumber variables were obtained for fractions 
1-15 and the data were put into standard format suitable for factor 
analysis. Prior to the acutal factor analysis, spectra were scaled 
to 100%, and peak variables in percent were calculated. 

Proton NMR spectra of the hydrocarbon subfractions in CD2CI2 
with TMS internal standard (80-300 mg sample / 5-10 ml solvent) were 
taken using a Varian 300 superconducting instrument over the 1-10 ppm 
region. A l l spectra were taken under identical conditons so that 
relative differences in composition could be noted. Integrated peak 
intensities for eight regions of the spectrum were tabulated for each 
subfraction, in addition to a table containing an overall view of the 
number of aliphatic, aromatic and olefinic protons present. 

Carbon 13 NMR spectra of the subfractions were also run in 
CD2CI2 at the same concentrations noted above on the Varian 300 
from 0-180 ppm. A 30° tip angle and 5 sec recycle time were used. 
Peak intensities were measured using integration curves. Spectra 
were again taken under identical conditions. Twenty three variables 
were chosen. 

Computerized multivariate analysis was carried out using the 
interactive SIGMA program package developed at the University of Utah 
Biomaterials Profiling Center which enables careful scaling of 
spectral intensities, as well as factor, discriminant and canonical 
correlation analysis (5). Chemical components were numerically 
extracted using the Variance Diagram technique described by Windig et 
a l . (6). 

Results and Discussion 

Mass Spectrometry. The f i r s t 13 subfractions were chosen for 
detailed analysis. Mass spectra of the fractions revealed the 
following trends: Fraction 1 (Figure 2a) shows alkane fragment ions 
and C N H 2 N

+ (alkene or cyclo paraffin) molecular ions. (Note 
the series progression to m/z 254). By fraction 3, CnH2n-1+ 

fragment ions begin to dominate over the C NH2 n+i + fragment 
ions. Fraction 5 shows fragment ion series at m/z 149, 163, 177, 191 
as well as signals at m/z 68, 136, 206. These ion series are 
frequently seen in resinites found in Utah coal (_7) as well as 
terpenoid components of recent plant matter. Fraction 7 produces a 
complex spectrum, containing a large number of ion series, including 
benzenes, indane/tetralins, and dienes or decalins (Cffiln-l^* 
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192 PYROLYSIS OILS FROM BIOMASS 

50 100 150 200 250 
CALCULATED ELUTION VOLUME (ml) 

Figure 1. Reconstructed liquid "chromatogram". 

hexane solvent signols 

, 0 2832 41-43 56-58 71 85-87 a) SUBFRACTION I 

| 8 3 n-alkane + n-olkene poirs 

J " " I ·•·.. C|5 C|6 C|7 C|8 
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Figure 2. Low voltage mass spectra of (a) subfraction 1 and (b) 
subfraction 12. 
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18. HOESTEREY ET AL· Chemical Characterization of Pyrolysis Oils 193 

A l l ion series have tentative identification from the raw spectra. 
This CnH2n-2 series overlaps the dihydroxybenzenes series at m/z 
110, 124, etc., but can be distinguished using LC fractionation 
(polarity) considerations. CnH2n-2 ions, e.g., decalins, are not 
present in fraction 8, but naphthalenes are beginning to appear, 
along with tetralins/indanes. Finally, fractions 10, 11, 12 (Figure 
2b) and 13 are dominated by naphthalenes, with acenaphthalenes/ 
biphenyl ions appearing from fractions 11-13. 

Infrared Spectroscopy. Infrared spectra of the fractions (Figure 3) 
show the following trends: Fractions 1, 2, 3, 4 and 5 show the IR 
pattern of the "pure" aliphatic compounds. The bands at 2961 and 
2929 cm"* indicate the stretchings of methylene and methyl groups 
and the corresponding bands located at 1456 and 1378 cm"* indicate 
the bending motion of the C H 3 group. The IR spectra of fractions 7 
and 8 start to shows some aromaticity. The weak peak at 1601 cm"* 
can be assigned to the C = C moiety of a benzene ring and the peaks 
at 871, 832, 812, and 750 cnT* can be assigned as the out-of-plane 
bending modes of 1, 2, 3 and 4 adjacent hydrogens, respectively. 
The CH of the aromatic ring shows up at 3050 and 3012 cm-*. 

Nuclear Magnetic Resonance. Table 1 shows the overall aliphaticity/ 
olefinicity/aromaticity from the carbon and proton NMR data. Both 
techniques find that fractions 1 and 2 are entirely aliphatic, 
olefins are present in fractions 3-7, and aromatic compounds begin 
appearing in fraction 6 (CMR) and fraction 7 (PMR), along with olefin 
and aliphatic functional groups. Fractions 8-13 contain aromatic 
moieties, l i k e l y with aliphatic substituents. Note that the carbon 
aliphatic/aromatic ratios decrease among fractions 8 through 13, 
whereas the proton aliphatic/aromatic ratio's decrease among samples 
8-12, with a higher value at fraction 13 than for 12. 

Carbon 13 NMR peaks showed the similar trend of increasing 
aromaticity in terms of increasing elution time. Samples 1 and 2 
contained only aliphatic peaks, at 14, 20, 23, 30, 32, 34, 38 and 40 
ppm. Three peaks were also found in a l l subsequent samples. By 
sample 3, olefinic peaks at 97, 114, 140 ppm were present, and 
continued to be seen through sample 7. The aromatic peaks 124, 131, 
132 ppm were present in sample 6. Sample 7 contained alarge number 
of aromatic peaks from 122-142 ppm, with the largest peaks at 128 and 
142 ppm. Samples 8-13 also contained aromatic peaks from 122-135 
ppm. The largest peaks in sample 10, for example, were at 126, 131, 
132 and 134 ppm. 

Factor Analysis. Several choices had to be made in preparing the 
data for factor analysis as well as in choosing c r i t e r i a for 
selecting the number of factors needed to describe the data space 
(e.g. eigenvalue > 1.0, ratio adjacent eigenvalues > 2.0, etc.) and 
the number of factor scores to be used as input into the canonical 
correlation analysis. These choices may have affected subsequent 
interpretation of the multivariate spaces and evaluation of the 
chemometric analysis methods. Table II shows the types of spectral 
data input into factor analyses of the f i r s t 13 subfractions. 

Our discussion of the factor analyses presented in Figure 4 w i l l 
f i r s t identify components characteristic of early eluting samples and 
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194 PYROLYSIS OILS FROM BIOMASS 

a) SUBFRACTION I 

4200 3800 3400 3000 2600 2200 1800 1400 1000 600 
WAVENUMBERS 

b) SUBFRACTION 12 

(1513.8.0.30)| 

(1600.8,0.3)1 

(870.1.0.31) 
1(832.1.0.47) 

,(8119,0.52) 
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Figure 3. FTIR spectra of (a) subfraction 1 and (b) subfraction 
12. 
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18. HOESTEREYETAL. Chemical Characterization ofPyrolysis Oils 195 

Table I. Integrated Intensities of Aliphatic Olefinic and Aromatic 
Regions of the NMR Spectrum for LC Subfractions of the 

Hydrocarbon Fraction of Hiawatha Tar 

(Proton NMR Data) 
SUBFRACT. ALIPHATIC OLEFINIC AROMATIC ALIPHATIC H/-

(.5-4 ppm) (4-6 ppm) (6-9 ppm) AROMATIC H 

1 1.0 
2 1.0 
3 0.959 0.041 
4 0.948 0.052 
5 0.962 0.038 
6 0.951 0.049 
7 0.905 0.043 0.052 17.40 
8 0.909 0.091 9.99 
9 0.827 0.173 4.78 
10 0.822 0.178 4.62 
11 0.789 0.211 3.74 
12 0.786 0.214 3.67 
13 0.849 0.151 5.62 

(Carbon 13 NMR Data) 
SUBFRACT. ALIPHATIC OLEFINIC AROMATIC ALIPHATIC C/-

AROMATIC C 

1 1.0 
2 1.0 
3 0.98 .02 
4 0.922 .078 
5 0.922 .078 
6 0.855 .063 .052 
7 0.759 .121 .120* 
8 0.596 .404 1.48 
9 0.513 .487 1.05 
10 0.357 .643 0.56 
11 0.333 .667 0.50 
12 0.261 .739 0.35 
13 0.211 .789 0.27 

integration from 50-150 ppm, olefinic and aromatic arbitraily made 
equal 
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196 PYROLYSIS OILS FROM BIOMASS 

Figure 4. Factor score plots in FI/FII spaces of a l l four 
individual data sets. 
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18. HOESTEREYETAL. Chemical Characterization of Pyrolysis Oils 197 

TABLE II. Details of Individual Factor Analyses 

Data No. 
Variable 

Type 5 I variance/-
variable 

Factors 
with Eigen­
values >1.0 

Mass Spectrometry 137* m/z, intensity 0.7 9 

Infrared 
Spectroscopy 28 

cm-1, absorbance 
peak height 3.6 6 

Proton NMR 8 ppm regions, 
integrated area 

12.5 1 

Carbon 13 NMR 23 ppm, intensity 4.3 6 

* 273 nonzero variables were available, the 137 chosen represented 
those with highest variance. 

then move on to later eluting samples. Figure 4a shows a Fl vs. F2 
score plot from the MS data. Investigation of the correlated mass 
peaks loading on factors 1 and 2 (Figure 4a) by means of the variance 
diagram method revealed 8 components. In Figure 4a components (a) 
(130°) represents the ion series CnH2n+l+*> whereas component (b) 
(160°) shows C nH2 n

+ ions from monocyclics or alkenes. A large 
component (c) (190-240°) contains C n H 2 n - i + ions (190°), 
C nH2 n-2 +« ion (220°) as well as fragment ions at m/z 149, 163, 177 
and 191 characteristic of terpenoid resins or other C nH2 n-4 + 

compounds (240°). 
Aromatic compounds such as short (C n, n=l, 2, 3) alkyl 

substituted benzenes occur at component (d) (280°C), with longer 
chain (C n, n=5, 6, 7) benzenes + tetralins at 320°; component 
(e). Component (f) at 0° is thought to represent C nH2 n - i o + 

series. Naphthalenes are found at component (g) (30°) and 
acenaphthene/biphenyl ions are present at component (h) (50°, 
Figure 5a). Note that the scores in this factor space roughly 
describe a c i r c l e , with the exception of fraction 13, which is found 
near sample 10. Factor 3 (not shown) distinguishes sample 13 from 
the others with a component axis containing anthracene/phenanthrene 
moieties as well as an ion series at m/z 180, 194, 208. Chemical 
identification of the various ion series is tentative. 

Factor analysis was performed on the IR spectra of subfractions 1 
to 13 using 28 nonzero wavenumber variables. Five of the orginal 33 
variables were unique to spectrum 15 and were not used in the factor 
analysis of samples 1-13. Figure 4b shows the factor score plots of 
the IR data on subfractions 1-13 in the F l vs. F2 factor space. 
Samples 1-7 are very close together, implying that infrared 
spectroscopy does not detect much difference between these dominantly 
aliphatic mixutres in this space. Analysis of the underlying 
correlation between variables by means of the variance diagram method 
showed that component (a) (350°) represents methyl and methylene 
absorptions such as 2870, 2850, 2920, 1460 and 720 cm"1. Component 
axes (b) (120°) with peak 1516 cm - 1 and (c) (160°) with 3050, 
3015 and 1600 cm - 1 represented aromatic absorptions. A component 
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198 PYROLYSIS OILS FROM BIOMASS 

b 

CnH2n-2 / 
CnH2n-4 £ 

Cnb2n I 

// / \ 

\ 

=^4 

/ 

I* , R 2 C 3 

;((§rCH3> 

<@9-R) 

Figure 5. a) Combined score plots of integrated spectroscopic 
data in "common" CV1/CV2 space. 
b) Combined loading plot of integrated spectroscopic data in 
CV1/CV2 space showing common chemical components. 
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18. HOESTEREYETAL. Chemical Characterization ofPyrolysisOUs 199 

axis (d) (240°), which points to subfractions 12 and 13, represents 
peaks 750, 1440, 1030 and 1180 cm"1. I n i t i a l l y , we tentatively 
assigned 1030 and 1180 cm"1 as C-0 stretches, but further 
examination of infrared spectra of aromatic standards showed that 
these are probably CH in-plane bends, e.g., 1030 cm"1 (benzene). 
An interesting feature of the IR data is the peak at 2868 cm"1 

which correlates with the aromatic component at 1600, although i t is 
believed to represent a combination of methyl and methylene 
stretches. Painter et a l . (8) also found this behavior in IR spectra 
of coal macérais. Our data strongly suggest a reinterpretation of 
this peak assignment. 

Several peaks in the F1+ direction of Figure 4b (IR) with low 
loadings on Factor 1 can be assigned as olefin CH out-of-plane 
bends. On Factor 3, these peaks showed that fractions 4-6 contained 
compounds with olefin moieties. These turned out to be impartant in 
the combined (canonical variate) space and w i l l be discussed later. 

The factor score plot F l vs^ F2 (91% variance) of the PMR data in 
Figure 4c shows a general distribution of samples forming a c i r c l e . 
The variance diagram of F l vs. F2 from the proton NMR data shows that 
the positive F l axis contains methyl and methylene groups attached to 
aliphatic (sp^ hybridized) carbon groups (a) (10°) and olefinic 
protons (b) (330°). The F l axis contains aromatic protons, s p l i t 
into two groups. The component axis at 200° (c) represents 
methyl-substituted benzenes (a CH3 + 1 ring aromatic), oriented 
toward fractions 9 and 10. The 170° rotation (d) contains 2-ring 
and 3-ring aromatics and longer chain aromatic substituents (01CH2) 
oriented toward fractions 11-13. 

Factor analysis of the CMR data is in Figure 4d. The score plot 
of F l vs. F2 (56% of the variance) shows that samples 1-7 appear to 
be similar in this dimension, oriented along the negative side of 
F l . Variables in this direction include aliphatic peaks such as at 
23, 30, 32 and 38 ppm and (with weak loadings), at 97, 114 and 140 
ppm, olefinic carbons. Fraction 8 is somewhat removed from fractions 
1-7 but s t i l l on F1-, and therefore contains predominantly aliphatic 
carbons. Fractions 9-13 are widely spread on factor F1+. A 
component axis at 350° (between samples 10 and 12) represents peaks 
at 20, 122, 126, 131 and 135 ppm. These aromatic carbons (100-150 
ppm) have a coupling constant of about 4 ppm. Assignment of an 
aromatic structure w i l l be deferred to the canonical correlation 
discussion. Fractions 10 and 11 have an associated component which 
includes the peaks at 40 and 134 ppm. Fractions 9 and 13 have an 
associated component axis with the peaks at 127, 129 and 132 ppm 
(about 2 ppm apart). A l l peaks on F1+ (except at 20 and 40 ppm) are 
aromatic carbons. The 20 and 40 ppm peaks are sp^ hybridized 
carbon substituents, probably attached to aromatic rings. 

Canonical Correlation Analysis. Our method of canonical variate 
analysis uses factor scores as input. Since using the minimum number 
of data reduction factors (eigenvalue > 1.0, 1 in the PMR data) 
constrained the CV space to too low a dimensionality to take f u l l 
advantage of a l l the data, the f i r s t 6 factors from each data set 
were used. It can be seen from the last column of Table II that the 
PMR data input contained more factors than were significant, and that 
the MS data used somewhat too few factors (6 out of 9) based on the 
eigenvalue criterion. Table III shows the canonical variate 
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200 PYROLYSIS OILS FROM BIOMASS 

TABLE III. TABLE OF CV DIAGNOSTICS 

Data F i l e % Var. in 1st % Var. Retained in % Var. Retained in 
6 Factors a l l C.V.'s C.V.fs (corr. > .90) 

MS 96 89 71 
IR 92 84 81 
PMR 100 94 87 
CMR 94 81 69 

The variance that was not retained in the CV's represents non-
correlating variance and was not treated further . 

diagnostics. More than 90% of the original factor variance were used 
from each data set. 

Canonical correlation of the factor analysis results from the MS, 
IR, PMR and CMR data using 6 factors from each data set gave four 
canonical variate functions with correlation coefficient greater than 
0.90. Figure 5 is a score plot of CV1 vs. CV2 for the four data 
sets. The scores from each fraction analyzed by the four methods are 
connected by lines. A small polyhedron implies that the methods 
describe the sample in a similar way in this dimension. The later 
eluting samples (9-13) appear to group into clusters that are widely 
separated from one another (e.g., 9 and 10, 11 and 12, 13) whereas 
early eluting samples (1-7) are close together in this space. Figure 
5b shows a consensus picture of the component directions from each 
method found in this CV space. Correlated variables consistent with 
an interpretation of aliphatic compounds are clustered around CV1-, 
near fractions 1-4. Only the MS found an axis of C nH2 n (alkene, 
cycloparaffin) components in this direction. Fraction 7 appears also 
in this direction. A component axis of alkyl benzenes (m/z 92, 
106...) from the MS data loads weakly in this CV space. From the 
original factor analyses i t can be seen that the mass spectral and 
PMR data clearly differentiated fraction 7 from the other fractions 
in the Fl + F2 factor spaces shown. The PMR data showed no unique 
component associated with fraction 7. This says that the mass 
spectral picture of fraction 7 is in a sense unique, since 
confirmation by other data sets is not apparent. A component axis 
corresponding to olefinic variables (IR, PMR, CMR) appears at 150°, 
in the direction of fractions 5 and 6. The mass spectral data shows 
ion series with 2 and 3 units of unsaturation, one or more of these 
apparently being a double bond. The positive half of CVI reveals 
three components, each one consistent with an assignment of 
aromaticity. The PMR and IR (CH in-plane bend modes) show increasing 
fused ring aromaticity in the ccw direction (300° to 50°). The 
mass spectral data identified the component at 300° with 
indane/tetralin, the 0° component as >C^ alkyl substituted 
naphthalenes and the 50° component as acenaphthene/- biphenyls. 
The CMR data showed a variable 142 ppm at 300° consistent with an 
assignment of an indane bridgehead carbon (literature value 143.9 in 
CHCI3). A component axis at 80° (mass spectral data only) near 
sample 13 showed peaks characteristic of alkyl anthracene/ 
phenanthrenes. The original CMR factor analysis showed correlated 
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18. HOESTEREY ET AL. Chemical Characterization ofPyrolysis Oils 201 

peaks near sample 13 which f i t an interpretation of phenanthrenes 
better than anthracenes. 

The CV3 and CV4 dimensions also showed correlation coefficients 
of >0.9. The variance in these dimensions ranged from 7% (PMR) to 
21% (MS). Since one variable in the PMR data accounts for 12.5% of 
the variance, no variables were found to load above 0.4 in this 
dimension, and PMR data w i l l not be further discussed. 

Both the CMR and the MS data sets presented a similar space on 
CV3 and and 4. Samples 7 and 13 were grouped together along CV3+. 
Variables from the MS with appreciable loadings in this dimension 
were m/z 92, 106, 134... ("alkyl benzenes") and m/z 146, 160, 174 
("indane/tetralins"). The alkyl benzene components appeared with 
weak loadings in the CV1 + CV2 space near sample 7 only. The 
infrared data showed two variables with low loadings that were in 
common between samples 7 and 13, 2950 and 1450 cm - 1. These 
variables are small portions of the broadest IR peaks and their 
significance is not clear. Variables from the CMR data, 14 and 34 
ppm, implied similar alkyl functionalization, e.g., ethyl. From 
evidence in the factor analysis of ms data from samples 1 to 15 (not 
presented here) of fragmentation/pyrolysis dominant in samples 14 and 
15 and to a lesser extent 13, and evaporation dominating earlier 
samples, i t is lik e l y that the tetralin/indane ms ion series in 
samples 7 and 13 arose from different sources. GC/MS data, not 
completely interpreted yet, determined that sample 13 was dominated 
by 2 and 3 ring polycyclic aromatics, e.g., higher substituted 
naphthalenes, biphenyls and larger, whereas sample 7 had benzene and 
toluene alkyl substituted compounds. 

Samples 8 and 9 had associated components from both MS and CMR in 
CV3 and CV4. Fragment ions m/z 145, 159 and 173 loaded moderately in 
this space, as did the CMR variable 142 ppm. These are not 
inconsistent with the interpretation of indane/tetralin found in the 
CV1 + CV2 space. Sample 10 had associated variables of m/z 142 and 
156, Ci and C 2 alkyl substituted naphthalenes and an 
"acenaphthene/biphenyl" (m/z 144, 158...) component. The lone 
variable from CMR, at 131 ppm, might arise from either of these 
components (2 methyl naphthalene 131.7 ppm or acenaphthene 131.5 ppm 
C D C I 3 ) considering that we chose variables as vi r t u a l l y + 1 ppm. 

The only variable loading strongly on CV3 or CV4 from the IR data 
is 791 cm"1, a CH out-of-plane bend, pointing directly opposite 
samples 7 and 13, and probably showing some relationship in aromatic 
substitution patterns. 

Conclusions 

A consensus interpretation of the major components contained in LC 
eluted samples from a pyrolysis o i l was attempted using MS, IR, PMR 
and CMR data. 

Valuable information was gained by correlating the four 
analytical techniques. For example, mass spectral peaks of samples 
containing 2 and 3 units of unsaturation, such as samples 4-6, were 
shown by PMR, IR and CMR to contain double bonds, whereas mass 
spectral peaks corresponding to molecules containing one unit of 
unsaturation such as samples 1 and 2, were apparently cyclic, since 
only aliphatic functional groups were found by the other methods. 
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202 PYROLYSIS OILS FROM BIOMASS 

Alkyl benzene components in sample 7 were not represented in the 
canonical variate space. Mass spectral peaks corresponding to 
indane/tetralins in samples 8 and 9 were found by CMR to contain 
indanes, and anthracene/phenanthrene mass spectral molecular ions 
were found to be predominantly phenanthrene. 
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Chapter 19 

Chemical Characterization of Wood Pyrolysis 
Oils Obtained in a Vacuum-Pyrolysis 

Multiple-Hearth Reactor 

H. Pakdel and Christian Roy 

Chemical Engineering Department, Université Laval, Pavillion 
Adrien-Pouliot, Sainte-Foy, Quebec F1K 7P4, Canada 

A multiple hearth reactor has been used to produce 
high yield of pyrolysis oi l from aspen poplar. The 
Process Development Unit (P.D.U.) has the capability 
of achieving a fair fractionation of wood oils by 
using six heat exchangers (Primary Condensing Unit, 
P.C.U.) and a series of cooling trap receivers 
(Secondary Condensing Unit, S.C.U.) at the outlets of 
the reactor. While the weight average molecular 
weights (Mw) of the recovered compounds in the P.C.U. 
were 342, 528, 572, 393, 233 and 123 from top to bot­
tom of the reactor, the low molecular weight compounds 
with Mw = 100 or below were recovered in the S.C.U., 
which contained at least 90% of the total water. 
Silica-gel column chromatography enabled us to 
fractionate the oi l from P.D.U. into fourteen 
fractions. Aromatic hydrocarbons were collected in 
Fraction 1 (F1) and F2 followed by elution of 
moderately polar compounds in F3 to F11 with about 23-
35% of P.C.U. oi l which can be fully characterized. 
8.1% sugar in P.C.U., mainly glucose, was found in 
F13. Usefulness of 1H-FTNMR and infrared spectroscopy 
was shown for preliminary characterization of the F12, 
F13 and F14. Overall 27.89% of the P.C.U. including 
water and low molecular weight carboxylic acids have 
been measured and identified so far. 

The identification and extraction of valuable chemicals from wood-
derived o i l s is a very important goal for the biomass thermochemical 
conversion industry (IzZ)· Pyrolysis o i l s have been extensively 
studied and extensive number of compounds have been identified (3-
4). However to our knowledge there are only two general methods 
which have been reported for the fractionation of pyrolysis o i l s 

0097-6156/88A)376-0203$06.00A) 
« 1988 American Chemical Society 
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204 PYROLYSIS OILS FROM BIOMASS 

into chemical groups: the* solvent extraction method (5) and the 
adsorption-ehromatography method (6). The former technique is 
rather tedious and quite often the phase separation is d i f f i c u l t due 
to the emulsion formation. The yield of extraction strongly depends 
on the solvent volume and extraction repetition number. The 
adsorption-ehromatography method was used for this investigation 
with further modifications which wi l l be discussed in this paper. 

Extensive works conducted by different authors u t i l i z i n g GC and 
GC/MS sometimes lead to different results which indicate the 
di f f i c u l t i e s of carrying out accurate detailed analysis of the 
chemical constituents of pyrolysis o i l s . Examples of incomplete or 
even contradictory results can be found in the literature (3^4) and 
this paper in the analysis of vacuum pyrolysis o i l s . Other 
researchers have studied the functional group distribution in 
pyrolysis o i l (8). Although those techniques are long and tedious, 
they will lead to useful information about wood o i l chemistry. 

The majority of compounds found in pyrolysis o i l s are 
oxygenated with rather similar polarity. Therefore their gas 
chromatograms, in general, suffer from low resolution and conse­
quently the quantitative analysis w i l l be less accurate. Although 
this problem may be partially obviated by choosing narrow bore and 
Long capillary columns, but they are very expensive and not very 
practical. Direct injection of a complex mixture into the gas 
chromatograph on the other hand tend to deteriorate the column by 
building up of non volatile matter in the column inlet leading to 
gradual decomposition of the column stationary phase. Generally gas 
chromatography has a limited application and is not meant to be used 
for very complex and less volatile mixtures. GC/MS is a much more 
powerful analytical tool but would not be available in a great 
majority of cases. Besides i t is quite costly and requires s k i l l e d 
operators for the interpretation of the results. Therefore 
development of new methods of separation and fractionation in 
particular are needed. The primary objective of this work is to 
develop a separation and fractionation method for better and 
detailed analysis of pyrolysis o i l s and to demonstrate f a i r 
fractionating capability of the multiple hearth vacuum pyrolysis 
system. This will eventually enable us to make correlations 
between the o i l properties and pyrolysis operation conditions. Full, 
characterization of the oi l s w i l l also shed some light on the 
possible pyrolysis reaction mechanism and upgrading of o i l s . The 
secondary objective is to develop methods for the extraction of 
valuable chemicals such as specialty and rare chemicals which are in 
increasing demand (9). 

Experimental 

The wood o i l samples which have been character!zed in this work have 
been obtained from pyrolysis of Populus deltoïdes (clone D-38) with 
no bark in a multiple-hearth vacuum pyrolysis reactor. The Process 
Development Unit, Fig. 1, (P.D.U.) has been described in detail by 
one of the co-authors in another paper (1). 

The P.D.U. was tested for the production of high yields of oil s 
from wood chips. One objective was to separate the bulk of the 
aqueous phase from the organic liquid phase by means of 
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19. PAKDEL & ROY Vacuum-Pyroly sisMultiple-Hearth Reactor 205 

FEEDER 

Figure 1. Schematic view of vacuum pyrolysis Process Develop­
ment Unit (P.D.U.). 
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206 PYROLYSIS OILS FROM BIOMASS 

fractionation of the o i l directly at the outlet of the reactor. 
This was achieved in the following way. The organic vapor product 
was removed from the reactor through six outlet manifolds which 
corresponded to the six heating plates of the reactor, the hearths. 
The vapors were condensed in two condensing units named Primary and 
Secondary Condensing Units (P.C.U., S.C.U.). P.C.U. consisted of 
six heat exchangers in parallel (H-I to H-VI) and S.C.U. consisted 
of four receivers placed in series (CI to C4). The pyrolysis o i l s 
which were obtained in both condensing units were subjected to 
sequential elution solvent chromatography. The organic fractions 
were thon analysed as described below. Relationship of a l l samples 
and designations are described in Table I. 

One gram of the o i l sample immediate after pyrolysis was trans­
ferred into a glass column with 16 mm i.d. packed with 12.5 g of 60 
120 mesh sili c a - g e l in petroleum ether (30-60°C b.p.). Fourteen 
fractions were collected using different solvents as depicted in 
Table II. A l l the solvents were d i s t i l l e d before use and the s i l i ­
ca-gel was washed with dichloromethane and dried in air. The o i l 
fractions were dried by rotary evaporator without heat. All the 
yields are shown in Table II. lH-FTNMR spectra of 5% solution in 
DMSO were recorded on XI, 200 Varian instrument. Gas chromatographic 
analyses were performed on a 6000 Varian gas chromâtograph with 
flame ionization detector with two injectors (on column and s p l i t ) . 
The capillary columns were J & W fused s i l i c a : DB5, 30 m X 0.25 mm 
i.d. and UB1, 30 m X 0.32 mm i.d. The carrier gas was He and N2 as 
make up gas. The oven temperature was maintained at 50°C for 2 min 
then programmed to 150°C and 290°C at rates of 4 and 10°C min'1 

respectively. Water's 840 data and chromatography control station 
with digital professional 350 computer and Ι.Λ50 recorder were used 
as data processor. Various standard mixtures were prepared with 
the available compounds. Their relative response factors to ben-
zophenone were measured. S i l i c a -gel eluates were added an accurate 
quantity of benzophenone as internal standard. Their gas chromât o--
grams were compared with the standard mixtures for peaks identifica­
tion and followed by integrations for their quantifications. 

Hydrolysis followed by sugar analysis was carried out 
according to the s i i y l a t i o n technique. The procedure can be found 
elsewhere (10). 

Gel permeation chromatographic (G.P.C.) analysis of the six 
o i l s from P.C.U. and one o i l from S.C.U. (CI) were performed on 
ALC/GPC-20I Water's Associate liquid chromâtograph equipped with a 
model R-401 refractometer. Four 30 cm X 7.8 mm i.d. columns packed 
with 100, 500, 103 and 104 μ styragel were used in series. The sam­
ples were prepared in THF (5*) and 15 μΐ was injected and eluted 
with THF. The following standards were used to calibrate the 
system: polystyrene (Mw = 4000; 2000; 800 and 600), polyethylene 
glycol (Mw = 450, 300, 200), guaiacol, syringaldehyde and vanilline. 

Results and Discussions 

Pyrolysis o i l , water, char and gas are the wood pyrolysis products. 
Depending on the liquefaction process, pyrolysis o i l s composition 
change significantly. Lack of a standard pyrolysis o i l characteriz­
ation technique has initiated us at the f i r s t stage to develop a 
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sub-fractionation technique followed by quantitative gas chromato­
graphic analysis. Interestingly, vacuum pyrolysis yields relatively 
low percentage of high molecular weight compounds. The high molecu­
lar weight compounds with Mw > 300 represent approximately 25* of 
the total vacuum pyrolysis o i l s . It has been suggested that the 
high molecular weight less volatile and presumably more polar com­
pounds are produced by incomplete thermal degradation of lignocellu-
losic materials (8). The following characterization technique 
enabled us to find app. 5% oligosaccharides with Mw > 300. Due to 
GC limitation, the rest of the high molecular weight compounds can 
be characterized u t i l i z i n g GPC, M S - M S , HPLC or combination of those. 
The work in this line is presently under investigation in our 
laboratory. 

The six o i l s from the P.C.U. (H-I to H-VI) and an o i l sample 
from the S.C.U. (CI) were analysed by GPC for their molecular weight 
range distribution. The weight average molecular weights for the H~ 
I to VI were: 342, 528, 572, 393, 233 and 123 respectively. The 
test for CI showed weight average molecular weight of about .100. 
The molecular weight distribution of CI was as below: 

Mw^lOO (40*); 100<M^<200 (46.5*); 200<Mw<300 (10.5*) and 
300<T!w<500 (3*). 

The pyrolytic o i l in the S.C.U. is about 38.8* of the total o i l 
which consists of 17.9* water and 5.6* carboxylic acids (Pakdel, H.; 
Hoy, C. Biomass, in press). Due to i t s low average molecular weight 
however, i t is expected that the majority of the S.C.U. o i l can be 
analysed i f the interference due to the water can be eliminated. 

G.P.C. analysis was carried out for a series of pyrolytic o i l s 
obtained in a batch reactor operated at various temperatures similar 
to the P.D.U. hearth temperatures (Π) and the results showed a 
rather similar weight average molecular weight which indicate a 
f a i r selective separation of wood o i l constituents at various 
temperatures in the P.D.U. 

The results of s i l i c a - g e l column fractionation of the H I to 
VI o i l s are shown in Table II. A f a i r l y good reproducibility was 
obtained for Fl ( +0.01*). F2 suffered sometimes with contamination 
from F3 nevertheless the reproducibility was ± 0.1* obtained with 
three repetitive fractionations. F3--F12 showed usually about 0-5* 
loss during the solvent evaporation. F13 and F14 were satisfactory 
with + 2 and +0.4* reproducibilities respectively. A l l fractions 
are designated as Fl to F14 in this part and w i l l be studied 
separately. Fl to F12 of a l l condensers were liquids with some 
differences in their colours and odors. The F13 and F14 were found 
to be very viscous and nearly solid. They became par t i a l l y 
insoluble by redissolving in water and methanol. Fl to F2 were not 
very soluble in methanol indicating their hydrocarbon nature. 
F4,5,6 showed some methanol insoluble matter which was identified as 
high molecular weight carboxylic acids in the range of Cis to C30 
with a maximum at C24 (Pakdel, H.; Roy, C. Biomass, in press). 
These were separated and purified by crystallization in ethanol. 
Although the high molecular weight carboxylic acids comprise very 
l i t t l e percentage of the o i l (* 0.2*) but their finding is very 
interesting as only even carbon number acids up to C24 have been 
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210 PYROLYSIS OILS FROM BIOMASS 

found earlier in hardwood pyroligneous iars (12). The fractions 7 
to 12 were slightly insoluble in dichloromethane and fu l l y soluble 
in methanol. A preliminary compositional analysis of each fraction 
was made and more work is in progress. The results are the 
followings: 

Fraction 1. This fraction mainly contains hydrocarbons with an odor 
typical of a f o s s i l fuel mono-aromatic hydrocarbons. Proton nuclear 
magnetic resonance spectrum (1H-NMR) was recorded for a sample of 
H-I.F1 (Hearth-I, Fraction 1) as an example and the results are 
shown in Table IV. The NMR spectrum showed long alkyl and alkenyl 
side chains on benzene rings. Recently a series of short side chain 
alkyl and alkenyl benzenes (up to C11H14 & CnHie) were reported in 
wood pyrolysis o i l (6). A significant difference was observed in 
their gas chromatograms of H-I to H-VI. It is interesting to see in 
Table II that there is an increasing trend in quantity of the hydro­
carbons up to the maximum in H-III which f a l l s down in H-IV and 
again reachs to the maximum at 1.44 in H-VI. Whether further 
increase of the hearth temperature w i l l increase and produce any 
more materials has not been tested. However we have made an 
infrared spectroscopic study of the sol i d residues which were l e f t 
behind accidentally in each hearth after the pyrolysis (13). Their 
infrared spectra are shown in Fig. 2 . Despite of the fact that a 
bulk of the pyrolytic o i l s were produced in H-I and II but there 
are very small changes in hearth-I and hearth-II spectra (see Fig. 
20· However significant differences are observed in hearth-IV to 
VI. The solid residue in hearth-VI which was obtained at 448°C 
shows only minor bands due to the remaining organic matter mainly 
lignin or recondensed materials (14). These materials were measured 
to be approximately 20* of the total residue. 

Fraction 2. This fraction was in low abundance in a l l of the 
condensers and i t s quantity was significantly dependent on the 
hearth temperature. Similar to F l , F2 has also aromatic nature but 
with slightly high polarity. Interestingly H-V and VI were found to 
have completely different composition from the rest. Their GC 
appeared to have moderately resolved peaks. 

Fractions 3-11. These fractions have a particular value as their 
constituents are valuable and many of them can be characterized by 
gas-chromatography. F3-11 contributed between 22-33* of the hearth 
o i l s and 40.5* of the total P.C.U. o i l . The total yield of these 
fractions therefore can be used as quality index to compare 
different o i l s . This paper is a small contribution to characteriz · 
ation of these fractions and further work is in progress. Many new 
compounds have been identified and w i l l be reported elsewhere. 

Table III l i s t s some of the compounds which have been 
identified in these fractions which are mainly mono phenolic types 
and oxygenated heterocyclic compounds. A l l the chromatograms of F3 
to F10 showed well resolved peaks but F l l suffered from peak 
broadening which is more li k e l y due to the contamination from F12. 
Examples of a few chromatograms are presented in Fig. 3 and are 
compared with a chromatogram of the total o i l from H-VI (Fig. 3a). 
From Fig. 3 a , we could only identify a few compounds and the rest 
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Figure 2. Infrared spectra of wood and solid residues from 
six hearths (values in parenthesis are hearths temperatures)· 
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In 
(a) 

τ « 1 - r . • 1 τ - 1 1 r— 
16 15 2Θ 25 38 35 4Θ 45 50 55 

11 24 27 In 

I Μ ι 

i τ — 1 • . ι ι . . . r -
« 5 16 J5 2Θ 25 38 35 40 45 5Θ 55 

Minutes 

Figure 3. Capil lary gas chromatograms of: (a) total H-VI 
o i l ; (b) H-I.F1; (c) H-II.F3, and (d) H-III.F9 (see Table I 
for designation of o i l s and Table III for identif icat ion of 
peaks), In = Internal standard (bensophenone). 
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19. PAKDEL & ROY Vacuum-Pyrolysis Multiple-Hearth Reactor 215 

were coeluting and masked with the other non resolved and broad 
peaks. Consequently, any direct quantitative GC analysis of the 
total o i l w i l l be incomplete and less accurate. The total materials 
listed in Table III, apart from water, contribute to only 23% of the 
total dry o i l in P.C.U. and they show an interesting distribution of 
the compounds in the different condensers which can be correlated 
with their source materials. 

Characterization of the low molecular weight carboxylic acids 
was successfully achieved following benzylation technique developed 
in our laboratory (Pakdel, H.; Roy, C. Biomass, in press). Formic 
and acetic acids as decomposition products of cellulose and 
hemicellulose were the major constituents of pyrolysis o i l s (15). 

Finding of acetol in relatively high abundance in H-V and VI 
may indicate decomposition of recondensed materials. Since a large 
number of five carbon atom sugars, the source material for furan 
derivatives, are associated with hemicellulose especially in 
hardwood (3) therefore finding of furan derivatives in H-II with 
maximum abundance gives more support to the selectivity of the 
separation in the P.D.U. system. Finding of phenol with high 
proportion in H-I to III and some in H-VI is also interesting and 
supports the suggestion that cellulose is also a source for phenol 
during wood pyrolysis (3). Since no any significant quantity of 
phenol was detected in H-V but some in H-VI, the decomposition of 
recondensed materials in the hearth 6 is more li k e l y to be the 
source of phenol in H-VI. n-Propyl-phenol on the other hand has 
been found in a relatively high percentage in H-VI which indicates 
lignin as the source of substituted phenols. Although guaiacol, 
cathecol, eugenol and isoeugenol are spreaded in a l l condensers with 
an increasing trend toward H-VI therefore i t may be true that their 
production starts as soon as lignin starts to degrade, presumably at 
250°C or even below. Earlier these compounds have been found in the 
tarry residue from lignin pyrolysis (16). P-Cresol which we have 
identified in H-VI has been recognized to be a degradation product 
of the lignin (17) at temperature around 440°C. 

Fraction 12. Under the gas chromatographic conditions used, we were 
unable to observe any well resolved peaks. Typically the 
chromatogram showed lots of unresolved broad peaks indicating i t s 
higher polarity than the previous fractions. Its pH value was also 
significantly lower than the other fractions. Hydrogen distribution 
of F12 obtained by 1H-NMR spectrum i s shown in Table IV and compared 
with the total o i l . Comparison of these two spectra shows that the 
F12 has higher hydroxy! group than the i n i t i a l o i l . 

Fraction 13. This fraction contains the highest percentage of the 
high polar compounds, oligosaccharides in particular. Two 
techniques, lH-FTNMR spectroscopy and hydrolysis were applied to 
further study of these fractions which are b r i e f l y discussed in this 
paper as below. 

NMR spectra were recorded for the o i l s from the hearths and 
their F13s and comparisons were made. Fig. 4a and 4b represent the 
NMR spectra of H-VI and i t s F13 as an example. Both spectra were 
recorded in DMSO. A l l the samples were freely soluble in DMSO. 
The peak assignments are shown in Table IV. The hydroxyl group 
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Figure 4. 1H-FTNMR spectra of wood pyrolysis o i l s : (a) H-VI; 
(b) H-VI.F13 (see Table 1 for designation of o i l s ) . 
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218 PYROLYSIS OILS FROM BIOMASS 

assignments were also confirmed by addition of a few drops of deute­
rium oxide before recording the spectrum. Consequently we observed 
that approximately 50% of the resonance bands in the range of 3-4.2 
ppm are due to the sugars hydroxyl groups. Similarly approximately 
30% of the resonance bands in the range of 4.2-5.5 ppm are also due 
to the hydroxyl groups. Their spectra have some similarities with 
the typical sugar NMH spectrum. From their NMR spectra we observed 
an increasing trend to the high hydroxyl content from F13 of H-I to 
VI. 

The hydrolysis experiments were carried oui to measure the oli­
gosaccharide content of the o i l s . Primarily analysis was made for 
the total sugar content of the o i l s following s i l y l a t i o n technique. 
We found only levoglucosan with 0.3, 0.4, 0.7, 1.7, 3.4, and 4.2% in 
11-1 to H-VI respectively. Hydrolysis of the total o i l s were carried 
out and their sugar content were measured, α and 3 Glucose and xy 
lose were found the most dominant sugars in hydrolysates. Their 
total sugar content were 3.14, 3.26, 6.81, 6.81, 14.23 and 14.05% 
for H I to VI respectively. Similar experiments were carried out on 
F13 of a l l hearths. The results indicated a fai r sugar recoveries 
in F13s. 

Fraction 14. This fraction comprised a small portion of the o i l s and 
a steady increase was observed in their quantities from H I to VI. 
They may have presumably polymeric structure. Their infrared 
spectra showed a weak and broad hydroxyl stretching vibration band 
and very weak C-0 and CO absorption bands at 1700 and 1600 
wavenumbers respectively. C-H stretching and vibration bands were 
also observed at very low intensities at 2920 and 1520 wavenumbers 
respectively. 

Conclusion 

The sequential elution chromatographic technique has been found 
particularly helpful in separating whole o i l produced by vacuum 
pyrolysis of wood into chemically distinguishable fractions. More 
than 30% of the P.C.U. o i l that eluted f i r s t (Fl to Fl l ) could bo 
analysed by GC and GC-MS with less unambiguity. 

Now that sensitivity problems are being overcome, infrared 
spectroscopy and wet chemistry will be overtaken in some instances 
by high f i e l d 1H-NMR, a non destructive technique, and MS-MS 
spectroscopy and spectrometric techniques for characterization of 
the other fractions namely F12, 13 and 14 in this investigation. 

Fourier transform 13C-NMR which has not been u t i l i z e d in this 
investigation is likely to make a large contribution also in the 
near future to study these fractions. 

Since variation in the distribution of the separated fractions 
and their composition in different hearths were in good agreement 
with their generally accepted source materials, the P.D.U. is 
considered to be capable of selective separation of the o i l s . 

Even though they are only present in relatively low 
concentration, the compounds such as methyl cyclopentene- ol-one, 3-
hydroxy-2-methyl-4-pyrone, isoeugnol, for example, can serve to 
characterize various o i l s and monitor the pyrolysis liquefaction 
procedure. They can also be separated and extracted as fine 
chemi cals. 
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Chapter 20 

Chemical Influence of the Oils Obtained 
by Hydropyrolysis of Wood 

Influence of Heating Rate, Temperature, and Catalyst 

N. Soyer, F. Hyvrard, C. Bruneau, and A. Brault 

Laboratoire de Chimie Organique et de l'Environnement, Ecole Nationale 
Supérieure de Chimie de Rennes, Avenue du Général Leclerc, 35700 

Rennes-Beaulieu, France 

The hydropyrolysis of poplar wood has "been studied i n 
autoclaves, under an in i t ia l pressure of an inert gas, 
with and without iron powder used as catalyst, in the 
250-350°C range. A comparative study based on the 
yields and chromatographic analysis, (HPSEC, GC/MS) of 
the oils has been carried out. The results of slow 
liquefactions, where 340°C was reached within 90 
minutes and those of rapid liquefactions where the 
same temperature was obtained within 3 minutes, 
indicated that if a high reaction temperature was 
required for good oil yields, the influence of heating 
rate was also an important parameter. The temperatures 
located in the 250-350°C range were found to be 
crit ical for the liquefaction yields. A very fast 
heating, decreasing the residence time at those 
intermediate temperatures, led to yields in oil soluble 
in CH2Cl2 greater than 40 % or to yields in acetone 
solubles greater than 50 %. The presence of iron was 
absolutely necessary in the case of slow liquefaction 
but this additive increased the production of o i l only 
slightly in the case of rapid liquefaction. 

The thermochemical liquefaction of wood in water to produce fuel or 
chemical intermediates has been studied intensively over the last 
decade (_l). The earlier works used either sodium carbonate as 
soluble catalyst and carbon monoxide as reducing gas (2) (_3), or 
nickel catalyst (h) or palladium on activated charcoal (_5) in the 
presence of hydrogen. Then i t has been shown that the presence 
of a reducing gas was not necessary i f iron powder was used as 
additive, with moderate heating rates (6). When the wood suspended 
in water was rapidly heated to 3 5 0°C, and then quenched, no catalyst 
was necessary and a yield in acetone solubles as high as 5 0 wt % 
was obtained ( T_) (_8 ) . 

For a better understanding of the liquefaction reaction in 
water, especially during the heating up period, we investigated a 
comparative study of different parameters as follows : the influence 

0097-6156/88/0376-0220$06.00/0 
0 1988 American Chemical Society 
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20. SOYER ET AL. Oils Obtained by Hydropyrolysis of Wood 221 

of two different heating rates (about 4°C/min. and 110°C/min.) up to 
a temperature located in the 2 5 0 - 3 5 0°C range, the influence of the 
residence time at the reaction temperature, and the influence of the 
addition of iron. This study was based on the yields in the 
liquefaction products, and the chemical characterization of the o i l s 
produced. 

Experimental 

The corresponding works were carried out with two different 
autoclaves. 

The slow hydropyrolysis experiments were performed in a 1 L 
stirred autoclave Engineers AFP 1005, with 6 3 g of dry wood sawdust 
(particule size less than h mm), 3 0 0 g of water, 9 g of iron powder 
(Merck 3 8 0 0 ; 150 ym) corresponding to ih weight percent on dry wood 
and pressurised to h MPa with an inert gas. Helium was chosen for a 
better chromatographic determination of the gases formed, and i t was 
verified that the same results were obtained in the presence of 
nitrogen. With such equipment, the temperature of 3 4 0 ° C was reached 
within about 9 0 minutes. 

The fast hydropyrolysis experiments were carried out in a 35 mL 
autoclave with 2 . 3 g of dry wood sawdust, 1 0 g of water, 0 . 3 g of 
iron powder under an i n i t i a l pressure of inert gas of h MPa. The 
temperature was raised to 3 4 0 ° C within about 3 minutes by using a 
fluidized sand bath. 

In both cases, the common points were : a similar i n i t i a l 
pressure, weight ratios (water/wood) near 4.5, identical relative 
amounts of iron ( *υ 14 % on dry wood). The products soluble in 
dichloromethane were called o i l s , those only soluble in acetone, 
not f l u i d at room temperature, were named tars. The solid residue 
consisted of insoluble compounds : char and iron residue. The gases 
evolved during the reaction were mainly carbon dioxide (at least 
9 0 %) and carbon monoxide. The aqueous phase also contained organic 
compounds, in about 8 % yield in a slow liquefaction at 3 4 0 ° C , 

consisting mainly of carboxylic acids and alcohols, but they were 
not studied further. 

Influence of the Heating Rate and the Final Temperature 

The results of the experiments stopped at 2 5 0 , 3 0 0 and 3 4 0 ° C are 
gathered in Table I. 

Table I. Effect of Heating Rate and Temperature 

Temperature (°C) 2 5 0 3 0 0 3 4 0 

Heat-up time (min) 1 .4 5 0 2 6 5 3 9 0 

(Oil + Tar) h.5 4 4 . 6 3 8 . 6 4 7 . 7 5 0 . 0 4 8 . 8 

O i l 1 . 7 2 0 . 8 2 8 . 6 40 .3 4 4 . 3 42 .6 
vt ί 0 in Oi l ND 2 7 . 2 2 7 . 2 2 2 . 7 26 .3 2 1 . 0 

C 0 2 
0 . 4 8 . 4 3 . 0 1 1 . 0 6 . 8 1 7 . 0 

Char 8 3 . 7 1 7 . 3 2 8 . 2 4 . 2 0 . 2 2 . 6 

Standard deviation (Oil %) 1 . 4 0 . 9 

no residence time at the f i n a l temperature) 

During the heating period up to 3 4 0 ° C , the transformation 
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222 PYROLYSIS OILS FROM BIOMASS 

of the -wood components i s always less for a given temperature, when 
the heating i s fast. The higher contents of oxygen in the o i l s 
and the lower production of carbon dioxide are relevant to this 
evolution. However the rapid hydropyrolysis at 3^0°C leads to 
interesting results : the conversion of wood is almost complete 
and the yield in o i l i s around k$ % on dry wood. A slight 
improvement in the o i l yield ( 4 6 . 6 %) i s obtained when the 
temperature i s raised to 3 5 0°C, but this i s not very significant. 
No recondensation reactions occur during the heating period of 
fast liquefactions carried out in the presence of iron : the solid 
residue decreases, the amount of tar also decreases between 2 8 0 
and 3 5 0°C, and the o i l yield increases regularly. 

A comparison of the different sizes of the molecules present 
in the o i l s can be performed by high performance size exclusion 
chromatography (HPSEC). On Figure 1 , we can see the curves obtained 
with the o i l s produced at 3 4 0 ° C according to the two heating rates. 
In this comparative study, the calibration i s a r b i t r a r i l y based 
on n-alkanes. On the standard curve, the location of some phenolic 
compounds and cyclopentanone has been reported. The o i l produced 
by a fast process i s relatively less degraded, in that i t contains 
more heavy molecules ; the thermal cracking reactions are of l i t t l e 
importance during heating, and the o i l produced i s close to that 
obtained during a slow liquefaction at 2 5 0°C. 

We also studied the production of 1 2 typical compounds during 
the heating period from 2 7 0 to 3 4 0 ° C by means of gas phase 
chromatography with capillary columns using 3-ethylphenol as the 
internal standard. The data are summarized in Table II. 

Table II. Yields in Typical Products (mg/g wood) 

Temperature (°C) 270 300 320 340 350 3k0 
Heat-up time (min) 1 . 6 2 2.6 3 3.1 90 
Cyclopentanone - - - t r 0.15 0.9 
2-methylcyclopentanone - - - t r t r 0 . 6 
3-hydroxyw2-butanone 0.3 O.k 0.5 1.2 0.7 -
Hydroxyac etone 0 . 8 1 . 6 l.k 2.1 O.k -
2-methyl-2-cyclopentenone - 0.3 0.5 1.3 2.5 ND 
Furfural 5.5 k.6 h.9 6.1 2 . 8 -
3-methyl-2-cyclopentenone - t r t r 0.3 O.k ND 
Methylfurfural O.k 0.2 0.7 1.0 0 . 6 -
2-hydroxy-3-methyl 

2-cyclopentenone - 0.2 0 . 6 1.1 0 . 8 -Guaiacol - - t r O.k 0 . 8 k.l 
Phenol 1.1 3.5 7.1 8 . 8 8 . 6 8.2 
Syringol - - t r 1 . 6 3.2 10.0 

temperature; 

The results obtained for the fast hydropyrolysis show that the 
f i r s t light compounds formed at low temperatures (270-300°C) seem to 
result from the degradation of cellulose. We can notice three 
hydroxyketones (hydroxybutanone, hydroxyacetone and hydroxymethyl 
cyclopentenone), furfural and methylfurfural. Phenol i s also formed. 
During the heating, the yields i n those former compounds increase 
and new compounds such as cyclic ketones are also detected together 
with phenolic products resulting from the degradation of lignin 
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20. SOYERETAL. OUs Obtained by Hydropyrolysis of Wood 223 

(especially guaiacol and syringol). The amount of phenol is almost 
constant above 320°C. When the temperature is raised to 350°C, the 
decrease in the yields in the former products indicates that they are 
unstable intermediates in our hydropyrolysis conditions. Moreover, 
the production of cyclic ketones and phenolic compounds increases, 
which shows a more and more efficient degradation of heavy molecules. 
During slow hydropyrolysis, the same evolution is observed up to 
340°C, but for a given temperature, that degradation i s always 
more advanced than in the case of fast hydropyrolysis. So, the 
hydroxyketones are no longer detected at 300°C, and at 340°C, the 
yields in cyclic ketones, guaiacol and syringol are higher. 

Influence of a Residence Time at 340°C 

The results of Table III indicate that in the presence of iron, and 
after a reaction time of 30 minutes at 340°C, the yields in acetone 
solubles ( o i l + tar) are the same for both heating rates. However, 
the percentage of o i l is greater in the case of rapid hydropyrolysis, 
while slow hydropyrolysis only slightly promotes the condensations 
into char and the production of carbon dioxide. 

Table III. Effect of Residence Time at 340°C and Influence of Iron 

% Fe l4 0 
Heat-up time to 340°C (min) 90 3 90 76 3 3 
Residence time at 340°C (min) 30 30 30 0 0 30 

(Oil + Tar) 45.1 45.2 22.2 32.5 50.0 34.1 
O i l 36.8 40.9 13.0 23.7 36.9 29.6 

wt % 0 in O i l 19.6 20.9 22.0 ND 25.1 22.3 
C0 2 18.6 13.5 11.1 8.6 5.2 10.4 
Char 3.5 <0.2 26.7 20.2 1.6 12.4 

The o i l s resulting from the two processes also have very similar 
characteristics : their oxygen contents are very close and their NMR 
and IR spectra appear to be similar. Nevertheless, as shown in 
Figure 2, the HPSEC analyses show that the o i l obtained with rapid 
heating contains more heavy compounds. 

Thermogravimetric studies of the o i l s under a nitrogen atmosphere 
show that the two kinds of o i l have the same thermal behavior. As 
shown in Figure 3, around 400°C, the thermal degradation begins and 
light hydrocarbons are formed, and at 750°C the whole o i l sample has 
vanished, while the o i l obtained by rapid hydropyrolysis, without 
any residence time at 340°C, gives a solid black residue that i s not 
degraded (about 20 % of the i n i t i a l sample). 

As can be seen in Table IV, during the f i r s t 10 minutes at 
340°C the hydroxyketones and furfurals disappear, while the amounts 
of cyclic ketones, guaiacol and syringol clearly increase. Then the 
amount of these compounds remain almost constant. This chemical 
st a b i l i t y i s also found in the ( o i l + tar) yields for the residence 
times 15 and 30 minutes at 340°C (around 45.5 %)· The amounts of 
phenolic compounds in the o i l s obtained after 30 minutes at 340°C 
seem indépendant of the heating rate. 

So i f the liquefaction is carried out in the presence of iron 
and i f a reaction time at 340°C i s held, the hydropyrolysis of wood 
leads to almost identical results whatever the heating rate may be. 
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224 PYROLYSIS OILS FROM BIOMASS 

OH 
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Figure 1. HPSEC of the Oils : Calibration Curve and Effect of 
Heating Rate ( 90 min to 340°C ; 3 min to 340°C ; Q 

... 50 min to 250°C ; lk % Fe) ; Column : Ultrastyragel 100 A ; 
2 χ 30 cm : Eluent : THF (0.5 mL.min""1) ; Sample : 100 μ L ; 
(20 mg.mL"i) ; RI detection 

Figure 2. Effect of Heating Rate ( 90 min to 340°C ; 
3 min to 340°C ; lk % Fe) 
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20. SOYERETAL. Oils Obtainedby HydropyrolysisojWood 225 

It i s noteworthy that the amounts of cyclic ketones and phenolic 
compounds which appeared to he f i n a l compounds in the liquefaction, 
give an indication of the progress of the reaction. 

Influence of Iron 

If the liquefactions carried out in the presence of iron with a 
reaction time of 30 minutes at 340°C lead to comparable results, 
whatever the heating rate may he, i t i s no longer the case when 
iron is not added. The results summarized in Table III show clearly 
that a slow hydropyrolysis without iron gives a lower o i l yield 
and an important production of char. 

Therefore, in the absence of iron, the heating rate has a great 
influence on the yields in liquid products at the expense of char. 
As shown in Table III, a low heating rate (76 min. to 340°C), 
implying a residence time of 30 minutes between 250 and 340°C, leads 
to a conversion of 20.2 % of wood into char, when with an equivalent 
residence time at 340°C after a rapid hydropyrolysis, the production 
of char i s only 12.4 % . Moreover, a residence time of 30 minutes 
at 300°C without iron, leads to the formation of a black powder 
(17.2 %) that can be considered as an irreversible condensation 
product. Consequently, i t appears that the residence time in the 
250-300°C range i s c r i t i c a l for the direction of the conversion of 
wood either into liquid compounds or on the contrary towards char, 
but then the liquids obtained at higher temperature are less 
sensible to recondensation into solids. 

Table IV. Yields in Typical Products (mg/g wood) as a 
Function of the Residence Time at 340°C 

% Fe 14 0 
Heat-up time to 340°C (min) 3 90 3 
Residence time at 340°C (min) 0 10 15 30 30 0 
Cyclopentanone tr 0.8 0.5 0.8 1.7 -
2-methylcyclopentanone tr 0.4 - 0.5 1.3 -3-hydroxy-2-butanone 1.2 0.5 - - - 0.5 
Hydroxyacetone 2.1 t r - - - 1.9 
2-met hy1-2-eyelopentenone 1.3 6.8 5.0 5.3 ND 0.5 
Furfural 6.1 - - - - 10.4 
3-methy1-2-eyelopentenone 0.3 1.5 1.3 1.7 ND -
MethyIfurfural 1.0 - - - - 1.3 
2-hydr oxy-3-methy1 

2-eyelopentenone 1.1 - - - - -Guaiacol 0.4 2.7 3.2 3.5 3.45 -
Phenol 8.8 9.3 9.9 9.9 9.0 9.2 
Syringol 3.2 7.7 6.5 7.9 6.5 -

The absence of iron doesn't greatly change the distribution 
of the molecular weights of the o i l resulting from rapid 
hydropyrolysis with a reaction time at 340°C, as can be seen on 
Figure 4. On the contrary, at 300°C, the presence of iron also 
leads to a higher proportion of heavy compounds, but as i t also 
increases the yield in o i l (28.6 % instead of 21 % without iron, 
at 300°C), we can deduce that iron improves the conversion into 
o i l of heavy fragments coming from the thermal degradation of the 
different polymers of the i n i t i a l wood. 
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226 PYROLYSIS OILS FROM BIOMASS 

Figure 3. Thermogravimetry of Oils (Rapid Hydropyrolysis : 
30 min at 3k0°C ; 0 min at 3k0°C) 

(Slow Hydropyrolysis : ... 30 min at 3k0°C) 

\ L/C-* 
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1 
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, . 1 i . · 
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Figure h. Effect of Iron in Rapid Hydropyrolysis ( lk % Fe ; 
0 % Fe) 
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20. SOYER ET AL. O ils Obtained by Hydropyrolysis of Wood 227 

As can be seen in Table IV, no cyclic ketones, no guaiacol 
and no syringol are detected during rapid hydropyrolysis carried 
out without iron, but relatively important amounts of furfural 
and phenol are formed and the presence of hydroxyketones i s observed. 

The oxidation of iron into Fe3Ui| that takes place during slow 
liquefaction (6) and progressively during the residence time at 
3^0°C in the case of rapid hydropyrolysis, would result from 
further reactions with some products of liquefaction. 

Conclusion 

A l l these experimental works provide information on the progress of 
the liquefaction reaction. It seems that in the f i r s t step, at 
a low temperature (around 250°C) the molecules released by the 
destruction of the vegetal polymers are very unstable and can follow 
two competitive directions : either irreversible condensation 
reactions into insoluble char, or conversion into relatively stable 
liquids. It appears that in the absence of iron, the second 
direction i s of l i t t l e importance at below 300°C and the condensation 
reactions are favoured. A fast heating to temperatures above to 
300°C and consequently a very short time at the intermediate 
temperatures promotes the evolution of the primary products into 
stable o i l s . Iron would act as a catalyst at a low temperature, 
inhibiting the condensation reactions at the beginning of the 
degradation. Moreover, the compounds resulting from liquefaction in 
the presence of iron are more stable than those obtained without 
catalyst and are less modified during sustained heating at 3^0°C. 
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Legend of Symbols 

ND : no determination ; t r : trace 
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Chapter 21 

Catalytic Hydrotreating 
of Biomass-Derived Oils 

Eddie G. Baker and Douglas C. Elliott 

Pacific Northwest Laboratory1, P. O. Box 999, Richland, WA 99352 

Pacific Northwest Laboratory (PNL) is investigating 
the catalytic upgrading of biomass-derived oils to 
liquid hydrocarbon fuels. Tests have been conducted 
in a 1-liter, continuous-feed, fixed-bed catalytic 
reactor at 250-450°C and 2,000 psig. Catalytic 
upgrading is envisioned as the second stage in a two– 
stage process to produce hydrocarbon fuels from 
biomass. Direct thermochemical liquefaction of 
biomass produces a phenolic oil containing very few 
hydrocarbons. Hydrotreating these oils can produce 
nearly pure hydrocarbons, primarily aromatics and 
naphthenes which would be useful in gasoline blending. 

Two types of biomass-derived o i l s have been studied at PNL. The 
f i r s t type of o i l is produced by high pressure liquefaction at 
relat ively long residence times. Oils identif ied as TR7 and TR12 in 
Table I were produced by this type of process at the Albany, Oregon 
Biomass Liquefaction Experimental F a c i l i t y . These highly viscous 
o i l s consist primarily of substituted phenols and naphthols (1-2). 
The other type of o i l is produced by low-pressure, flash pyrolysis 
at somewhat higher temperature and very short residence times. 
These o i l s are highly oxygenated and contain a large fraction of 
dissolved water (3). Because of the soluble water, these o i l s have 
a much lower viscosity (4). The flash pyrolysis o i l produced at 
Georgia Tech is typical of this type of o i l . The fourth o i l shown 
in Table I was made at PNL by pretreating the Georgia Tech pyrolysis 
o i l to produce an o i l more similar to the high-pressure o i l s . 
Details of the pretreating step are given by E l l i o t t and Baker (5). 

operated by Battelle Memorial Institute for the U.S. Department of Energy under Contract 
DE-AC06-76RLO-1830. 
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21. BAKER & ELLIOTT Catalytic Hydrotreating ofBiomass-Derived Oils 229 

TABLE I. Feedstock Oils for Hydrotreating Tests 

TR7 TR12 
As Fed Dry As Fed Dry 

Treated 
Georgia Tech Georgia Tech 
Pyrolysis Oil 
As Fed Dry 

Elemental 
Analysis, wt % 

Pyrolysis Oil 
As Fed Dry 

Carbon 74.8 77.5 72.6 76.5 39.5 55.8 61.6 71.6 
Hydrogen 8.0 7.9 8.0 7.8 7.5 6.1 7.6 7.1 
Oxygen 16.6 14.1 16.3 12.5 52.6 37.9 30.8 21.1 
Nitrogen < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 
Ash 0.5 0.5 3.0 3.0 0.2 0.3 0.0 0.0 
Moisture 3.5 0.0 5.1 0.0 29.0 0.0 14.1 0.0 

13.5 13.9 26.9 28.3 27-31 (c) 

(a) Density, g/ml 
@ 55°C 1.10 - 1.09 — 1.23 — 1.14 

Viscosity, / _ N 
cps, G 60°C 3,000 - 17,000 - 1 0 v c ; - 14,200 

Carboy Residue, 

a) at 20°C 
b) TGA simulated Conradson carbon 
c) Viscosity and carbon residue were measured for other similar pyrolysis 
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230 PYROLYSIS OILS FROM BIOMASS 

Hydrotreating Biomass-Derived Oils 

Given that biomass can be converted to a l iquid product that is 
primarily phenolic, then oxygen removal and molecular weight reduc­
tion are necessary to produce usable hydrocarbon fuels. Upgrading 
biomass-derived o i l s d i f fers from processing petroleum fractions or 
coal l iquids because of the importance of deoxygenation. This topic 
has received only limited attention in the l i terature (6-11). 
Single ring phenolics and c y c l i c ketones present in biomass-derived 
o i l s can be upgraded to gasoline boil ing range hydrocarbons by 
deoxygenation. H y d r o g é n a t i o n of the aromatic structure is not 
desirable i f high octane gasoline is the intended product. Batch 
reactor tests with model compounds showed sulfided cobalt molybdenum 
(CoMo) catalysts to be the best choice for deoxygenation without 
saturating the resulting aromatics (7). Polycyclic compounds such 
as naphthol must be deoxygenated and cracked to make gasoline 
boil ing range hydrocarbons. Hydrocracking of polycyclic aromatics 
requires saturation of one of the rings prior to cracking (12). 
Nickel molybdenum (NiMo) catalysts are more effective for ring 
saturation than CoMo catalysts. The heavy fraction of biomass-
derived o i l s is not as well characterized and the reaction mechanism 
for upgrading is unknown. Use of an acidic support (such as a 
zeolite) compared with alumina may be beneficial for upgrading the 
high molecular weight fraction (13). 

Experimental 

The reactor system used for this study is a fixed-bed reactor 
operated in an upflow mode. It is shown in Figure 1. Operation in 
the downflow mode (trickle-bed) plugged the outlet l ine of the 
reactor with coke-like material and tests in this mode were discon­
tinued. The o i l feedstock, preheated to 4 0 - 8 0 ° C , is pumped by a 
high-pressure metering pump. Hydrogen from a high-pressure cylinder 
is metered through a high-pressure rotameter into the o i l feed l ine 
before entering the reactor vessel. The reactor is 7.5 cm I.D. by 
25 cm and holds approximately 700 ml of catalyst. 

A two phase flow pattern exists in the reactor. Gas and 
v o l a t i l e products move through the reactor quite rapidly. Uncon­
verted, non-volatile material does not leave the reactor until i t 
reaches the top of the l iquid level and overflows into the product 
l i n e . Pressure in the system is maintained by a Grove back-pressure 
regulator. Liquid product is recovered in a condenser/separator and 
the off gas is metered and analyzed before i t is vented. 

Catalysts used in the most recent hydrotreating tests are shown 
in Table II. The Harshaw catalysts are conventional extruded CoMo 
and NiMo hydrotreating catalysts. The Haldor Topsoe catalysts are a 
composite system using low activ ity rings in the bottom of the bed 
to prevent plugging from carbon and metals, and high activ i ty 
extrudates in the top of the bed. The Katalco and Shell catalysts 
are commercially available hydrotreating catalysts. The last three 
catalysts are hydrocracking catalysts which incorporate the metal 
h y d r o g é n a t i o n component on an acidic support for cracking. 
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21. BAKER & ELLIOTT Catalytic Hydrotreating of Biomass-Derived OUs 231 

Figure 1. Flow Schematic of 1 - l i t e r Continuous Hydrotreater 
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232 PYROLYSIS OILS FROM BIOMASS 

TABLE II. Catalysts Used for Hydrotreating/Hydrocracking Tests 

Supplier Catalyst ID 
Active 
Metals 

Weight 
Percent Support 

Harshaw HT 400 CoO 
Mo03 

3 
15 

A 1 2 0 3
C 

Harshaw HT 500 NiO 
MoO 

3.5 
15.5 

AI0O3 

Hal dor Topsoe^ TK 710 CoO 
M0O3 

2 
6 

AI0O3 

Hal dor Topsoe^ TK 750 CoO 
M0O3 

2.3 
10.0 

A1 2 0 3 

Hal dor Topsoeb TK 770 CoO 
M0O3 

3.4 
14.0 

A1 2 0 3 

Katalco ΚΑΤ4000 CoO 
M0O3 

3.5 
14.0 

AI0O3 

Shell S411 NiO 
M0O3 

2.67 
14.48 

A 1 2 0 3
C 

PNL/Linde CoMo/Y CoO 
M0O3 

3.5 
13.9 

Y-zeolite/ 
AI0O3 

PNL/Grace CoMo/SiAl CoO 
M0O3 

3 
13 

13% A1 2 0 3 

in S i 0 2 

Amoco NiMo/Y NiO 
M0O3 

3.5 
18 

Y-Zeolite/ 
A 1 2 0 3

C 

Form 

1/8-in Ε 

1/8-in Ε 

3/16-in R 

1/16-in Ε 

1/16-in Ε 

1/32-in Ε 

1/20-in Τ 

1/16-in Ε 

3/16-in Τ 

1/16-in Ε 

a) Ε = extrudate R = ring Τ = 
b) All three catalysts used in 
c) Includes phosphorus oxide. 

; tablet, size given is O.D. 
a layered bed. 
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21. BAKER & ELLIOTT Catalytic Hydrotreating of Biomass-Derived Otis 233 

Results and Discussion 

Most of the test work has been done with two product o i l s from the 
Albany, Oregon Biomass Liquefaction Experimental F a c i l i t y . Both 
o i l s were produced in an alkali -catalyzed, reducing gas environment 
with long residence times and high pressure (3000 psig). The TR12 
represents a PERC-type recycle o i l slurry process, and TR7 repre­
sents the LBL-type aqueous slurry single pass process. Detailed 
process descriptions (14) can be found elsewhere. 

Only a limited number of tests have been conducted with 
pyrolysis o i l s . They behave much differently than the high-pressure 
o i l s and wil l be discussed separately. 

Tests with Cobalt-Molybdenum Catalysts 

Because of their effectiveness for hydrodeoxygenation, we have used 
primarily CoMo catalysts in our studies. Table III shows results 
obtained with the TR12 o i l and the Haldor Topsoe composite catalyst 
system at about 4 0 0 ° C , 2,000 psig and three different space v e l o c i ­
t i e s . Typically, the l iquid product y i e l d from the TR12 o i l is 
about 0.9 1/1 of o i l fed. At the low space velocity (0.11 h~ ) the 
o i l is 96% deoxygenated and is about one-third high quality aromatic 
gasoline (C 5 - 2 2 5 ° C ) . At even lower space velocit ies (~0.05 h" ) a 
l iquid product containing about 60% gasoline and almost nooxygen 
can be produced. At higher space velocit ies (up to 0.44 h" ) 
deoxygenation is s t i l l high, nearly 80%, but hydrogen consumption 
decreases 50% or more resulting in a lower H/C rat io, higher 
density, and lower gasoline y i e l d . The theoretical hydrogen 
requirement to deoxygenate TR12 is about 200 1/1 of o i l . This 
indicates that at the low space velocity 350 1 H2/l o i l is being 
used for h y d r o g é n a t i o n , hydrocracking and other reactions. At the 
highest space velocity only about 50 1 H2/l o i l is being used by 
these other reactions. 

TABLE III. Results of Hydrotreating TR12 Oil with Haldor Topsoe 
Composite Catalyst 

Run No. 

Temperature, °C 
Pressure, psig 
2,030 . 
Space Velocity, LHSV, h"A 

Hydrogen Consumption, 1/1 o i l fed 
Product Yield, 1/1 o i l fed 
Deoxygenation, wt% 

Product Inspections 

Oxygen, wt% 
H/C rat io, mole/mole 
Density, kg/1 
Yield C 5 - 2 2 5 ° C , LV% 

HT-34 HT-34 HT-34 

397 395 403 
2,020 2,015 

.11 .30 .44 

548 296 212 
.92 .88 .94 
96 87 79 

0.8 2.5 3.8 
1.5 1.3 1.3 
0.91 1.0 1.03 
37 24 11 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
30

, 1
98

8 
| d

oi
: 1

0.
10

21
/b

k-
19

88
-0

37
6.

ch
02

1



234 PYROLYSIS OILS FROM BIOMASS 

Table IV shows results from hydrotreating TR7 with Harshaw 
C0M0/AI0O3 catalyst. Results obtained with the Harshaw catalyst and 
TR12 o i l were similar to those obtained with the Haldor Topsoe 
composite catalyst. This similarity indicates that the differences 
between Tables Ι Ι Ι - a n d IV are due primarily to the o i l . At a space 
velocity of 0.1 h" , the TR7 o i l is completely deoxygenated and 
almost entirely converted to gasoline boil ing range hydrocarbons. 
At similar processing conditions the o i l produced from TR7 is higher 
quality than the o i l obtained from TR12 as shown in Figures 2 and 3. 
Analysis of TR7 and TR12 o i l s has shown that TR7 is composed 
primarily of single ring phenolics (1) which when deoxygenated 
become gasoline boil ing range aromatics. The TR12 o i l is composed 
primarily of double ring phenolics which require additional cracking 
and h y d r o g é n a t i o n to produce l ight d i s t i l l a t e s . 

TABLE IV. Results of Hydrotreating TR7 Oil with Harshaw CoMo/Al203* 

Run. No. HT-15 HT-14 HT-14 

Temperature, °C 398 394 389 
Pressure, psig Ί 2,003 2,021 2,026 
Space Velocity, LHSV, h' A 0.10 0.30 0.55 

Hydrogen Consumption, 
1/1 o i l fed 616 435 202 

Product Yield, 1/1 o i l fed 0.99 1.0 0.88 
Deoxygenation, wt% ~100 94 88 

Product Inspections 

Oxygen 0.0 1.1 2.6 
H/C ratio, mole/mole 1.65 1.41 1.32 
Density, kg/1 0.84 0.91 0.96 
Yield C 5 - 2 2 5 ° C , LV% >87 60 28 

* adapted from reference (U) 

Results to date indicate 400°C is about the optimum temperature 
for hydrotreating biomass-derived o i l s . At 350°C a much poorer 
quality o i l is produced. At 450°C the product quality improves 
somewhat compared with 400°C but the y ie ld is reduced due to 
increased gas production. Only a limited number of tests have been 
run at pressures other than 2000 psig. These results showed 
signif icant loss of product quality at 1500 psig and no appreciable 
improvement at 2300 psig compared to results at 2000 psig. 

Results With Other Catalysts 

Our catalyst development effort is aimed at better hydrocracking 
capabil ity. Hydrodeoxygenation is achieved readily with the C0M0 
catalyst in a sulfided form. Better d i s t i l l a t e y ie ld with minimal 
aromatic saturation is our current goal. To this end, we have been 
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21. BAKER & ELLIOTT Catalytic Hydrotreating of Biomass-Derived Oils 235 

5.0 

Figure 3. Yield of Gasoline Boiling Range (C 5 - 225°C) Oil 
( 4 0 0 ° C , 2000 psig) 
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236 PYROLYSIS OILS FROM BIOMASS 

in contact with various catalyst manufacturers to learn what 
suggestions for wood-oil processing might be made based on present 
knowledge of petroleum processing. Several hydrocracking catalyst 
samples have been obtained for testing. These include the Shell S-
411, Katalco 4000, and Amoco NiMo/Y catalysts shown in Table II. In 
addition we made two hydrocracking catalysts at PNL by impregnating 
cobalt and molybdenum salts on a Y-zeolite and a sil ica-alumina 
cracking catalyst. 

Comparison of the results obtained to date with different 
hydrotreating and hydrocracking catalysts shows f a i r l y consistent 
results with a l l catalysts. As seen in Figure 4 and 5, a l l the 
catalyt ic results appear as a single set of data with l i t t l e 
variation among the different catalysts. Only the zeolite-based 
catalysts shown in Figure 5 improved results compared with the 
conventional CoMo hydrotreating catalysts. Note that the difference 
between Figure 4 and Figure 5 is due to feedstock. 

Results with Pyrolysis Oils 

When the Georgia Tech pyrolysis o i l was hydrotreated with a sulfided 
CoMo catalyst at conditions similar to those used with TR7 and TR12 
the runs had to be terminated due to severe coking in the bed. The 
temperature had to be reduced to 2 5 0 ° - 2 7 0 ° C to prevent coking. The 
properties of the o i l produced at these low temperatures are shown 
in Table I under the heading of treated Georgia Tech pyrolysis o i l . 
This o i l was further hydrotreated at 350°C and 2,000 psig with a 
sulfided CoMo catalyst, and the results were similar to those 
obtained with TR7 and TR12. This is the basis for a proposed two 
stage upgrading process for biomass pyrolysis o i l s (5). We are 
currently studying the processing of pyrolysis o i l s in a single step 
by varying the temperature in the catalyst bed from 270°C at the 
in let to 400°C at the outlet. 

Catalyst Deactivation 

To evaluate catalyst deactivation a 48-hour test run was completed 
with TR12 o i l and the Haldor Topsoe catalyst. Figure 6 shows the 
trend of deoxygenation and hydrogen consumption at an LHSV of 
0.1 h" . Hydrogen consumption and the H/C mole ratio (not shown) 
f e l l rapidly in the early stages of the test and then leveled off . 
Deoxygenation f e l l throughout the test. 

Two causes of deactivation have been postulated. The i n i t i a l 
deactivation is l i k e l y due to coking of the catalyst which we have 
shown in e a r l i e r tests occurs primarily in the f i r s t ten hours (11). 
The longer term deactivation is probably due to buildup of metals, 
primarily sodium, from the o i l . The TR12 o i l contains about 3% ash, 
mostly residual sodium catalyst from the liquefaction process. 

Conversion of the catalyst from the sulfided form to the oxide 
form could also cause a loss of act iv i ty . We have not seen any 
evidence that this occurs in the short term. Analysis of the spent 
catalyst indicates i t is s t i l l sulfided and sulfur has not been 
detected in the off-gas or the product o i l s . 
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O HT-400. CoMo (Harshaw) 

• KAT-4000. CoMo (Katalco) 

Δ C0M0/S1O2 AlaOa (PNL) 

• S-411, NiMo (Shell) 

Figure 4. Effect of Catalysts on Quality of Hydrotreated Oil 
from TR7 ( 4 0 0 ° C , 2000 psig) 

O HT-400. CoMo (Harshaw) 

• TK-710.750.770. CoMo (Haldor Topsoe) 

Δ NiMo/y (Amoco) 

• CoMo/y(PNL) 

Figure 5. Effect of Catalysts on Quality of Hydrotreated Oil 
from TR12 ( 4 0 0 ° C r 2000 psig) 
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238 PYROLYSIS OILS FROM BIOMASS 

Figure 6. Catalyst Deactivation with Haldor Topsoe Catalyst and 
TR12 Oil ( 4 0 0 ° C , 2000 psig) 
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Conclusions 

A variety of biomass-derived o i l s have been upgraded by catalyt ic 
hydrotreating in a 1- l i ter reactor system. Specific conclusions 
from our studies are as follows: 

• High yields of high-quality gasoline ( C 5 - 225°C boil ing 
range) can be produced from biomass-derived o i l s ; however, 
low space velocit ies (long residence times) are required. 
At high space velocit ies a low oxygen, highly aromatic 
crude o i l is produced. 

• Cracking and h y d r o g é n a t i o n of the higher molecular weight 
components are the rate l imiting steps in upgrading 
biomass-derived o i l s . Catalyst development should be 
directed at these reactions. Process development in 
biomass liquefaction should be directed at minimizing the 
production of multiple ring compounds. 

• The TR7 o i l is superior to TR12 and both are much superior 
to pyrolysis o i l s as feedstocks for conventional catalyt ic 
hydrotreating to produce hydrocarbon fuels. 

• Pyrolysis o i l s can be upgraded by catalyt ic hydrotreating, 
however, a low-temperature catalyt ic pretreatment step is 
required. Studies are underway to combine the pretreating 
and hydrotreating in a single step. 

• Residual sodium catalyst needs to be removed from 
liquefaction products to prevent rapid catalyst fouling. 

• Coke formation on the catalysts is evident in a l l cases (as 
expected) but appears to be more extensive with the TR12. 
Extended time operation may lead to higher coking levels, but 
this may also be related to metal poisoning effects. 
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Chapter 22 

Chemical Modeling of Lignin 
A Monte Carlo Simulation of Its Structure 

and Catalytic Liquefaction 

Peter M. Train1,3 and Michael T. Klein2,4 

1Department of Chemical Engineering, University of Delaware, 
Newark, DE 19716 

2Center for Catalytic Science Technology, University of Delaware, 
Newark, DE 19716 

A stochastic model of lignin structure and liquefaction was 
developed. Lignin was viewed as an ensemble of phenolic ring– 
comprising oligomers. Monte Carlo simulation of lignin structure, 
via the placement of random numbers on cumulative probability 
functions for the substitutes on each ring position, provided Np ≥ 
1000 starting lignin oligomers. Subsequent Monte Carlo simulation 
of lignin liquefaction, via the comparison of separate random 
numbers with transition (reaction) probabilities, chronicled the 
yields of gas, light-liquid, tar and char product fractions. The 
effects of catalyst decay and effectiveness were probed. 

Chemical modelling is the quantitative use of model compound information in the 
analysis of a real reaction system. Its premise is that "intrinsic" chemistry can be 
defined as that shared by a model compound and the moiety within the real 
reaction system the model is meant to mimic. Extrinsic factors, such as kinetic 
coupling (1), molecular weight-related diffusion limitations (2), and chemical 
inhomogeneities, render the chemistry observed of a real system (Efferent than the 
intrinsic. The challenge of chemical modelling is to address these extrinsic factors 
and relate the model compound results to the reactions of real systems. Herein we 
use lignin liquefaction by thermal and catalytic methods as a vehicle with which to 
develop a stochastic methodology for the mathematical description of a real 
feedstock in terms of its model compounds. 

Such stochastic modelling was advanced by Klein and Virk (2.) as a 
probabilistic, model compound-based prediction of lignin pyrolysis. Lignin 
structure was not considered explicitly. Their approach was extended by 
Petrocelli (4) to include Kraft lignins and catalysis. Squire and coworkers (£) 
introduced the Monte Carlo computational technique as a means of following and 
predicting coal pyrolysis routes. Recently, McDermott (© used model compound 
reaction pathways and kinetics to determine Markov Chain states and transition 
probabilities, respectively, in a rigorous, kinetics-oriented Monte Carlo simulation 
of the reactions of a linear polymer. Herein we extend the Monte Carlo 
3Current address: Amoco Oil Company, Naperville, IL 60566 
4Address correspondence to this author. 

0097-6156/88/0376-0241$06.75/0 
° 1988 American Chemical Society 
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242 PYROLYSIS OILS FROM BIOMASS 

methodology to include lignin structure and some of the extrinsic challenges of 
chemical modelling. 

The simulation model development is divided into three sections. The first 
discusses the probabilistic modelling of lignin structure, and the use of probability 
distribution functions to generate representative lignin moieties. The second 
section details the depolymerization of lignin using stochastic kinetics. The final 
portion describes the combination of these elements into a Monte Carlo simulation 
and also presents representative predictions 

Stochastic Description of Lignin Structure 

Lignin is a phenolic copolymer derived from woody plants wherein its abundance 
is roughly 30% by weight. Kraft lignins are residues of industrial pulping 
processes, whereas a milled wood (MW) lignin is a laboratory preparation aimed 
at isolation of a material that resembles its native form. Lignin structure and 
properties are dependent on both the parent wood type and method of isolation, 
which can cause drastic changes in bond types and molecular weight. There 
exists little agreement on absolute lignin molecular weights or molecular weight 
distributions (MWD), although the cumulative MWD illustrated in Figure 1 for 
kraft lignin, obtained from Westvaco Company technical literature, and the weight 
average molecular weight of 11,000 (degree of polymerization « 60) for MW 
lignin are reasonable (7.8\ These were used herein. 

The chemical composition of kraft and MW lignin described by Marton (9) 
and Freudenberg (10). respectively, provided both the basis for the selection of 
model compounds for experimental study as well as the existence probabilities of 
various chemical moieties in the initial lignin polymers. The latter were the initial 
conditions of the simulation model. The Marton and Freudenberg models provide 
reasonable lignin structural information that is easily decoupled from the model. 
Our aim is the construction of a simulation that can accept any structural 
information as input, and the Marton and Freudenberg structures were thus 
convenient vehicles. Certainly results from modern NMR and mass spectral 
methods can be incorporated easily. 

Inspection of the Marton and Freudenberg structures revealed both lignins 
to be an ensemble of single-ring phenolics containing six substituents, two of 
which, on average, doubling as interunit linkages. The identities of substituents 
on the six positions of an aromatic ring were therefore required to define a lignin 
monomer unit. Two of these, PI and P2 in Table I, were oxygen-containing 
substituents and linkages, whereas two others, HI and H2, were either hydride 
substituents or an interunit link. The remaining two positions were always 
hydride substituted and are not considered further here. 

Mathematically, lignin was the simultaneous occurrence of a set of 
phenolic units that were in turn defined by the simultaneous juxtaposition of HI, 
H2, PI, and P2 substituents. The identities and frequency distributions of these 
substituents, as discerned through scrutiny of the Marton and Freudenberg 
structures, are illustrated in Table I, which illuminates the differences between 
kraft and milled wood lignins. 

The HI and H2 substitutents were ethers, methylene, ethylene, and diaryl 
bridges or hydride substituents. Thus these positions were either involved in an 
interunit link or hydride substituted in the present model. Greater proportions of 
the thermally labile ether linkages were in the MWL while the kraft lignin 
contained greater proportions of more stable methylene, ethylene, diaryl and 
diaryl linkages. The PI and P2 substituents could be an ether, such as that listed 
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22. TRAIN & KLEIN Chemical Modeling of Lignin 243 

above for the H positions, or a terminal methoxyl, hydroxyl or hydride 
substituent. 

The requirement that an interunit linkage bridge one unit to another placed 
conditions on allowed combinations. For example, ethylene and methylene 
linkages were always between the H2 position of one ring and the HI position of 
the next. Likewise, β-ether linkages that originated from either of the P-positions 
on one unit terminated at the HI position of the next. Diaryl ether moieties 
bridged the PI and/or P2 positions of two units, whereas diaryl linkages 
connected two H2 positions. 

The information in Table I was reapportioned into the normalized 
cumulative probability distribution functions (PDF) shown in Figures 2 and 3 for 
kraft and MW lignin, respectively. The Ρ and H substitutents were reorganized as 
either P-position terminal substituents or interunit linkages to facilitate 
probabilistic construction of representative lignin oligomers, as follows. 

Model Polymer Generation. The procedure is illustrated in Figure 4. First, 
the degree of polymerization of a lignin oligomer was determined by comparing a 
random number to the MWD illustrated in Figure 1. Aside from end effects, 
treated separately, specification of a monomelic unit required specification of one 
interunit link and two terminal substituents. The linkage between monomelic 
units η and η + 1 was determined by selecting, at random, a linkage from the PDF 
of Figure 2a for kraft lignin or Figure 3a for a MW lignin. The linkage could be 
an ether or a hydrocarbon. We consider the former occurrence first. 

When the linkage was determined to be an ether originating at a P-
position, a second random number was drawn to determine its ring position. In 
kraft lignins, 60% of the ether links originated at PI and 40% originated at P2; all 
ether linkages were modelled to originate at P2 in MWL. Any substituent on the 
remaining P-position was determined by comparison of another random number 
to the cumulative probability distribution function for terminal substitutents, 
Figure 2b or 3b, for kraft and Milled Wood lignins, respectively. Since all H-
positions were either hydrocarbon links or hydride substitutents, the latter 
substituent was placed on any remaining Η-positions for this instance where the 
interunit link was an ether. 

When the linkage was determined to be a hydrocarbon originating at an H-
position, the remaining P-position substituent(s) was(were) determined through 
comparison of a separate random number with the PDF of Figure 2b (or 3b). 
Any remaining Η-position was then assigned a hydride substituents. 

By way of example, consider the generation of the three-unit section of a 
linear lignin polymer illustrated in Figure 5; this also illustrates the specification of 
end units. Suppose the first step, i.e., the random determination of the linkage 
between units 1 and 2, produces an ethylene linkage. This will bridge the H2 
position of unit 1 and the HI position of unit 2. The remaining Η-position on unit 
1 will be hydride substituted, and the remaining Ρ positions on unit 1 would be 
determined at random after first renormalizing the PDF for PI and P2 terminal 
substituents (Figures 2b and 3b) so as to remove the choices leading to linkages: 
the end unit of a linear polymer can only be linked to one other unit. Suppose, 
then, that the random tests of the now-conditional PDF led to the completed unit 1 
illustrated in Figure 5. 

The linkage between units 2 and 3 would be determined next. The 
illustrated β-ether was specified as originating from the P2 position of unit 2. 
Then the PI position substituent PDF was renormalized by removing the linkage 
choices. Comparing random numbers with this conditional PDF would then 
specify the Ρ substituent on unit 2, as, perhaps, that depicted in Figure 5. The H2 
position would be hydride substituted. 
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244 PYROLYSIS OILS FROM BIOMASS 

Diaryl /3-Ether DPM DPE 

Figure 2. Cumulative Probability Distribution Functions for Kraft Lignin 
Substituents. 

a. Terminal P-positions. 
b. Interunit Linkages. 
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1.0- α 
0.8-

0.6-
P1 / 

0.4-
/ P 2 

0.2-

0.0-
Ph-H Ph-OH Ph-OCH, 

Diaryl /9-Ether DPM DPE 

Figure 3. Cumulative Probability Distribution Functions for Milled Wood Lignin 
Substituents. 

a. Terminal P-positions. 
b. Interunit Linkages. 

Draw Random Number (RN) to Determine Polymer Length: 

-> Draw Random Number to Determine Linkage Between /,/•/ 

Type 

Draw Random Numbers to Complete Aromatic Ring ι 

1.0 

pdl/RN 

Type Type 

Figure 4. Logic of Construction of Model Lignin Oligomers. 
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Unit 1 

Unit 2 

Unit 3 

H2 
P2 H1 

HjCO 
OH 9 OH 9 OH 

H2 
P2 H1 

H2 

J0» - .0 
o - c - c 

H 

b— c - c 

Determine linkage 
between 1 and 2: 

Determine linkage 
between 2 and 3: 

Ethylene β - E t h e r 

Determine remaining 
positions on 1 : 

H i : Η 
— • P1: O H , O C H - . H 
— • P2: O H . O C H 3 , H 

Determine origin: 

-+> P2 

Determine remaining 
positions on 2: 

H2: Η 
— • P1: O H , O C H 3 ,H_ 

Determine linkage 
between 3 and 4: 

— • Methylene 

Determine remaining 
positions on 3: 

P1: QuOCH-.H 
P2: O H , O C H 3 . H 

Figure 5. Example of Construction of a Model Lignin Oligomer. 

HI Kraft 
Lignin 

Milled-Wood 
Lignin 

PIOH2 

P2 
1 2 1 2 

Ph-O-C-C-Ph 0.18 0.0 0.77 0.0 
Ph-C-C-Ph 0.53 0.31 0.05 0.15 

Η Ph-C-Ph 0.24 0.25 0.18 0.10 Η 
Ph-Ph 0.0 0.13 0.0 0.20 

Ph-H 0.06 0.31 0.0 0.55 

P h O f R 0.21 0.14 0.0 0.68 

Ph-OCH 3 0.57 0.07 0.83 0.0 

Ρ Ph-OH 0.07 0.71 0.0 0.32 

Ph-H 0.14 0.07 0, 0.0 

Table I. Kraft and milled wood lignin bond types. 
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22. TRAIN & KLEIN Chemical Modeling of Lignin 247 

The substituents on the final unit would be determined randomly as well. 
Possible choices determined from the PDF of Figures 2 and 3 are shown in 
Figure 5. 

This method was used to construct a large set Np > 1000 of lignin 
oligomers whose average conformed to the PDF of Figures 1, 2, and 3. Monte 
Carlo simulation of the reaction of each allowed mathematical description of lignin 
liquefaction. 

Lignin Depolvmerization 

The simulation of lignin liquefaction combined a stochastic interpretation of 
depolymerization kinetics with models for catalyst deactivation and polymer 
diffusion. The stochastic model was based on discrete mathematics, which 
allowed the transformations of a system between its discrete states to be 
chronicled by comparing random numbers to transition probabilities. The 
transition probability was dependent on both the time interval of reaction and a 
global reaction rate constant. McDermott's (6) analysis of the random reaction 
trajectory of the linear polymer shown in Figure 6 permits illustration. 

Initially, the 11 monomer units depicted ( 0 ) were connected by 10 reactive 
bonds. These bonds could be either intact or cleaved at all subsequent times. The 
simulated depolymerization proceeded by allowing fixed time intervals, At, to 
pass in series. After the passage of At, each of the bonds was tested for reaction 
by comparing the value of a random number against the associated transition 
probability. If the transition probability was greater than the random number, the 
reaction occurred. Otherwise, the bond remained intact. The result of testing 
each bond then defined the new state of the polymer. This procedure is analogous 
to a first-order Markov chain through time, in which each discrete polymer state is 
dependent soley on the immediately previous state. Averaging the results of N s = 
10,000 Markov chains provided a result of desired accuracy. 

Application of these ideas to lignin liquefaction required definition of 
allowable lignin states and the probabilities associated with transitions from one 
state to another. The random construction just considered provided the initial (t = 
0) states. The model compound reaction pathways provided the set of allowable 
states for t > 0, and the model compound kinetics and selectivities provided the 
transition probabilities. 

McDermott (6) et aL developed the rigorous expressions shown in Table 
II for the transition probabilities of bonds reacting according to the prototype 
reaction sequences of: A • B, first order; A ^-B and A * - C , first 
order; A • B ^ C , first order; A ^-B, second order, etc. For 
example, the transition probability for the irreversible first-order reaction of A to 
Β has the general form: 

P = l - e - k A B A t (1) 

where Ρ is the transition probability, k ^ is derived from the deterministic (model 
compound) rate constant and other extrinsic factors, and At is the length of time 
allowed in the test for a transition. In the present simulation the global rate 
constant kAB had the form kAB =rç(t>Cûckc + kt to account for catalyst and 
effectiveness and thermal-to-catalytic ratios, as developed below. 

The results summarized in Table II were used herein as the basis for the 
dependence of the transition probability on the global rate constant. The details of 

American Chemical Society. 
Library 

1155 16th St.f N.W. 
Washington, D.C. 20036 
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248 PYROLYSIS OILS FROM BIOMASS 

φ-φ-φ-φ-φ-φ-φ-φ-φ-φ-φ 

I At 

φ—φ—φ—φ φ—φ φ—φ—φ—φ—φ 

Ι* 
φ—φ—φ—φ φ—φ φ—φ—φ—φ φ 

Ι" 
φ—φ—φ φ φ—φ φ—φ—φ—φ φ 

φ—φ—φ φ φ~~φ φ—φ—φ—φ φ 

φ—φ φ φ ψ~ψ ψ~ψ Ψ~Ψ Ψ 

Figure 6. Random Trajectory of the Reaction of a Linear Polymer. 

A • B. First-order, Irreversible P A B = 1 " C XP<' K A B Δ Ί > 

A > Β and A • C , First-order, Irreversible 

Probability of reaction of A : P A B = 1 c x P < - ( K A B + K A C > Δ Ι > 

Selectivity*products: ^ " ^ B ^ B C ' ̂ - ^ A B 

A > Β > C , First-order Ρ ^ = 1 - cxp(- k A B At) ; P B C = 1 - cxp(- k ^ t ) 

A kO/l „ kl/2 *2/3 kN.i/N 
A • Β j > B 2 > ... B N . j > B N , First-order 

Ν 
p.. > (-l)N-i i K l kJ-^ ρ 

1 ^ k M / i ni-i <kj-i/j - ki-i/i> rii-i+i < k M/i - kM/p 1 1 4 

i=l 

A ( > B, First-order, Reversible: conceptually similar lo a series A - • Β -» A -> B... 

2 A • B , Secoad-order, Irreversible 

The transition probability b updated after each time step: Ρ^Β(0 * 1 - cxp(- k ^ t ) At) 

k Â B ® = d * P A B C " 1 ) ) k A B ^ 1 ) : kAB<W = K A B *0 

Tab! e II. Transition probabilities for Monte Carlo simulation. 
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22. TRAIN & KLEIN Chemical Modeling of Lignin 249 

the use of these probabilities and the issues of accuracy and precision have been 
described elsewhere (£). 

As indicated above, lignin moieties were subject to both thermal and 
catalytic reactions. The catalytic rate constant was modified by multipliers to 
account for catalyst aging and effectiveness (11). 

The literature suggests that the large quantities of water, methanol and char 
formed during the thermal and catalytic liquefaction of lignins can adversely affect 
the lifetime of the catalyst (12). One separate (13) experimental probe of the 
decay of during the KUDO of o-hydroxydiphenylmethane showed that the 
exponential decay ( 1 1 ) model for catalyst deactivation provided the best fit to the 
data. This is shown in Equation 2, and was used in the present model to help fix 
ideas. Clearly more appropriate activity models could be used without challenge 
of concept. 

(j> = e"aCc (2) 

The molecular weight differences between lignin and its model 
compounds also complicate the use of model compound kinetics in a predictive 
simulation. The mobility of a high-molecular weight polymer would be much less 
than that of smaller model substrates (14). As for catalyst decay, a simple model 
was used to probe transport issues. For a first order, irreversible reaction in an 
isothermal, spherical catalyst pellet with equimolar counterdiffusion, the catalyst 
effectiveness factor and Thiele modulus provide the relevant information as 

1 3 » c o t h 3 » - l 
Φ 3φ 

φ=ϊ(^)1/2 <o 
For relatively short polymer chains (DP <200), Rouse's model (15) for coiling 
polymers in dilute solutions, where D e « 1/M, dictated that the Thiele modulus be 

proportional to DP*. The entangled difffusion of longer polymer chains 
(DP>200) was modelled using deGennes (16) reptation theory, where D e « 1/M2. 
Under these conditions, the Thiele modulus was proportional to DP. 

The diffusion coefficient in Eq. 4 was therefore dependent on DP. 
Numerical values were estimated as follows. For short chains, where the 
diffusivity was inversely proportional to DP, i.e., D e = a/DP, the constant "a" 
was determined from the Wilke-Chang (17) model compound diffusivity where 
DP = 1. For longer polymers, where D e = b/DP2 , the scaling coefficient "bM 

was obtained by matching with a/ DP at DP = 200. 
With models for catalyst decay and effectiveness now in hand, the 

simulation of lignin liquefaction could be achieved given the initial lignin structure 
(as described earlier) and model compound reaction pathways and kinetics, both 
thermal and catalytic. Construction of a random polymer, as outlined earlier, 
began the simulation. This structural information combined with the simulated 
process conditions to allow calculation of the reaction rate constants, selectivities 
and associated transition probabilities. The largest rate constant then specified the 
upper limit of the reaction time step size. 
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250 PYROLYSIS OILS FROM BIOMASS 

For each time step two numbers were drawn to determine both the starting 
location and the direction of testing intact linkages along the polymer chain. This 
removed bias induced from testing linkages from end to end in the same direction. 
The polymer chains were mathematically circular in that the testing of one end unit 
was followed by a test of the other. Two additional random numbers were 
chosen to determine the initial location and travel direction for testing for the 
reactions of the substituents on each monomer unit. 

Each intact interunit linkage along the polymer chain was tested in turn for 
reaction by comparing a drawn random number to the transition probability 
corresponding to the linkage type. If the probability was greater than the random 
number drawn, the bond cleaved, and the bond status was updated accordingly. 
In general several parallel reactions were modelled. The transition probability Ρ = 
1 - exp (-ZkABAt) was therefore used frequently. Given the occurrence of a 
reaction, then, its products were determined by comparing product selectivities to 
a second random number. 

Al l other non-linkage substituents on a given monomer unit were tested 
for reaction analogously. The substituent disappearance transition probability was 
compared to the first-selected random number, and when reaction did occur, its 
products were determined comparing a second random number to the transition 
selectivities. Interunit linkages and other non-linking substituents of aromatic 
rings were tested alternately along the entire model polymer chain. 

To illustrate the procedure, consider the reaction depicted in Figure 7 of 
the three-unit model polymer generated earlier. After calculation of rate constants 
(see below), selectivities and transition probabilities determined from Table Π set 
the upper limit of At. Four random numbers were then selected independently to 
determine the starting location and direction of travel for testing phenolic moieties 
and interunit linkages. Assume that this dictated that linkage testing for the first 
time step was to begin at unit 2 and proceed to units with higher indices, and, 
moreover, that testing of aromatic rings was to begin at position 3 and proceed 
circularly through lower-numbered positions. 

The β-ether linking units 2 and 3 was thus tested first. Since unit 3 
contains ortho hydroxyl substituents, the linkage most closely resembled 
guaiacylglycol- β -guaiacyl ether (GGE) (18). Assume that comparison of the 
transition probability for G G E with a random number indicated cleavage. Then 
the status of the bond was updated to reflect cleavage to two fragments, the first 
changing the P2 position of unit 2 to a hydroxyl substituent and the second 
changing the HI position of unit 3 to an ethyl substituent. 

The ring of unit 3 was tested next. Assume that comparison of a random 
number to the catechol transition probability in this instance determined that 
reaction did not occur. Testing of the phenolic moiety commenced at unit 2. 

Recall that cleavage of the 2-3 link transformed the phenolic moiety of unit 
2 to phenol. Assume that the next-drawn random number was less than the 
transition probability for reaction of phenol. Since the only possible reaction is 
dehydroxylation, the aryl hydroxyl would be replaced by a hydride substituent, 
and the formation of water would be recorded. 

Testing continued at the linkages between units 1 and 2. This bridging 
moiety most closely resembles diphenylethane (DPE). In general, cleavage was 
possible at three different locations: between the unit 1 aryl carbon and linkage 
alkyl carbon; between the two alkyl carbons; and between the linkage alkyl and 
unit 2 aryl carbon. Therefore, one random number was drawn to determine if any 
reaction occurred, and a second random number provided the products through its 
comparison to the selectivities along the different pathways. Cleavage between 
the 2 alkyl carbons, for example, transformed the H2 position of unit 1 and HI 
position of unit 2 to methyl substitutents. 
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22. TRAIN & KLEIN Chemical Modeling of Lignin 251 

The final trial during the first At was at the phenolic unit 1, which 
resembled guaiacol. Assume that the reaction occurred upon comparing the 
reaction probability with the drawn random number. Then another random 
number was compared to the reaction selectivities to determine the reaction 
products. For the guaiacols, there were three possibilities for reaction: 
demethoxylation to a phenol; demethylation to a catechol; and reaction to char. 
The calculated selectivities of the three pathways must sum to 1, so each was 
assigned a segment of a number line ranging from 0 to 1. The segment on the 
number line at which the random number fell determined the reaction pathway. If 
the reaction was to char, the phenolic unit would be updated such that further 
testing was not possible. In this way, the interunit was still active for reaction but 
the phenolic positions were not. 

After the entire chain was tested for reaction, the size of each oligomer 
was determined along with the quantities of char and light products such as 
carbon monoxide, methane and water. The time was then incremented by At and 
the process was repeated at the new reaction time. When the desired time was 
reached, one Markov chain had been completed. 

New model polymers were randomly generated and reacted until the 
predetermined Monte Carlo sample size was reached. The quantities of all 
products at each time were added to the sum recorded from all previous polymers. 
Afterward, the weight yield in g/giignin of each product of interest was calculated 
at each time step by multiplying its cumulative product sum by the ratio of its 
molecular weight and the cumulative molecular weight of all the model polymers 
reacted. The results were organized as product yield versus isothermal batch 
reaction time. 

The database of model compound reaction pathways and kinetics and 
pathways gathered from the sources summarized in Table III was used to 
determine the allowable transitions and calculate associated transition 
probabilities. For illustrative purposes, Figure 8 presents a network of thermal 
and catalytic reaction pathways depicting the transitions of the lignin phenolic (P) 
moieties. Only the least-substituted analog of each phenolic class (veratroles, 
guaiacols, catechols, anisoles, phenols, and hydrocarbons) is presented in Figure 
8, but it is to be understood that the hydrocarbon positions HI and H2 in the 
actual lignin and model lignin polymer would be occupied typically by the 
substituent and linkage types discussed previously. 

Model Predictions and Discussion 

The liquefaction model allowed comparison of the thermal and catalytic 
liquefaction of kraft and milled-wood lignins by accepting the information in 
either Figures 1 and 2 or Figures 1 and 3 as input distribution functions. 

Kraft Lignin. Simulations of isothermal, batch pyrolysis and isothermal 
catalytic liquefaction of kraft lignin were at 380°C. The transition probabilities for 
the catalytic liquefaction were for reaction at 2250 psig over a presulfided catalyst 
in proportions of 2.47 giignin/gc-

Results are described as the temporal variation of tar, light product and 
residue fraction classes. Within the single-ring portions of the tar fraction, the 
guaiacols' yield is the sum of all monomelic products that contain ortho hydroxyl 
and methoxyl substitutents. Catechols comprise the single-ring products that 
contain ortho hydroxyl substituents. Monomelic products with a single methoxyl 
substituent were classified as anisoles, those with monohydroxyls as phenols, 
and those without oxygen-containing substituents as hydrocarbons. 
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252 PYROLYSIS OILS FROM BIOMASS 

Reactant Primary 
Products 

I O R I O A 

( Ο 

Thermal 
Parameters 

E* 
(kcal/mol) 

Source logioA 
(1/gcs) 

Catalytic 
Parameters 

E* 
(kcal/mol) 

Source 

Veratrole Guaiacol 
Anisole 
Phenol 

11.4 
10.6 
8.7 

48 
47.4 
41.6 

|19{ 
|19] 
[19] 

4.8 
X 
X 

21.7 
X 
X 

[13] 

Guaiacol Catechol 
Phenol 
Char 

12.6 
11.7 
8.4 

49.3 
48.2 
42.7 

|19] 
[19] 
[19] 

5.2 
6.1 
1.8 

25.1 
28.3 
15.9 

[13] 
[24] 
[24] 

Catechol Phenol 
Char 

X 
4.9 

X 
25.2 [20] 

6.8 
-0.5 

' 29.3 
10.6 

|24] 
|24) 

Anisole Phenol 
Benzene 

9.1 
17.2 

42.2 
69.7 

[19] 
[19] 

8.0 
X 

29.7 
X 

|2S] 

Phenol Benzene -1.9 6.7 [24] 
D P M Toi + Benz 12.7 66.0 [21] 2.9 21.18 [13] 
O H D Ph + Toi 

o-Cr + Benz 
9.6 
X 

43.4 
X 

[19] 9.2 
7.8 

36.1 
35.2 

[24] 
[24] 

D P E 2 Toi 
EtBz + Benz 

10.2 
8.8 

45.3 
44.5 

[21] 
[21] 

t t 

Phenylphenol Ph + Benz X X -2 8.2 |24) 

Biphenol 2 Phenol X X 7.261 [24] 

P P E Ph + EtBz 11.1 45.0 [22] 

G G E Guaiacol + A V 5 20.8 [23] 

Phenyl Ether Ph + Benz 14.8 72.1 [19] 8.7 35.4 [24] 

4PP 2 Phenol 8.7 32.2 [13] 

D P M = Diphenylmethane Toi = Toluene 
Benz = Benzene O H D = 2-hydroxydiphenylmethane 
Ph = Phenol o-Cr = o-Cresol 
D P E = Diphenylethane EtBz = EthylBenzene 
P P E = Phenethyl Phenyl Ether G G E = Guaiacylglycol-0-guaiacyl Ether 
A V = Acetovanilone 4PP = 4-Phenoxyphenol 

t -logio*33o = 7.26 

Deactivation Parameters [13] a, (mol O/gc) 
Single-Ring Phenolics 589.2 
Carbon Linkages 273.5 
Ether Linkages 20.0 

Table III. Model compound reaction pathways and kinetics 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
30

, 1
98

8 
| d

oi
: 1

0.
10

21
/b

k-
19

88
-0

37
6.

ch
02

2



22. TRAIN & KLEIN Chemical Modeling of Lignin 253 

Figure 8. Operative P-position Reaction Pathways. 
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254 PYROLYSIS OILS FROM BIOMASS 

Pyrolysis. Figure 9 shows the predicted yields of tar fraction products 
from kraft lignin pyrolysis at 380°C. The total yield of single-ring (monomelic) 
products increased quickly to 0.04 by 5 min and gradually rose to 0.10 after 120 
min. The initially rapid depolymerization corresponded to cleavage of the 
thermally labile β-ether and ethylene linkages. The ultimate yield of two-ring 
products reached 0.042 by 120 min. Yields of three-ring products passed 
through a maximum of 0.028 at 30 min, and decreased slightly to 0.022 after 120 
min. 

Figure 9b illustrates the temporal variation of the monomeric products 
within the tar fraction. Guaiacols and catechols achieved maximum yields of 
0.018 and 0.024, respectively at 60 min. Yields to both decreased through 
secondary decomposition, and phenols became the most abundant single-ring 
products after about 65 min. The phenols' yield reached 0.045 by 120 min, 
where simulated yields of anisoles and hydrocarbon products reached 0.007 and 
0.002 respectively. 

Thus, roughly 66% of the single-ring product fraction from pyrolysis 
consisted of compounds with two oxygen-containing substituents at 60 min. The 
balance was composed of monophenolics, anisoles and hydrocarbons, which in 
total were found in yields nearly equal to that of the total dioxygenates after 120 
min. 

The yields of gases and light liquids rose steadily with pyrolysis time. 
After 120 min, the yield of methane reached 0.005, while that of carbon 
monoxide approached 0.003. Each evolved exclusively from reactions of 
methoxyl substituents. The lack of appreciable product water underscored the 
thermal stability of hydroxyl substituents. 

Residue was the material unaccountable for in the light product and tar 
fraction. At low times this could be viewed as "unreacted" lignin. The simulated 
residue yield decreased to 0.093 by 5-7 min, during which time the rate of 
monomer formation was greatest. The residue yield decreased gradually to 0.85 
by 120 min. 

Catalytic Liquefaction. The predicted yields of products in the tar fraction 
are illustrated in Figure 10. Yields of one-, two-, and three-ring products are 
depicted in Figure 10a and increased with time to 0.24, 0.09, and 0.04, 
respectively by 30 min. The rate of formation of each was most rapid in the first 
five minutes. 

Figure 10b shows that products with ortho oxygen-containing 
substitutents accounted for only a small fraction of the total single-ring product 
yield. The yields of guaiacols and catechols reached 0.02 and 0.04 by 4 min, and 
decreased with time to trace levels. Monophenolics were the most abundant 
products, and reached a total yield of 0.19 after 30 min. The yield of single-ring 
hydrocarbons rose steadily to 0.03. 

Water, CO, and methane were the major light products and reached yields 
of 0.0058, 0.0038 and 0.0048 respectively, after 30 min. Both methane and 
carbon monoxide were primary products whereas water, evolved by ring 
dehydroxylation, was largely a secondary product from the reactions of phenolic 
units. 

The residue yield decreased to 0.65 by 30 min, which represents higher 
conversion than attained in neat pyrolysis because of the catalytic cleavage of 
thermally stable diphenyl alkanes and ethers. 

Figure 11 summarizes the effects of catalyst deactivation and internal 
transport limitations. Simulations run in which both were either included or 
neglected provided limiting cases. Intrinsic kinetics resulted in the highest yields 
of single-ring products, where allowing for catalyst deactivation and diffusional 
limitations resulted in the lowest single-ring product yield. 
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Figure 9. Predicted Tar Fraction Product Yields of Kraft Lignin Pyrolysis at 
380°C. 

a. Oligomers'Totals. 
b. Monomers' Totals 
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Figure 10. Predicted Tar Fraction Product Yields of Kraft Lignin Liquefaction at 
380°C. 

a. Oligomers'Totals. 
b. Monomers'Totals. 
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Fi gure 11. Influence of Catalyst Decay and Effectiveness on Monomers' Yield. 
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258 PYROLYSIS OILS FROM BIOMASS 

The effects of polymer diffusion and catalyst deactivation were also 
considered separately. The remaining curves of Figure 11 illustrate. The 
diffusional limitation was largest initially, where polymer molecular weight was 
high, and single-ring products evolved at lower rates initially than in the limiting 
case of no internal transport limitations. Moreover, inspection of the monomer 
yield after 30 min showed that transport had little effect on the ultimate evolution 
of single-ring products. Finally, the remaining curve in Figure 11 illustrates that 
the effect of catalyst deactivation was largest at longer reaction times, and lower 
ultimate yields of single-ring products were achieved. 

Summary of Kraft Lignin Simulations. The foregoing simulations reveal 
the dramatic influence of the catalyst on the yields of single-ring products; the 
residue yield correspondingly decreased by roughly 50% when a catalyst was 
added. The identities of the major products in the single-ring product fraction 
were also affected. Whereas products with two oxygen-containing substituents 
(guaiacols and catechols) accounted for nearly 50% of the monomelic products 
evolved from pyrolysis, they accounted for only 5% of the products resulting 
from catalytic liquefaction. This was attended by an increase in the yields of 
phenols and hydrocarbons upon addition of the catalyst. 

Milled-Wood Lignin. Simulation of the thermal and catalytic liquefaction of 
milled-wood lignin was at 380°C and, for catalysis, 2250 psig H and a loading of 
CoMo/Y-Al203 of 2.47 gngnJgcaV 

Pyrolysis. The temporal variation of the yields of predicted products are 
illustrated in Figure 12. The total yield of single-ring products rapidly reached 
0.43 by 10 min, after which time their reaction to char caused their yields to 
decrease to 0.32 by 120 min. The yields of two-and three-ring products reached 
0.13 and 0.05, respectively, by 10 min, and thereafter decreased to 0.07 and 0.03 
by 120 min. 

Within the single-ring product fraction, the guaiacols' yield shown in 
Figure 12b reached 0.33 by about 10 min. Their secondary decomposition to 
catechols, phenols and char led to a rapid decrease in their yield to a value of 0.07 
by 120 min. The yields of catechols and phenols reached about 0.08 and 0.16, 
respectively, by about 120 min. The catechols underwent secondary 
decomposition to phenols and char; neither hydrocarbons nor anisoles formed. 
Thus, the tar fraction was composed primarily of compounds with two oxygen-
containing substituents. 

Methane and CO were the only light products since phenolic hydroxyls 
were thermally stable. The yield of the former reached 0.010, whereas the 
maximum CO yield was 0.0064. After rapid decreasing to 0.43, as the reactive 
other linkages cleaved, the residue yield increased to 0.6 by 120 min while the 
single-ring product yield decreased. This was a result of the secondary reactions 
of the guaiacyl- and dihydroxyl-containing compounds to char. 

Catalytic Liquefaction. Results of the simulated catalytic liquefaction of 
milled-wood lignin are illustrated in Figure 13. The total yield of single-ring 
products in Figure 13a increased with time to 0.57 after 30 min. Dimer and trimer 
yields attained maxima of 0.13 and 0.05, respectively, at 2 min, after which time 
they decreased to 0.08 and 0.01 by 30 min. 

The variations with time of the yields of the single-ring products are 
illustrated in Figure 13b. Yields of guaiacols reached 0.13 by 2 min, and 
decreased to trace levels by 30 min. The formation of catechols was not as rapid, 
as product yields reached 0.12 after 4 min. The yield of catechol decreased to 
zero through secondary reactions to phenols. Their yield rose to 0.43 by 15 min, 
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22. TRAIN & KLEIN Chemical Modeling of Lignin 259 

Figure 12. Predicted Tar Fraction Product Yields of Milled-Wood Lignin 
Pyrolysis at 380°C. 

a. Oligomers'Totals. 
b. Monomers' Totals. 
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10 15 20 

Time (minutes) 
25 30 

10 15 20 

Time (minutes) 
30 

Figure 13. Predicted Tar Fraction Product Yields of Milled-Wood Lignin 
Liquefaction at 380°C. 

a. Oligomers'Totals. 
b. Monomers' Totals. 
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22. TRAIN & KLEIN Chemical Modeling of Lignin 261 

and their secondary decomposition was to hydrocarbons, which accounted for 
C.16 of the tar fraction at 30 min. 

The light products were methane, CO, and H2O. Both methane and 
carbon monoxide were primary products, and their respective yields reached 
0.007 and 0.011 by 15 min. A secondary product, water, attained yields of 
0.015 by 30 min. The yield of water was high because HDO reactions of 
catechols were facile over the catalyst. The residue fraction decreased to 0.35 by 
5 min. 

The effects of catalyst decay and transport were qualitatively similar to 
those discussed for the simulation of kraft lignin. Intrinsic kinetics resulted in the 
highest yields of monomelic products, and the presence of both deactivation and 
internal transport limitations resulted in the lowest. 

In summary, the addition of the catalyst increased the yield of the single-
ring product fraction. The sum of the yields of single-ring products formed from 
thermolysis reached a maximum value of 0.43 before decreasing to 0.36 by 120 
min. In the catalytic simulation, secondary reactions to stable single-ring products 
were competitive with reactions forming char. This is because HDO of phenolics 
with two oxygen-containing substitutents, which, thermally, char readily, was 
facile over the catalyst. Thus the yield of single-ring products resulting from the 
simulation of catalytic liquefaction increased rapidly to 0.53, and thereafter rose 
gradually to 0.61 after 120 min. 

Simimary 

A stochastic formalism for using the experimental results of model systems in the 
analysis of the reaction of complex macromolecular substrates has been 
developed. The approach is flexible and renders lignin structure and its 
implications explicit; the Monte Carlo model can easily accommodate a variety of 
molecular weight distributions, lignin types and processing strategies. In 
addition, the effects of catalyst deactivation and transport limitations in catalyst 
pores were modelled easily by coupling a diffusion model to species' molecular 
weights. Evaluation of the approach is forthcoming in a detailed comparison of 
predictions vs. pyrolysis and catalytic liquefaction experiments with actual 
lignins. 
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Notation 

kAB pseudo first-order rate constant, s-1 
η effectiveness factor 

0 catalyst activity function 
ω 0 catalyst loading, g^lcrt? 
kç catalytic rate constant, cm~7gcs 
kt thermal rate constant, s~* 
φ Thiele Modulus 
r p pellet radius, cm 
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262 PYROLYSIS OILS FROM BIOMASS 

Pc 
-3 

catalyst density, g/car 
D e 

effective diffusivity, cm /̂s 

Ρ probability 
DP degree of polymerization 
Δ ι time interval 
α deactivation rate constant, gc/mol 0 unrecovered 

C c 
mol oxygen unrecovered per unit mass of catalyst, mol 0/g c 
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Chapter 23 

Biomass to Gasoline 
Upgrading Pyrolysis Vapors to Aromatic Gasoline 
with Zeolite Catalysis at Atmospheric Pressure 

James Diebold and John Scahill 

Chemical Conversion Research Branch, Solar Energy Research Institute, 
1617 Cole Boulevard, Golden, CO 80401 

The primary pyrolysis vapors generated by the fast 
pyrolysis of biomass at atmospheric pressures consist 
initially of low-molecular-weight compounds, but which 
polymerize upon condensation. Prior to condensation, 
these primary vapors have been found to be very reac­
tive with ZSM-5 catalyst to produce methyl benzenes 
boiling in the gasoline range. This gasoline is 
predicted to have very high blending octane numbers. 
By-products are coke, carbon oxides, water, naphtha­
lenes, ethylene, propylene, and some phenols. The 
effect of different by-products on the theoretical 
gasoline yield is examined. Preliminary results, 
generated with a reactor having a fixed bed of 100 g of 
catalyst, are examined for the continuous feeding of 
never-condensed primary vapors and compared to feeding 
methanol in the same reactor. The conversion of 
primary pyrolysis vapors made from biomass is a 
relatively new research and development area which is 
showing early promise. The extent to which the product 
slate can be manipulated by process variables will 
impact heavily on the viability of this process. 

The conversion of biomass materials to high octane gasoline has 
been actively pursued for many years. H i s t o r i c a l l y , methanol was 
made in very low yields by the destructive d i s t i l l a t i o n of hard­
woods. More recently, the manufacture of methanol has been by the 
reaction of synthesis gas over catalysts at high pressures. In 
theory, any carbon source can be used for this catalytic generation 
of methanol, but in practice, biomass has not been advantageous 
relative to coal or natural gas. Other approaches to making l iquid 
fuel from biomass have involved the fermentation of biomass to 
ethanol in a rather slow process. The conversion of biomass to 
alcohols is technically feasible, but the u t i l i z a t i o n of the 
alcohols as transportation fuels will require modifications to the 

0097-6156/88/0376-0264$06.00/0 
° 1988 American Chemical Society 
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23. DIEBOLD & SCAHILL Biomass to Gasoline 265 

distribution systems and to the individual automobiles. The high-
pressure liquefaction of biomass to oxygenated liquids followed by 
high-pressure catalytic h y d r o g é n a t i o n to form hydrocarbons is one 
approach to convert biomass to l iquid fuels. {I) However, in the 
last decade, Mobil has developed the use of a zeolite catalyst for 
the conversion of methanol to gasoline at atmospheric pressures. 
(2_) This process has recently been commercialized and is now in 
operation in New Zealand. (_3) The zeolite catalyst used in the 
Mobil process is a medium pore zeol ite, which has shape selectiv ity 
to restr ict the products from methanol to methylated benzenes, 
isoparaffins, and olef ins, while preventing the formation of coke 
in the catalyst pores. (4) This catalyst is known as ZSM-5, and 
its commercial use is controlled by Mobil. 

The reactivity of high-molecular-weight vegetable oi ls with 
ZSM-5 was reported in 1979 (5) and, in fact, ZSM-5 catalyst is very 
reactive toward most small oxygenated species to convert them to 
methylated benzenes and other products. (6-7) Although alcohols 
appear to be some of the best feedstocks for ZSM-5 catalysis due to 
their low coking tendencies, the petroleum industry has long made 
use of zeolite catalysts for the cracking of very heavy hydro­
carbons to produce gasoline and about 5 to 15 weight percent 
coke. This suggests that the formation of coke and the need for 
frequent catalyst regeneration will heavily impact the reactor 
design, but that significant coke formation can be part of a viable 
commercial process. The thrusts of our early efforts were to 
br ief ly examine the effect of possible stoichiometries and to 
generate preliminary experimental results from passing primary 
pyrolysis vapors, made by the fast pyrolysis of sawdust at atmo­
spheric pressure in a vortex reactor, over a fixed bed of ZSM-5 
catalyst. The production of these oxygenated vapors is addressed 
in another chapter of this book. 

Stoichiometry Considerations 

Although the hydrocarbon products have an unusual feedstock inde­
pendence, the chemistry involved with different feedstocks over the 
ZSM-5 catalyst varies considerably with the functionality of the 
oxygen in the feedstock. As seen in Table I, hydroxy! and methoxy 
groups tend to reject oxygen in the form of water; aryl ethers 
reject a nearly equal amount of oxygen in water and carbon 
monoxide; carbonyl and formate groups reject oxygen largely as 
carbon monoxide, and carboxyl groups reject oxygen mostly as carbon 
dioxide and water. With the model compounds l isted in Table I, 
many of these trends may also be a function of reaction conditions 
as well as reactants. A model compound study coupled with a 
process variable study is in progress at SERI with the f r e e - j e t , 
molecular beam/mass spectrometer (FJMBMS) (see chapter in this book 
by Evans and Milne). 

The method of oxygen rejection which occurs over the catalyst 
has a very important impact on the potential y ield of hydrocarbons, 
especially for a feedstock like biomass which has a relatively low 
hydrogen content. Although the products formed from a few com­
pounds reacted with ZSM-5 are known for certain conditions, methods 
to manipulate the by-product slate are essentially unreported. 
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266 PYROLYSIS OILS FROM BIOMASS 

TABLE I. Reported Distribution of Oxygen in Inorganic 
By-Products with Various Feedstocks over 
ZSM-5 Catalyst 

% of Oxygen in By-Products 

Oxygen Radical 
Compound in Reactant* H20 CO C02 Ref. 

methanol H, M 100 _ _ (8) 
dimethyl ether Ε, M 100 — — (8) 
guaiacol Η , M 96 3 1 (10) 
glycerol Η 92 7.5 0.5 (9) 
xylenol Η 93 6 1 (10) 
eugenol Η, Μ 89 9 2 (10) 
anisole Μ 88 12 t r (10) 
2,4 dimethyl Η 87 12 1 (10) 

phenol 
o-cresol Η 80 17 3 (10) 
starch Η, Ε 78 20 2 (7) 
isoeugenol Η, Μ 77 19 4 (10) 
glucose C l , Η, Ε 75 20 5 (7) 
dimethoxymethane Μ, Ε 73 6 21 (8) 
xylose C l , Η, Ε 60 35 5 (7) 
sucrose Η, Ε 56 36 8 (7) 
η - b u t y l formate C2 54 46 0 (8) 
diphenyl ether Ε 46 46 8 (10) 
furfural C l , Ε 14-22 75-84 2.5-3. 0 (9,7) 
methyl acetate C2 54 10 36 ( H ) 
acetic acid C2 50 4 46 ( H ) 

*H = hydroxy; M = methoxy; Ε = C-0-C; Cl = carbonyl; C2 = carboxy 
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23. DIEBOLD & SCAHILL Biomass to Gasoline 267 

However, the desirabi l i ty to reject oxygen as carbon oxides becomes 
quite obvious by examining potential product slates which are 
possible from the stoichiometry of the reacting primary pyrolysis 
vapors, CH 1 # 2 °o.49* T h e b e s t hydrocarbon yields would be attained 
with oxygen* rejection as carbon dioxide, with the excess hydrogen 
used to reject oxygen as water. If the liquid hydrocarbon product 
corresponds to xylene, C Q H 1 0 , rather than to more hydrogen-rich 
hydrocarbons such as o l e f i n s , CnH2p, then the potential hydrocarbon 
y ield wil l be higher from a hydrogen-poor feedstock l ike wood 
pyrolysis vapors. If carbon monoxide is the assumed carbon oxide, 
more carbon is needed to reject the oxygen, which decreases the 
potential hydrocarbon y i e l d s . If the by-product gases are a 
mixture of carbon oxides, methane, olef ins, e t c . , then the gasoline 
yields would be lowered due to the noncondensible hydrocarbons in 
the gases. If the olefins in the by-product gases were recycled 
through the catalyst bed to extinction, the gasoline yields should 
increase not only due to the conversion of the olefins to 
aromatics, but also due to the release of hydrogen in the 
aromatization process which could help counter coke forming 
(dehydrogenation) reactions. Coke formation is typically an 
aromatization reaction to produce polycyclic aromatic hydrocarbons 
containing residual hydrogen, so a reasonable coking reaction to 
assume is one which produces water and coke but no gasoline at 
a l l . In summary, the more desired reactions produce carbon oxides 
and water as by-products. Undesired reactions produce noncon­
densible hydrocarbons and/or coke and water.(12) 

Experimental 

The primary pyrolysis vapors, used as feedstock, were produced by 
fast pyrolysis in a vortex reactor from coarse softwood sawdust, as 
discussed in another chapter of this book. After the vapors left 
the vortex reactor system, they were allowed to cool to the desired 
catalyt ic reaction temperature, as they passed through a tubular 
transfer line to the catalytic reactor. The transfer line was 
located inside of a series of six tubular furnaces, which allowed 
the vapor stream to equilibrate to the desired temperature. The 
residence time of the vapor in the transfer line was about one-half 
second prior to reaching the 2.5-cm diameter catalytic reactor, 
shown in cross-sectional view in Figure 1. The catalytic reactor 
used with the pyrolysis vapors had a 30-cm-long fixed bed of 100 g 
of ZSM-5 containing catalyst (MCS6-2), which was located in the 
middle of the sixth furnace section. Only a small slipstream of 
the pyrolysis vapors passed through the catalytic reactor. The 
catalyst was in the form of 1.4-mm diameter extrudate and supplied 
by Mobil Research and Development Corp. in a cooperative agreement 
with the Solar Energy Research Institute. Although the catalyst 
composition is proprietary to Mobil, the abi l i ty of the catalyst to 
maintain good activity in the presence of high-temperature-steam 
environments implies a f a i r l y high s i l i c o n to aluminum ratio in the 
ZSM-5 crystal l a t t i c e . The temperature of the catalyst bed was 
measured with an axial thermocouple inside a 6-mm thermowell. The 
temperature profi le of the bed was determined by moving the axial 
thermocouple within the thermowell. A sintered stainless steel 
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268 PYROLYSIS OILS FROM BIOMASS 

f i l t e r rated at 5 micrometers was used to remove char fines from 
the pyrolysis vapors. The products were collected in water-cooled 
condensers. The pressure in the reactor was sl ightly above the 
local atmospheric pressure at about 95 kPa. 

Analysis of the organic condensates was with a 5-micrometer, 
wide bore capillary column having a length of 60 m. The capil lary 
column was coated with one micrometer of cross-linked methyl 
s i l icones. With helium as the carrier gas, the temperature profi le 
started at 0°C for 4 minutes, followed by a temperature ramp of 
8°C/min until a temperature of 260°C was reached. Detection of the 
eluted organics was by flame ionization detection (FID). 
Identification of the major peaks was by reference materials, 
whereas the minor peaks were identified by a combination of the 
FJMBMS at SERI and a Hewlett-Packard 5890 gas chromatograph/5970 
Mass Selective Detector (GC/MSD) using a 1.5-m high-performance 
cross-linked methyl si l icone capillary column. The noncondensible 
gases were analyzed with a Carle GC designed for refinery gas 
analysis, which used thermal conductivity detection (TCD) and was 
calibrated with a gravimetrically prepared reference mixture. 
Electronic grade methanol (99.9% pure) was used for comparison to 
the softwood feedstock. 

Experimental Runs 

Methanol. To verify the activity of the catalyst and to gain 
experience in the operation of the catalyst system, methanol was 
metered into a preheater tube located inside of the transfer line 
heated to 5 0 0 ° C . This preheating proved to be too severe and the 
products which emerged from the catalytic reactor were dominated by 
hydrogen and carbon monoxide in a 2:1 rat io, as shown in 
Table II. This would be expected from thermal decomposition of the 
methanol prior to reaching the catalyst. This experiment was 
repeated using a preheating temperature ramp to just reach 400°C at 
the entrance to the catalytic reactor. The catalytic reactor was 
held at a nominal 400°C prior to the addition of the methanol at a 
space velocity (WHSV) of 0.9 g methanol per gram of catalyst per 
hour. The noncondensible gas composition is shown in Table II and 
was rich in hydrogen, olefins (ethylene and propylene), and alkanes 
(methane, propane, and isobutane) The gaseous olefins could be 
used to alkylate the reactive isobutane to result in a highly 
branched-chain gasoline fraction. (13) The l iquid product con­
tained relatively l i t t l e alkanes or olefins and was dominated by 
methylated benzenes, such as toluene, xylenes, and trimethyl 
benzenes. Relatively very small amounts of naphthalenes were 
seen. The temperature profi le of the catalytic reactor immediately 
prior to and also during this experiment is shown in Figure 2. The 
location of the temperature-profile maximum was quite stable, which 
indicates that the catalyst was not s ignif icantly deactivated 
during the short time of the experiment. This low rate of catalyst 
deactivation is consistent with published data. (14) The ratio of 
gasoline to water in the condensates suggests that the gasoline 
yield was only about one-third of the potential due to the for­
mation of the noncondensible hydrocarbons. This product slate is 
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23. DIEBOLD & SCAHILL Biomass to Gasoline 269 

TABLE II Calculated Molar Compositions of Net Product Gases 
Produced During Cracking of Primary Pyrolysis Vapors 
or Methanol (ZSM-5 containing catalyst - Mobil's MCSG-
2) 

Feed 
Softwood Pyrolysis Vapor 

( C H 1 . 2 ° 0 . 4 9 ) 

Methanol 
(CH40) 

Reactor Thermal 
(Run 55) 
(650°C) 

Catalytic 
(Run 76-C) (Run 88-C) 

( 4 0 0 ° C ) ( 4 8 5 ° C ) 

Thermal 
(Run 74-C)* 

(500°C) 

Catalytic 
(Run 75-C) 

(400°C) 

H2 10.6 -0.6 0.7 62.8 18.4 

CO 59.4 69.8 62.4 31.1 4.4 

co 2 5.6 15.2 14.0 1.4 2.8 

CH4 12.2 1.4 2.2 2.1 16.2 

0.5 — — — — 

C 2 H 4 5.3 5.0 8.2 1.6 5.3 

C 2 H 6 1.1 0.3 0.3 0.3 4.1 

1.9 6.0 6.7 0.7 5.3 

C 3 H 8 — 0.5 0.2 0.4 17.8 

C 4 H 8 1.1 1.2 1.2 — 2.3 

i s o - C 4 H 1 0 — 0.2 0.1 0.1 14.4 

n - C 4 H 1 0 — — — — 5.3 

C 5 + 2.4 3.9 3.6 

Empirical 
Formula C H 1 . 3 ° 0 . 6 5 C H 0 . 6 5 ° 0 . 8 2 C H 0 . 8 7 ° 0 . 6 1 C H 3 . 6 ° 0 . 8 C H 2 . 7 ° 0 . 0 5 

*In this run, the methanol is thought to have thermally decomposed 
for the most part prior to reaching the catalyst. 
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270 PYROLYSIS OILS FROM BIOMASS 

2 Inch Vapo 

Figure 1. Cross-sectional view of catalytic reactor 

4 6 8 

RERCTOR LENGTH ( inches > 

12 

Figure 2. Temperature profi le of reactor with methanol feed 
(lower curve prior to feeding) 
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23. DIEBOLD & SCAHILL Biomass to Gasoline 271 

in general agreement with data reported by Mobil for similar re­
action conditions. (15) 

Primary Pyrolysis Vapors. After a catalyst regeneration cycle to 
remove residue from the methanol experiments, a slipstream of the 
primary pyrolysis vapors was passed over the ZSM-5 catalyst. Steam 
was used as the carrier gas at a weight ratio of two parts of steam 
to one part of wood feed. The pyrolysis vapors were cooled from 
510°C at the exit of the vortex reactor to 400°C at the entrance of 
the catalytic reactor. Figure 3 shows the temperature profi le 
immediately prior to feeding the biomass, as well as 5-10 minutes 
later . The temperature profi le with pyrolysis vapors as feed was 
not as large in magnitude as that seen with methanol and i t had a 
very broad maximum. The heat of reaction of the pyrolysis vapors 
is less exothermic than for methanol and the steam carrier gas also 
has a moderating effect on the temperature r i s e . The broadness of 
the temperature profi le reflects that the pyrolysis vapors are a 
complex mixture of compounds, which are probably reacting at d i f ­
ferent rates. The broader and lower temperature profi le would make 
temperature control easier in a biomass-to-gasoline (BTG) reactor 
than in a methanol-to-gasoline (MTG) reactor. The location of the 
temperature maximum was monitored during the run, as shown in 
Figure 4. During the f a i r l y short experiment, the temperature 
maximum was observed to move to the end of the reactor, indicating 
that a f a i r l y rapid deactivation of the catalyst had occurred. 
During this time, the composition of the hydrocarbon products ap­
peared to be relatively constant. 

The gasoline fraction (eluting before naphthalene) made from 
wood is very similar by GC to that made from methanol, except for 
the presence of some phenolics in the former. The composition of 
the gas formed over the catalyst from the pyrolysis vapors is shown 
in Table II, as calculated from tracer gas concentrations before 
and after the reactor, along with the gas composition formed by the 
thermal decomposition of the pyrolysis vapors as determined previ­
ously (16); the catalyt ical ly formed gases had signif icantly less 
hydrogen and methane, but more carbon dioxide and propylene than 
the thermally formed gases. In comparing the composition of the 
gases formed by the catalytic conversion of the pyrolysis vapors to 
the catalytic conversion of the methanol, the relative hydrogen 
richness of the methanol becomes apparent in the relatively high 
hydrogen, methane, propane, and isobutane y ie lds. This relative 
hydrogen richness is summarized by the empirical formulas for the 
two gas streams, in which the hydrogen-to-carbon ratio for the 
wood-derived gases is one-fourth that for the methanol-derived 
gases. This excessive amount of hydrogen in the methanol-derived 
gases suggests that methanol could be used as a hydrogen donor to 
hydrogen-poor feedstocks and this has been explored by several 
researchers. (7,9-11) The very low yield of isobutane from pyrol­
ysis vapors would preclude the use of alkylation to incorporate the 
ethylene, propylene, and b u t è n e s into the gasoline product with a 
stand-alone process. Adsorption of the gaseous olefins from the 
by-product gases onto cold ZSM-5 or activated carbon at low 
pressures may be a viable method to recycle them into the catalyt ic 
reactor. Since gaseous olefins are known to be intermediate 
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272 PYROLYSIS OILS FROM BIOMASS 

TIME (minutes) 

Figure 4. Location of temperature maximum with pyrolysis 
vapors feed 
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23. DIEBOLD & SCAHILL Biomass to Gasoline 273 

compounds in the methanol-to-gasoline process, recycling olefins 
would be expected to have a beneficial impact similar to cofeeding 
methanol with wood pyrolysis vapors. 

A six-element i n - l i n e static mixer was installed at the 
entrance to the vapor cracker (transfer line) to ensure the 
complete mixing of the pyrolysis vapors, the tracer gas, and the 
carrier steam prior to reaching the slipstream catalytic reactor. 
Experimentation verified the elimination of diametrical gradients 
of tracer-gas concentration downstream of the static mixer. In Run 
88-C, the steam-to-biomass mass ratio was 1.2 and the softwood 
sawdust feed rate was 18.5 kg/hr (41 lb/hr). The temperature of 
the pyrolysis product stream was 475°C at the exit of the vortex 
reactor. Nitrogen was used as a tracer gas at a flow rate of 0.224 
kg/hr to result in a concentration of 10.1 wt % in the permanent 
pyrolysis gases and 3.6% in the permanent catalyst off-gases. 
Based on the nitrogen content and the flow measured with a 
gravimetrically calibrated o r i f i c e meter, the slipstream fed into 
the catalytic reactor was 1.4 wt % of the main stream. The weight 
hourly space velocity (WHSV) was 2.44 g dry biomass/g catalyst 
(MCSG-2) hr. By GC analysis, the gasoline hydrocarbon fraction of 
the organic condensate was about 75% and the naphthalenic/phenolic 
fraction was 25%. The gasoline fraction was qualitatively similar 
to that made previously and was heavily dominated by toluene, 
xylenes, and trimethyl benzenes. The olefins and C c + hydrocarbons 
in the catalyst off-gases were 4 and 2.4 wt % of the dry feed 
respectively. The total l iquid hydrocarbon yield was 10.1 wt % 
which is equivalent to 28 gal/ton of dry feed, assuming the density 
of xylene. Assuming that the olefins can be recycled and converted 
to gasoline, the potential y ield shown is 39 gal/ton. If the 
phenolics were reacted with methanol to form the methyl aryl 
ethers, the potential l iquid fuel yields would then be increased to 
about 16% (16 wt % yield of the gasoline is one barrel per ton of 
dry wood). The gasoline boiling fraction of this fuel is projected 
to be about 85%; the other 15% is composed almost entirely of 
methylated naphthalenes which could be hydrocracked in a typical 
refinery to a gasoline fraction. The yield of methyl naphthalenes 
has been shown by the MBMS experiments (see chapter by Evans and 
Milne in this book) to be sensitive to the operating conditions in 
the zeolite reactor and i t is expected that i t can be reduced in 
the future. 

The composition of the permanent gases formed over the 
catalyst was calculated by subtracting the pyrolysis gas yields 
from the total gas y ields, as shown in Table II. These catalyst 
formed gases from Run 88 are similar to those previously shown in 
that the hydrogen yield was essentially zero and the y ield of 
methane and other paraffins was very low compared to ethylene, 
propylene, and b u t è n e s . It is interesting to note that the amount 
of carbon dioxide and carbon monoxide calculated to have been 
formed by the catalyst in Run 88 corresponds to a potential y ield 
of 16% gasoline (xylene) by the stoichiometry of global equations 
(12), which is in good agreement with the sum of the olefins and 
organic condensates produced. The overall yields from Run 88 are 
shown in Table III. 
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274 PYROLYSIS OILS FROM BIOMASS 

TABLE III. Run 88 Yields 

Product Wt % 
Dry Feed 

Method of Determination 

Pyrolysis 
Char 
Gases 

Catalysis 
Coke 
Fuel gases 

Gaseous olefins 

Gasoline 
Phenolics/ 

napthalenics 

Water (Total) 

12 
11 

8 
16 

4 

10 

2 

37 
100 

Gravimetric 
Tracer gas/GC/ 
gravimetric 

Gravimetric 
Tracer gas/GC/orifice 
meter 
Tracer gas/GC/orifice 
meter 

Gravimetric/GC 

Gravimetric/GC 

Difference 

Conclusions 

Pyrolysis vapors made by the fast pyrolysis of softwood are very 
reactive with ZSM-5 catalyst to form a liquid hydrocarbon product, 
which is similar to that formed from methanol. Although the 
catalyst is deactivated relatively quickly with pyrolysis vapors 
compared to methanol, experimentation indicates that the catalyst 
can be repeatedly regenerated by oxidation. This suggests that a 
catalyt ic reactor, which can maintain a high level of catalytic 
activity in spite of high coking rates, would be desired. This 
problem has been addressed and resolved by the petroleum refining 
industry which u t i l i z e s an entrained-bed reactor (r iser-cracker), 
to crack heavy hydrocarbons to gasoline and about 5% to 15% coke, 
coupled with a fluidized-bed oxidative regenerator for the r e l a ­
t ively slow, controlled oxidative coke combustion and catalyst 
regeneration. (17) For the conversion of biomass to gasoline, 
these preliminary data are quite encouraging that a nearly direct 
conversion of biomass to gasoline can be accomplished at atmo­
spheric pressures in one very rapid thermal cycle without the cost 
of producing hydrogen and operating at high pressures. With the 
calculated thermal e f f i c i e n c i e s , i t appears that there will be 
sufficient energy in the by-products to operate the process, even 
including the drying of a rather wet biomass feedstock prior to 
pyrolysis. 

The gasoline product is almost entirely alkylated benzenes 
with only a small amount of benzene. This gasoline would be 
expected to have octane ratings in excess of 100 and to have 
blending octane numbers between 115 and 135 based on reported 
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23. DIEBOLD & SCAHILL Biomass to Gasoline 275 

blending octane values for the various alkylated benzenes. (18) 
Due to the expected continued demand for unleaded gasoline having 
higher octane numbers, the gasoline made from biomass by this 
process would be expected to command premium prices i f sold to a 
petroleum refinery for blending purposes. The naphthalenic 
fraction of the organic products could easily be hydrocracked to 
increase the gasoline yields in a modern refinery. (19) At this 
time, the phenolic by-products appear to be present in minor 
amounts and could be reacted with methanol to form methyl aryl 
ethers which are proven octane enhancers. (20) Ongoing research is 
being directed toward olefin recycling and the improvement of 
product distribution and y i e l d s . 
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Chapter 24 

Fluidized-Bed Upgrading of Wood Pyrolysis 
Liquids and Related Compounds 

Ν. Y. Chen, D. E. Walsh, and L. R. Koenig 

Mobil Research and Development Corporation, Central Research 
Laboratory, P.O. Box 1025, Princeton, NJ 08540 

The effective hydrogen index (EHI) is a 
calculated indicator of the "net" hydrogen/ 
carbon ratio of a pure or mixed heteroatom­
-containing feed, after debiting the feed's 
hydrogen content for complete conversion of 
heteroatoms to NH3, H2S, and H2O. Compounds 
with EHI's less than about 1 are difficult to 
upgrade to premium products over ZSM-5 catalyst 
due to rapid catalyst aging in continuous fixed 
bed processing. 
However, high conversions of such feeds (acetic 
acid, methyl acetate, and wood pyrolysis 
liquids) can be maintained in a fluidized bed 
system operating under methanol-to-gasoline 
conditions and employing frequent catalyst 
regenerations. Also, synergistic effects were 
observed for blends of low and high EHI model 
compounds, as well as for wood pyrolysis liquids 
coprocessed with methanol. Based on these 
results, a processing scheme is described in 
which the char from the wood pyrolysis step is 
gasified to make methanol which is cofed with 
the pyrolysis liquids over ZSM-5. 

Zeolite ZSM-5 i s p a r t i c u l a r l y effective for the 
conversion of methanol to gasoline range hydrocarbons 
(1). In addition to methanol, other oxygenates, 
including t h e i r complex mixtures, can be converted as 
well (see, for example, references 2-8). 

0097-6156/88/0376-0277$06.00/0 
© 1988 American Chemical Society 
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278 PYROLYSIS OILS FROM BIOMASS 

The effe c t i v e hydrogen index i s defined as: 

(H/C)e££ective 
H-20-3N-2S or EHI = C 

where H, C, 0, N, and S are atoms per unit weight of 
sample of hydrogen, carbon, oxygen, nitrogen and 
sulfur , respectively. 

Model oxygen containing compounds, or "oxygen­
ates, 11 having EHI's <1 produce excessive amounts of 
"coke 1 1, which leads to rapid catalyst deactivation 
(5)(9) using ZSM-5. Thus, as shown i n Table I, 
i n i t i a l l y complete acetic acid conversion declines to 
about 60% after only 3 hours on stream. At that point, 
the t o t a l hydrocarbon y i e l d i s less than 10 wt.%, and 
the gasoline y i e l d (Cg+) i s less than 7% (8). 

Li g n o - c e l l u l o s i c biomass i s a resource from which 
l i q u i d hydrocarbon fuels potentially may be derived. 
Pyrolyzing the wood yields gas and l i q u i d products, but 
a r e l a t i v e l y large percentage of the o r i g i n a l wood 
carbon can be l o s t to a low value char by-product. 
Furthermore, l i k e the model oxygenates described above, 
the EHI of the pyrolysis l i q u i d products i s 
substantially less than 1. 

The present study was undertaken to examine the 
potential of short contact time regenerative f l u i d bed 
processing to obviate the problems associated with 
rapid deactivation i n fixed bed c a t a l y t i c upgrading of 
such low EHI feeds. 

In fixed bed operation, reduced catalyst aging 
rate and synergistic yields benefits have been reported 
for co-processing a low EHI (<1) model compound 
(e.g.acetic acid) with a s u f f i c i e n t amount of a high 
EHI (>1) compound (e.g. methanol) (8-9). In another 
fixed bed study, Chantai et a l (10) coprocessed up to 
10% methanol with an o i l derived from s u p e r c r i t i c a l 
extraction of wood chips. Although some benefits i n 
y i e l d s from the addition of methanol were evident, 
based on the e a r l i e r work (8-9) the amounts of methanol 
used by Chantai were too small to reduce catalyst 
deactivation. I t was of interest therefore, to further 
examine the potential benefits of methanol co­
processing for both model compound feeds and wood 
pyrolysis l i q u i d s i n short contact time regenerative 
f l u i d bed processing. 
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24. CHEN ET AL. Fluidized-Bed Upgrading of Wood Pyrolysis Liquids 279 

Table I Acetic Acid Conversion over ZSM-5 
Fixed Bed Data 

370°C, 1 atmosphere t o t a l pressure, 1 LHSV 

Time on Stream, hr 0.3 1.3 3.0 

Conversion, % 100 71 61 

Product S e l e c t i v i t y , % 

CO 1 1 

C0 2 16 23 

H 20 56 24 

Oxygenates* 7 37 

Hydrocarbons 20 15 

Hydrocarbons, % 

C l + C2 2 2 

C 3 5 4 

QA 8 26 4 
C5+ 85 68 

+ Mainly Acetone 
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280 PYROLYSIS OILS FROM BIOMASS 

Experimental 

Catalyst. The catalyst used was a s i l i c a alumina bound 
HZSM-5. 

Production of Wood Pyrolvsis Liquids. Sawdust 
(primarily pine and f i r ) pyrolysis was carried out i n a 
fixed bed reactor, which held about 200 ml of sample. 
The sawdust charge had the following elemental analysis 
(dry basis): C - 49.20», H - 6.80%, 0 - 43.40%, ash -
0.60%. The reaction was conducted at atmospheric 
pressure by heating the sample at approximately 
20°C/min. to 520*0 i n helium flowing at about 800 
ml/min. The sample was then held at the f i n a l 
temperature for three hours with helium gas flowing. 

Reactor Description and Run Procedures. A l l c a t a l y t i c 
runs were performed i n a computer controlled f l u i d i z e d 
bed apparatus (11) (Figure 1) operating c y c l i c a l l y to 
ef f e c t successive and repeated reaction/regeneration 
i n t e r v a l s . Approximately 35 ml of the s i l i c a alumina 
bound ZSM-5, having a mesh size t y p i c a l of f l u i d 
catalyst, was charged to the Vycor reactor along with 
15 ml of 120 - 200 mesh Vycor. Helium f l u i d i z i n g gas 
entered through a f r i t at the base of the tapered 
section of the reactor bottom. A small flow of helium 
also swept through the feed o i l sidearm i n l e t l i n e . 
The t o t a l helium flow (850 cc/min.) plus the vapor 
phase reactant and products maintained the bed in 
vigorous motion which, i n turn, insured good 
temperature control. Runs were carried out at 1 WHSV 
based on the low EHI feed component, 410°C and 
atmospheric pressure. The catalyst was automatically 
oxidatively regenerated after each 10-20 minutes 
reaction i n t e r v a l . 

When processing wood pyrolysis l i q u i d s , the two 
pyrolysis product l i q u i d layers were homogenized (EHI 
of the blend was 0.32) by high speed mixing and fed 
immediately to the f l u i d bed c a t a l y t i c reactor. When 
co-processed with methanol, the two pyrolysis l i q u i d 
layers were dissolved i n the methanol to provide a 
mixture having an apparent EHI of 1.2-1.3. 

The aqueous phase product from the c a t a l y t i c f l u i d 
bed was separated and analyzed by gas chromatography 
for oxygenates from which conversion could be 
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Figure 1. C y c l i c Fixed F l u i d Bed Apparatus 
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282 PYROLYSIS OILS FROM BIOMASS 

calculated. The hydrocarbon product layer contained 
only a very small amount of oxygenates (<1%). 

The l i q u i d hydrocarbon product was also analyzed 
by gas chromatography as were gaseous products, the 
l a t t e r being analyzed for both their hydrocarbon and 
00 χ contents. Coke was calculated by the computer from 
the data collected v i a the on-line CO and COg infrared 
analyzer during each catalyst regeneration. Elemental 
and t o t a l material balances were generally >95%. 
Results presented were normalized to a no-loss basis. 

Results and Discussion 

Conversion of Model Compounds. Experimental data are 
presented i n Table I I . Two conversions are shown for 
each run. f ,Total conversion" represents the conversion 
to a l l products, while "conversion to non-oxygenates" 
represents conversion to a l l hydrocarbon, 00 χ and HgO 
products. 

Methanol• The overall yields from the methanol 
experiment (EHI = 2.0) are i n good agreement with the 
data obtained i n the f l u i d bed MTG process (12). The 
hydrocarbon gas products, however, are higher in 
propene and lower i n isobutane, probably due to the 
lower reaction pressure used i n t h i s study. 

Acetic Acid and Methvlacetate. The data obtained for 
acetic acid i l l u s t r a t e several interesting points which 
can be contrasted with the fixed bed operation cited 
above. F i r s t , t o t a l conversions greater than 90% may 
be maintained i n d e f i n i t e l y provided periodic catalyst 
regeneration i s employed. In spite of i t s having an 
EHI of 0, which assumes that oxygen i s rejected as 
water, our experimental data show that decarboxylation 
takes place to a large extent. As a result, by 
rejecting oxygen as CO , substantial production of 
hydrocarbons i s possible. Hydrocarbon l i q u i d product 
y i e l d i s about 60% higher than that obtained at 2 hours 
processing time i n the non-regenerative fixed bed 
operation and about 65% of the hydrocarbon product i s 
C..+ gasoline with a predominantly aromatic character. 
This high s e l e c t i v i t y toward aromatics formation i s 
consistent with the low effective hydrogen content of 
the "hydrocarbon" f r a c t i o n of acetic acid. 
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24. CHEN ET AL. Fluidized-Bed Upgrading ofWood Pyrolysis Liquids 283 

Table II Model compound conversion data* 
410*0, 1 atm., 1.0-1.1 WHSV, 20 min. reaction intervals 

HZSM-5 in Si0 2/Al 20 3 

Acetic Methyl 1.9/1 molar 3.8/1 molar 
Methanol Acid Acetate MeOH/ MeOH/ 
CH30H CHgCOOH CH3C02CH3 Acetic Acid Acetic Acid 

EHI of Charge 
Total Conversion 
Conversion to 
Non-Oxygénâtes 

Products (Wt.% 
of Charge) 
CO 
C0o 2 
Ho0 

2.0 0.0 0.67 1.0 ( i.o) 1.3 
98.6 91.2 89.4 >91.0 (94.9) 95 
98.6 79.8 86.1 90.4 (89.2) 

0.0 3.7 6.2 2.1 (1.8) 1.1 (1.2). 
0.2 31.4 17.6 9.4 (15.8) 5.2 (10.6) 
55.8 28.4 21.5 45.3 (42.1) 48.8 (46.7) 
1.4 20.2 13.9 9.6 (10.8) 5.2 ( 7.7) 

19.0 3.8 6.0 7.9 (11.4) 9.9 (13.9) 

23.3 10.6 32.1 24.9 (17.0) 28.7 (19.1) 

42.3 14.4 38.1 32.8 (28.4) 38.6 (33.0) 

0.3 1.9 2.7 0.8 ( i.i) 1.1 ( 0.8) 

5.4 1.5 5.6 7.2 7.6 
1.6 0.1 0.7 0.4 0.6 

25.9 5.2 6.7 13.8 14.2 
5.5 0.5 0.3 0.4 0.5 
0.4 0.3 0.0 0.1 0.1 
5.8 15.7 1.4 1.6 1.9 

44.6 23.3 14.7 23.5 (34.0) 24.9 "(37.5) 
54.7 65.0 78.7 74.1 (59.8) 72.3 (58.1) 
0.7 11.7 6.6 2.4 ( 6.2) 2.8 ( 4.4) 

* 1.7 1.3 1.3 1.4*** 

X 2 

Oxygenates 
C4- Hydro­

carbon gas 
Cg+ Liquid 
Hydrocarbon 

Total Hydro­
carbons 

Coke 
Wt.Vs of 
Hydrocarbon 
CÏ • c 2 

%-
i c 4 ' 
nC.' 
Total C4-
Cg+ (gasoline) 
Coke 
H/C (effective)* 

of C5+ 
* Numbers shown in parentheses are the calculated values which would be 

expected i f the mixture's behavior was the arithmetic average of its 
two components. 

** Small amounts of oxygen were observed in the Cg+ liquid. The use 
of the effective hydrogen index corrects for this. 

*** Approximate numbers. 
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284 PYROLYSIS OILS FROM BIOMASS 

On a weight basis, acetic acid yields only 40% as 
much hydrocarbon as methanol. The lower y i e l d i n ZSM-5 
processing results primarily from acetic acid's carbon 
loss due to oxygen rejection through decarboxylation to 
co 2. 

Methylacetate has an EHI of 0.67 and thus, 
o r d i n a r i l y , would also be considered d i f f i c u l t to 
process. Its net hydrogen content, however, i s 
substantially higher than that of acetic acid. Because 
of i t s higher carbon content (48.6% C), and despite 
decarboxylation and coking reactions, the observed 
hydrocarbon y i e l d remains comparable to that of 
methanol. Moreover, hydrocarbon s e l e c t i v i t y for direct 
conversion to C-+ gasoline i s higher than acetic acid 
or methanol. Thus, the direct y i e l d of Cg+ gasoline i s 
32.1% on charge vs 23.3% for methanol. 

From a hydrogen balance standpoint, both acetic 
acid and methyl acetate reject less HgO and more 00 χ 

than methanol, with resultant Cg+ liq u i d s having 
effect i v e H/C's of approximately 1.3 vs 1.7 - 2 for 
methanol processing. 

Mixtures of Acetic Acid and Methanol. Processing a 
1.9/1 or a 3.8/1 molar mixture of CH^OH and acetic acid 
provided observations similar to those already 
disclosed by Chang et a l (8), v i z , an enhancement in 
Cg+ l i q u i d y i e l d at the expense of C^- vs what might be 
expected i f the mixture behaved as the average of i t s 
two components, the calculated values for which are 
shown i n parentheses i n Table I I . The s e l e c t i v i t i e s of 
the hydrocarbon products amplify the observed synergism 
with respect to Cg+ l i q u i d s . Furthermore, there i s an 
enhancement i n t o t a l hydrocarbon y i e l d vs linear 
combination expectations. 

As shown i n Table I I , the effect of increasing 
mole percent methanol i n the MeOH/acetic acid charge i s 
an attendant decrease i n oxygen rejection as COg and an 
increase i n oxygen removal as HgO. Thus, more carbon 
remains available to form hydrocarbon products, much of 
i t becoming Cg+ l i q u i d s . 

The above findings demonstrate that a short 
contact time f l u i d bed reactor operating i n a c y c l i c 
mode can be used to process low EHI compounds to y i e l d 
substantial amounts of CK+ l i q u i d hydrocarbon products. 
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CHENET AL. Fluidized-Bed Upgrading of Wood Pyrolysis Liquids 285 

By co-processing a low EHI material with a high 
EHI compound such as methanol, a s h i f t i n oxygen 
rejection from decarboxylation to dehydration takes 
place. The s h i f t results i n an increased y i e l d of 
hydrocarbons. 

The reaction of acetic acid may have potential 
application i n converting fermentation products to 
hydrocarbons. Acetic acid i s a major by-product i n 
bact e r i a l fermentation of biomass to ethanol (13). 
Mixtures of acetic acid and ethanol may also be 
processed to hydrocarbons (14). 

Upgrading of Wood Pyrolysis Liquids. The products from 
sawdust pyrolysis at 520°C i n flowing helium at 
atmospheric pressure produced the yields shown i n Table 
I I I . 

Table I I I . Wood Pyrolysis at 520 eC and 1 atm. 

Product Wt.% 
CH 4 1.4 
CO 7.1 
C0 2 8.5 

Liquid Oxygenates 55.0 
Char 28.0 

Because the object of these experiments was to track 
the amount of wood carbon which could be converted to 
hydrocarbons by pyrolysis/ZSM-5 upgrading schemes, the 
amount of water produced by pyrolysis was not measured, 
and water i n the pyrolysis l i q u i d s was fed along with 
the oxygenated products i n subsequent ZSM-5 processing. 
Elemental analyses and the apparent EHI's (including 
any water) are presented i n Table IV. Inspection of 
these data indicate that the l i q u i d products contain 
about 31% of the o r i g i n a l wood carbon. The char 
product accounts for another 49 wt% of the o r i g i n a l 
wood carbon, and i s available for in d i r e c t liquefaction 
v i a g a s i f i c a t i o n and methanol synthesis. The remaining 
20% of the wood carbon becomes CO, COg and methane, 
about half of which (as CH 4 and CO) i s also potentially 
available for conversion to methanol. 
When processed i n the presence of methanol, wood 
pyrolysis l i q u i d s exhibited synergisms and s e l e c t i v i t y 
s h i f t s similar to those discussed above for the model 
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286 PYROLYSIS OILS FROM BIOMASS 

Table IV. Elemental Analysis, wt% 

Sawdust 
Aqueous Liquid 
Laver (51%} 

Organic Liquid 
Laver (4%) Char 

c 49.2 25.9 55.0 87.3 
H 6.8 8.8 7.5 3.9 
0 43.4 65.3 37.5 8.0 
Ash 0.6 - - -
EHI 0.3 0.3 0.6 

compounds. The de t a i l s of t h i s behavior are presented 
below within the context of two potential processing 
arrangements shown i n Figures 2 and 3. A major feature 
common to both i s the use of the pyrolysis char as a 
cheap source of methanol. 

Figure 2 shows the products obtained i n a scheme 
in which di r e c t upgrading of the wood pyrolysis l i q u i d s 
over ZSM-5 occurs i n p a r a l l e l with upgrading of 
methanol obtained from synthesis gas derived from 
g a s i f i c a t i o n of the pyrolysis char. In Figure 3, the 
methanol i s mixed with the pyrolysis l i q u i d s prior to 
co-processing over ZSM-5. Approximately 40 lbs. of 
methanol per 100 lbs. of dry wood feed i s potent i a l l y 
available from the char and pyrolysis gas products. 
This amount would provide a weight r a t i o of 
methanol/pyrolysis l i q u i d s of 0.73. 

In the p a r a l l e l processing scheme, a t o t a l of 2 0 . 6 
lbs. of hydrocarbon (approximately 85% Cg+ gasoline, 
including alkylate) per 95 lbs. of t o t a l feed 
(pyrolysis l i q u i d and methanol) i s obtained. In the 
co-processing mode, approximately 3 lbs. of additional 
hydrocarbon r e s u l t concomitant with reduced oxygenates 
and coke. 

Stated d i f f e r e n t l y , without char g a s i f i c a t i o n , 
only about 6% of the carbon i n the wood could be 
upgraded to hydrocarbon products even i f a l l the 
oxygenates produced by pyrolysis were recycled to 
extinction. P a r a l l e l upgrading of methanol derived 
from char g a s i f i c a t i o n can increase th i s value to 
approximately 36%, i . e . , about 6% from the pyrolysis 
l i q u i d s and 30% from methanol. Methanol co-processing 
boosts the percent of wood carbon transformed into 
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Figure 2 . P a r a l l e l Processing Scheme 
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Figure 3. Coprocessing Scheme 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
30

, 1
98

8 
| d

oi
: 1

0.
10

21
/b

k-
19

88
-0

37
6.

ch
02

4



288 PYROLYSIS OILS FROM BIOMASS 

hydrocarbon products to approximately 42%, i . e . , about 
12% from the pyrolysis l i q u i d s and 30% from methanol. 

Conclusions 

Hydrocarbon yields can be increased s i g n i f i c a n t l y when 
wood pyrolysis l i q u i d s are coprocessed with methanol 
over ZSM-5 catalyst vs separate processing of the two 
streams over the same catalyst. Thus, coprocessing 
pyrolysis l i q u i d s with methanol produced from char 
g a s i f i c a t i o n i s one means of producing hydrocarbon 
fuels from wood. Results obtained i n th i s study 
provide a basis for comparison with other processing 
schemes such as wood g a s i f i c a t i o n followed by either 
Fischer-Tropsch synthesis or methanol synthesis plus 
Mobil's MTG process. 
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Chapter 25 

Low-Pressure Upgrading of Vacuum-Pyrolysis 
Oils from Wood 

M. Renaud, J. L. Grandmaison, Christian Roy, and S. Kaliaguine 

Department of Chemical Engineering, Université Laval, Sainte-Foy, 
Quebec G1K 7P4, Canada 

The oil fractions collected on the six hearthes of a 
wood vacuum pyrolysis process demonstration unit have 
been upgraded to hydrocarbons in the C5-C10 range on a 
ZSM-5 catalyst. The use of a precoker at reaction 
temperature has been demonstrated and C5-C10 hydrocar­
bons yields of the order of 30 wt% of oil fed, have 
been reached. GC/FTIR analyses of the heavier liquids 
collected after the precoker indicate that the acids 
in the oils play a dominant role in the gas phase 
reactions occurring in the precoker. 

As b i o m a t e r i a l s are s t r u c t u r a l l y and c h e m i c a l l y complex, biomass 
thermochemical conversion processes (1,2) produce complex f r a c t i o n s 
i n c l u d i n g a l i q u i d f r a c t i o n which, depending on the process, can be 
obtained i n l a r g e ( l i q u e f a c t i o n , p y r o l y s i s ) or small y i e l d s ( g a s i f i ­
c a t i o n ) . These l i q u i d s have found l i t t l e u t i l i t y because o f t h e i r 
l a r g e contents i n oxygen which i m p l i e s low7 heat v a l u e s , i n s t a b i l i t y 
and c o r r o s i v e p r o p e r t i e s . Two routes have been t e s t e d (3,4) i n 
order t o produce hydrocarbons from these l i q u i d s . The f i r s t one 
in v o l v e s hydrotreatment w i t h e i t h e r H2 or H2 + CO over c l a s s i c a l 
hydrotreatment c a t a l y s t s . The second route i s the simultaneous 
dehydration and dec a r b o x y l a t i o n over HZSM-5 z e o l i t e c a t a l y s t i n the 
absence of any reducing gas. 

Sol tes and L i n (5) achieved s i g n i f i c a n t deoxygenation of 
va r i o u s biomass t a r s from g a s i f i c a t i o n / p y r o l y s i s processes, i n the 
presence of hydrogen-donor s o l v e n t s (cyclohexane, t e t r a l i n , d e c a l i n ) 
and v a r i o u s s i l i c a - a l u m i n a supported metals c a t a l y s t s . E l l i o t and 
Baker (6) performed hydrodeoxygenation of the products of a process 
of l i q u e f a c t i o n i n the presence o f CO a t high pressure, u s i n g NiS, 
CoS and M0S2 c a t a l y s t s . Hydrodeoxygenation of a biomass t a r can be 
achieved when phe n o l i c compounds are i n high c o n c e n t r a t i o n s . In 
wood p y r o l y s i s however, the l i q u i d products c o n t a i n l a r g e amounts of 
low molecular weight organic a c i d s , ketones, aldehydes and furans as 
w e l l as phenolic compounds i n the methoxy- or dimethoxy (6-8) 

0097-6156/88/0376-0290$06.25/0 
© 1988 American Chemical Society 
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25. RENAUD ET AL. Low-Pressure Upgrading of Vacuum-Pyrolysis Oils 291 

s u b s t i t u t e d forms. These mixtures are th e r m a l l y i n s t a b l e i n t y p i c a l 
h y d r o t r e a t i n g c o n d i t i o n s (6). 

The second route however seems more ap p r o p r i a t e f o r the conver­
s i o n of p y r o l y t i c o i l s . I t was indeed shown t h a t a l a r g e v a r i e t y of 
oxygenated compounds can be converted i n t o hydrocarbons over H-ZSM+5 
(9-20). In a l l cases hydrocarbons i n the g a s o l i n e range are 
obtained due to the shape s e l e c t i v e p r o p e r t i e s of t h i s z e o l i t e 
c a t a l y s t (21). Moreover a remarkable r e s i s t a n c e t o coking i s obser­
ved due to the s t e r i c a l l y r e s t r i c t e d t r a n s i t i o n s t a t e s e l e c t i v i t y 
e f f e c t s , and these p r o p e r t i e s are a l s o of c o n s i d e r a b l e i n t e r e s t i n 
the context of p y r o l y t i c o i l s upgrading. Works along t h i s l i n e have 
been performed by Chantai e t a l . (22,25) working w i t h o i l s d e r i v e d 
from Aspen Poplar by dense gas e x t r a c t i o n , Frankiewicz (23) who used 
a dual process combining p y r o l y s i s of s o l i d wastes w i t h a c a t a l y t i c 
converter and Mathews et a l (24) who t r e a t e d small f r a c t i o n s of the 
o i l s produced from wood by t h e i r thermochemical process. 

In the present paper we rep o r t a study o f the conversion over 
H-ZSM-5 c a t a l y s t s , of the f r a c t i o n a t e d o i l produced by vacuum p y r o l ­
y s i s of Populus Deltoïdes wood i n a Process Demonstration U n i t (PDU) 
(26). 

Experimental 

P y r o l y t i c O i l . The o i l under study was produced by the vacuum pyro­
l y s i s process, c u r r e n t l y under development a t LAVAL U n i v e r s i t y and 
CRIQ (26). The PDU i s a s i x - h e a r t h furnace, 2m high and O.7 m i n 
diameter. In t h i s u n i t , the organic vapours and gaseous products 
are r a p i d l y removed from the r e a c t o r through a s e r i e s o f o u t l e t 
manifolds. Then the vapours are condensed i n a primary c o o l i n g 
u n i t , and recovered as a l i q u i d f r a c t i o n f o r each hearth. As shown 
i n F i g u r e 1 four a d d i t i o n a l l i q u i d f r a c t i o n s are c o l l e c t e d i n the 
secondary c o o l i n g u n i t . In t h i s work on l y the f r a c t i o n s from the 
primary c o o l i n g u n i t have been s t u d i e d and designated as o i l s #1 to 
#6 corresponding t o the s i x hearthes from top t o bottom. 

In standard p y r o l y s i s experiments using Populus Deltoïdes 
c h i p s , the pressure i n the r e a c t o r was lower than 80 Torr and the 
hearth temperatures were 215, 275, 325, 370, 415 and 465°C from top 
to bottom r e s p e c t i v e l y . Table I g i v e s some a n a l y t i c a l r e s u l t s f o r 
these s i x o i l s . The low water contents are due t o the f r a c t i o n a l 

Table I . Some C h a r a c t e r i s t i c s of the P y r o l y t i c O i l s 

Mw** 
O i l # % Water* Formic A c e t i c Average Molecular 

a c i d wt % a c i d wt % weight 
1 7.8 2.64 3.63 342 
ο c 5.4 2.34 4.13 528 
o 4.4 3.73 5.18 572 
4 3.9 4.40 3.26 393 
5 7.0 7.25 3.16 233 
6 3.8 2.60 2.26 123 

* determined by K a r l - F i s h e r 
** determined by GPC 
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292 PYROLYSIS OILS FROM BIOMASS 

FEEDER 

Figure 1. Scheme of the vacuum pyrolysis process development 
unit. 
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condensation of p y r o l y s i s products i n the primary c o o l i n g u n i t . 
Formic and a c e t i c a c i d s are considered the most abundant s i n g l e 
organic compounds i n these o i l s . 

Conversion Reactor. The experimental set-up i s a s l i g h t l y m o d i fied 
v e r s i o n of a r e a c t o r d e s c r i b e d p r e v i o u s l y (22). As heating the 
p y r o l y t i c o i l s t o the r e a c t i o n temperature i s b e l i e v e d t o induce 
thermal polymerisation/condensation r e a c t i o n s , a device was designed 
i n order to preheat the vaporized feed and condense at an a p p r o p r i ­
ate temperature the heavier products. This device i s d e s c r i b e d i n 
F i g u r e 2. Using a s y r i n g e pump (SAGE 220) the l i q u i d o i l i s 
i n j e c t e d i n a c o n t r o l l e d flow of helium ( 6.0 SCC/min) and f i r s t 
fed t o an empty pyrex tube maintained at the same temperature than 
the t u b u l a r r e a c t o r [ i n l e t o i l p a r t i a l pressure 50-300 Torr, r e s i ­
dence time 5-15 s ] . At the o u t l e t of t h i s tube the gas passes 
through a hot t r a p (150°C) where a heavy f r a c t i o n i s condensed. The 
gas flow T then enters the m i c r o c a t a l y t i c pyrex t u b u l a r r e a c t o r and i t 
i s led to the heated (200°C) automatic sampling v a l v e of a Gas 
Chromatograph ( P e r k i n Elmer, Sigma 115) through a heated l i n e 
(160°C). A f t e r the valve the products are c o l l e c t e d as three f r a c ­
t i o n s i n three successive t r a p s maintained at 4, -76 and -196°C 
r e s p e c t i v e l y . 

A f t e r a t e s t the t u b u l a r r e a c t o r s can be t r a n s p o r t e d t o another 
set-up where they can be regenerated i n a c o n t r o l l e d flow of dry a i r 
a t 500°C. The CO2 and H2O produced are adsorbed over a s c a r i t e and 
d r i e r i t e r e s p e c t i v e l y and weighed. The sum of the masses of carbon 
i n CO2 and hydrogen i n H2O was determined and compared t o the measu­
red mass of the coke deposited i n each of the two pyrex tubes. 

Each experiment was performed using 1.0 ± O.2 g of the c a t a l y s t 
designated as H-22, u n d i l u t e d . This i s the H form of a ZSM-5 sample 
prepared by the procedure d e s c r i b e d as method B* by GABELICA et a l 
(28). I t has S i / A l r a t i o of 22, and i t s sodium content i s l e s s than 
220 ppm as determined by PIXGE (29). 

The GC on l i n e w i t h the r e a c t o r was equipped w i t h TC and FID 
d e t e c t o r s and a Porapak-Q column (6 f t , 1/8" OD, 80-100 mesh). In 
instances were peak i d e n t i f i c a t i o n was i n doubt, the f r a c t i o n i n the 
4°C t r a p was f u r t h e r analyzed using another GC ( P e r k i n Elmer Sigma 
3) equipped w i t h a FID d e t e c t o r and a c a p i l l a r y column DB-1 (30 m). 

In t y p i c a l runs, o i l was i n j e c t e d f o r about 3 000 s but chroma­
tographic a n a l y s i s was s t a r t e d a t 2 000 s f o r a l l experiments. 

Experimental Design. A s t a t i s t i c a l experimental design was employed 
t o study the e f f e c t of the process parameters, namely, temperature 
(350-450°C), space v e l o c i t y (LHSV = O.5-2.5 h" 1 ) and o i l f r a c t i o n , 
on v a r i o u s response v a r i a b l e s . In order t o reduce the number of 
experiments, a Box-Behnken experimental design (30) was s e l e c t e d . 
T h i s design i s v i s u a l i z e d as a cube i n F i g u r e 3. Since 6 o i l f r a c ­
t i o n s were studied two Box-Behnken cubes were used i n order t o m i n i ­
mize the number of experiments by studying three o i l s i n each cube. 
Eventhough a d i s c r e t e v a r i a b l e i s employed t o represent the o i l , i n 
r e a l i t y the hearth number (1 t o 6) f o l l o w s the r e a c t i o n temperature 
on the hearth which i s continuous. The experiments were performed 
i n a random manner. 
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294 PYROLYSIS OILS FROM BIOMASS 

INJECTION J T ° G C ° N D C 0 0 U N G T R A P S 

Figure 2. Scheme of the o i l precoker and reactor. 
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GC/FTIR A n a l y s i s of O i l s and Residua. Analyses of o i l s and r e s i d u a 
( c o l l e c t e d i n the hot t r a p a t the o u t l e t of the empty Pyrex tube) 
were performed u s i n g a GC/FTIR D i g i l a b FTS60 system equipped w i t h a 
Hewlett-Packard 5890 gas chromatograph. The c a p i l l a r y column was a 
DB-WAX coated column of O.25 mm diameter and 60 m length. The 
i n j e c t i o n was i n the on-column mode and the oven temperature program 
was 50°C (10 min) 5°C/min + 240°C. The s p e c t r a l data a c q u i s i t i o n 
r a t e was 1/1.1 s~ 1 (with co-adding of 4 spectra) and the s p e c t r a l 
r e s o l u t i o n was 8 cm - 1. The peak component i d e n t i f i c a t i o n was per­
formed using an automatic l i b r a r y search a g a i n s t the vapour phase 
SADTLER l i b r a r y (9000 compounds). 

R e s u l t s and D i s c u s s i o n 

Table I I shows the experimental r e s u l t s and c o n d i t i o n s f o r the 
c a t a l y t i c upgrading t e s t s of the s i x p y r o l y t i c o i l s . I t g i v e s the 
weight percents of the v a r i o u s f r a c t i o n s of products c o l l e c t e d . 
Coke #1 corresponds f o r example to the t o t a l weight of the m a t e r i a l 
deposited on the w a l l of the empty pyrex tube whereas coke #2 i s the 
one l e f t i n the t u b u l a r r e a c t o r (on the c a t a l y s t ) at the end of a 
t e s t . The t a r c o l l e c t e d i n the hot t r a p i s designated as the r e s i d ­
uum, whereas the cumulative mass recovered i n a l l t hree c o l d t r a p s 
i s i n d i c a t e d as " t r a p s " . 

The composition of the " t r a p s " f r a c t i o n i s the one of the 
stream l e a v i n g the r e a c t o r . I t i s given i n Table I I i n a condensed 
manner as weight percents of v a r i o u s components i n c l u d i n g Cs-Ci υ 
hydrocarbons, C i o + hydrocarbons and oxygenates. These oxygenates 
are mostly comprising phenolic and f u r a n i c compounds. Fi g u r e 4 
shows some of the c h a r a c t e r i s t i c s of the s i x p y r o l y t i c o i l s . The 
average molecular weight v a r i e s i n a continuous manner w i t h the 
hearth number, showing a maximum value f o r the o i l produced on the 
3rd hearth and a minimum value f o r the one from hearth No 6. 

I t must be noted t h a t the sum of weight f r a c t i o n s of a c e t i c and 
formic a c i d s i s f o l l o w i n g a s i m i l a r p a t t e r n except f o r the o i l No 5 
which c o n t a i n s much formic a c i d and i s t h e r e f o r e much more a c i d i c . 
The low content i n formic a c i d of o i l No 6 i s a c l e a r i n d i c a t i o n 
that the s o l i d r e s i due l e a v i n g hearth No 5 i s very d i f f e r e n t i n na­
t u r e from the one from hearth No 4 bearing much l e s s i n t a c t or 
s l i g h t l y degraded c e l l u l o s e (the main source of formic a c i d ) and 
much more recondensed m a t e r i a l . Figure 5 shows f o r each o i l the 
average values of the weight percents of coke #1, residuum and the 
y i e l d i n C 5 - C 1 0 hydrocarbons. I t i s i n t e r e s t i n g t o note that at 
l e a s t f o r the f i r s t four o i l s these values are o b v i o u s l y c o r r e l a t e d 
with both o i l average molecular weight and a c i d i t y (Figure 4). As 
expected, coke #1 i s higher when the o i l i s h e a v i e r , but the r e s i d ­
uum i s much small e r . This l a s t r e s u l t can o n l y be understood i f the 
residuum i s seen as an intermediate product of gas phase depolymeri-
z a t i o n which would be f a s t e r f o r the most a c i d i c mixtures. Indeed 
f o r example the low residuum value obtained w i t h o i l No 5 would then 
be the r e s u l t of t h i s o i l being much more a c i d i c than the others. 

The C 5 - C 1 0 y i e l d i s a l s o c o r r e l a t e d w i t h Mw (up t o o i l No 5) 
but t h i s c o r r e l a t i o n i s the r e s u l t of a more i n t r i c a t e i n t e r a c t i o n 
of v a r i o u s f a c t o r s . C 5 - C 1 0 y i e l d does not depend on l y on molecular 
s i z e or a c i d i t y of the o i l but a l s o on i t s chemical nature. O i l No 
3 which c o n t a i n s more l i g n i n fragments i s l i a b l e to y i e l d small phe-
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296 PYROLYSIS OILS FROM BIOMASS 

1 2 * 

4 5 6 <* 
OIL FRACTION 

• EXPERIMENTAL TEST 

Figure 3 
600 

gj) TRIPLICATE OF THE CENTER POINT 

Box Behnken experimental design. 

6 HEARTH NUMBER 
425 HEARTH TEMPERAT. 

Figure 4. Characteristics of the pyrolysis o i l s . A: Average 
molecular weight; B: wt % of acetic acid (•), Formic acid (o) 
and acetic + formic acids (Δ). 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
30

, 1
98

8 
| d

oi
: 1

0.
10

21
/b

k-
19

88
-0

37
6.

ch
02

5



Ta
bl

e 
II

. 
Ex

pe
ri

me
nt

al
 C

on
di

ti
on

s 
an

d 
Re

su
lt

s 
of

 C
at

al
yt

ic
 U

pg
ra

di
ng

 o
f 

Py
ro

ly
ti

c 
Oi

ls
 

Oi
l 

# 
Te
mp
. 

LH
SV
 

Co
ke

 w
t 

% 
Re
si
du
um
 

Tr
ap

s 
Pr

od
uc

t 
Di

st
ri

bu
ti

on
, 

wt
 
% 

Yi
el

d 
°C

 
h-
* 

#1
 

#2
 

wt
 
% 

wt
 
% 

00
 

C
O

2 
H

2
O

 
C

1
-C

4 
C

s
-

C
i

o
 

Ox
yt
f.
 

BT
X 

C
i

o
* 

C 5 
-C

10
 

1 
35
0 

1.
2 

15
.2
 

2.
3 

50
.8
 

31
.6
 

1.
2 

1.
7 

5.
6 

1.
2 

61
.9
 

26
.0
 

23
.5
 

3.
3 

19
.3
 

1 
40
0 

O.
5 

21
.7
 

6.
5 

10
.9
 

60
.9
 

O.
7 

O.
8 

3.
7 

2.
2 

48
.7
 

25
.7
 

21
.1
 

18
.4
 

29
.7
 

1 
40
0 

2.
5 

17
.4
 

2.
8 

54
.8
 

24
.9
 

1.
0 

2.
0 

6.
2 

4.
3 

57
.6
 

23
.9
 

19
.7
 

4.
9 

14
.3
 

1 
45
0 

1.
2 

18
.7
 

2.
3 

40
.9
 

38
.1
 

O.
9 

1.
1 

3.
2 

1.
4 

76
.8
 

12
.0
 

18
.0
 

4.
6 

29
.3
 

2 
35
0 

O.
5 

10
.0
 

4.
3 

62
.9
 

22
.9
 

O.
9 

1.
2 

4.
5 

1.
8 

52
.2
 

33
.7
 

18
.8
 

5.
4 

12
.0
 

2 
35
0 

2.
5 

30
.5
 

3.
9 

31
.2
 

34
.4
 

1.
3 

2.
7 

5.
5 

1.4
 

51
.4
 

29
.5
 

13
.1
 

8.
1 

17
.7
 

2 
40
0 

1.
2 

20
.6
 

5.
9 

26
.5
 

47
.1
 

O.
8 

1.
0 

3.
4 

2.
0 

45
.8
 

32
.5
 

17
.2
 

14
.6
 

21
.6
 

2 
40
0 

1.
2 

22
.9
 

5.
1 

28
.8
 

43
.2
 

O.
9 

1.
2 

3.
8 

2.
5 

44
.4
 

34
.1
 

18
.8
 

13
.1
 

19
.2
 

2 
40
0 

1.
2 

21
.3
 

5.
6 

24
.0
 

49
.1
 

1.
0 

1.
2 

3.
1 

1.
3 

45
.4
 

29
.9
 

17
.4
 

17
.1
 

22
.3
 

2 
45
0 

O.
5 

30
.9
 

3.
6 

9.
1 

56
.4
 

O.
8 

1.
2 

3.
1 

2.
0 

48
.3
 

36
.3
 

18
.4
 

8.
5 

27
.2
 

2 
45
0 

2.
5 

36
.6
 

2.
8 

22
.5
 

38
.0
 

2.
6 

4.
6 

7.
2 

4.
6 

54
.7
 

23
.3
 

22
.0
 

2.
8 

20
.8
 

3 
35
0 

1.
2 

33
.1
 

4.
3 

30
.7
 

31
.9
 

O.
6 

O.
7 

3.
2 

O.
6 

47
.0
 

34
.0
 

10
.7
 

13
.9
 

15
.0
 

3 
40
0 

O.
5 

25
.4
 

3.
4 

25
.4
 

45
.8
 

1.
3 

1.
9 

4.
5 

4.
0 

42
.6
 

34
.6
 

28
.1
 

11
.1
 

19
.5
 

3 
40
0 

2.
5 

19
.2
 

3.
1 

46
.9
 

30
.8
 

O.
6 

O.
9 

2.
4 

1.
1 

34
.9
 

48
.8
 

8.
8 

11
.3
 

10
.7
 

3 
45
0 

1.
2 

22
.3
 

5.
9 

29
.4
 

42
.3
 

O.
8 

O.
9 

2.
3 

1.
8 

38
.6
 

39
.0
 

17
.8
 

16
.5
 

16
.3
 

4 
35
0 

1.
2 

20
.1
 

2.
4 

52
.4
 

25
.0
 

1.
3 

1.
7 

5.
1 

1.
1 

58
.1
 

24
.6
 

22
.4
 

8.
2 

14
.5
 

4 
40
0 

O.
5 

23
.0
 

2.
7 

32
.4
 

41
.9
 

1.
7 

2.
2 

6.
5 

2.
2 

52
.6
 

25
.1
 

27
.7
 

9.
8 

22
.0
 

4 
40
0 

2.
5 

11
.7
 

2.
6 

58
.3
 

27
.4
 

1.
3 

1.
8 

6.
4 

1.
9 

51
.3
 

27
.6
 

20
.0
 

9.
7 

14
.1
 

4 
45
0 

1.
2 

26
.3
 

3.
5 

17
.5
 

52
.6
 

O.
9 

1.
3 

7.
1 

4.
2 

48
.0
 

21
.9
 

16
.7
 

16
.5
 

25
.2
 

C
on

ti
nu

ed
 o

n 
n

ex
t 

p
a

ge
 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
30

, 1
98

8 
| d

oi
: 1

0.
10

21
/b

k-
19

88
-0

37
6.

ch
02

5



Ta
bl

e 
II

. 
Co

nt
in

ue
d 

Oi
l 
# 

Te
mp
. 

O
C

 

LH
SV
 

h
-

i 

Co
ke
 w
t 
% 

Re
si
du
um
 

wt
 %
 

Tr
ap

s 
wt
 %
 

Pr
od

uc
t 

Di
st

ri
bu

ti
on

, 
wt
 %

 
Yi

el
d 

C
5 

-
C

i 
0 

Oi
l 
# 

Te
mp
. 

O
C

 

LH
SV
 

h
-

i 
#1
 

#2
 

Re
si
du
um
 

wt
 %
 

Tr
ap

s 
wt
 %
 

00
 

C
O

2
 

H
2

O
 

C
i 

-
C

4
 

C 5
 -

C
i 

0 
Ox
yg
. 

BT
X 

C
1

0
4

 

Yi
el

d 
C

5 
-

C
i 

0 

5 
35
0 

O.
5 

27
.1
 

3.
4 

16
.9
 

52
.4
 

1.
6 

1.
9 

6.
7 

1.
3 

52
.2
 

29
.7
 

26
.0
 

6.
6 

27
.4
 

5 
35
0 

2.
5 

21
.4
 

8.
6 

28
.6
 

41
.4
 

O.
9 

O.
6 

8.
0 

1.
5 

54
.3
 

31
.1
 

22
.1
 

3.
5 

22
.5
 

6 
40
0 

1.
2 

25
.5
 

3.
9 

24
.5
 

46
.1
 

O.
4 

O.
5 

2.
9 

1.
1 

53
.1
 

28
.5
 

19
.0
 
13
.6
 

24
.5
 

5 
40
0 

1.
2 

22
.1
 

4.
1 

27
.9
 

45
.9
 

O.
6 

O.
9 

2.
1 

1.
2 

47
.9
 

34
.3
 

17
.2
 
13
.0
 

22
.0
 

5 
40
0 

1.
2 

29
.6
 

3.
2 

20
.3
 

46
.9
 

O.
3 

O.
5 

4.
0 

1.
4 

56
.9
 

24
.9
 

20
.4
 
12
.0
 

26
.7
 

5 
45
0 

O.
5 

30
.6
 

5.
6 

9.
7 

54
.2
 

O.
7 

O.
9 

2.
3 

3.
3 

52
.9
 

36
.8
 

22
.0
 

2.
6 

28
.7
 

5 
45
0 

2.
5 

31
.8
 

1.
3 

25
.2
 

41
.7
 

2.
5 

4.
7 

8.
8 

12
.1
 

37
.1
 

30
.5
 

30
.6
 

4.
1 

15
.5
 

6 
35
0 

1.
2 

18
.7
 

2.
9 

56
.7
 

21
.6
 

O.
2 

O.
3 

1.
7 

O.
2 

25
.1
 

71
.0
 

6.
9 

1.
5 

5.
4 

β 
40
0 

O.
5 

30
.3
 
12
.1
 

3.
0 

54
.5
 

O.
3 

O.
3 

1.
0 

O.
9 

30
.7
 

47
.2
 

11
.2
 
19
.9
 

16
.7
 

β 
40
0 

2.
5 

10
.7
 

2.
1 

68
.2
 

19
.0
 

1.
4 

1.
9 

7.
4 

2.
5 

30
.7
 

21
.5
 

19
.3
 
11
.7
 

10
.2
 

6 
45
0 

1.
2 

20
.4
 

2.
4 

47
.9
 

29
.3
 

1.
3 

1.
2 

3.
9 

5.
9 

46
.1
 

23
.9
 

15
.6
 
17
.5
 

13
.5
 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
30

, 1
98

8 
| d

oi
: 1

0.
10

21
/b

k-
19

88
-0

37
6.

ch
02

5



25. RENAUD ET AL. Low-Pressure Upgrading of Vacuum-Pyrolysis Oils 299 

1 2 3 4 5 6 HEARTH NUMBER 
225 265 305 345 385 425 HEARTH TEMPERAT. 

Figure 5. Average values for A: Cs-Cioî Β: cokel + coke2 (o), 
residuum (Δ). 
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300 PYROLYSIS OILS FROM BIOMASS 

n o l i c s which are v o l a t i l e enough t o reach the c a t a l y t s but which are 
not converted t o hydrocarbons. S i m i l a r i l y o i l No 6 which i s b e l i e ­
ved t o con t a i n l e s s polysaccharides p y r o l y s i s products shows a very 
low C 5 - C 1 0 y i e l d . 

The e f f e c t o f the v a r i o u s parameters on the " t r a p s " weight per­
cent i s reported i n Fig u r e 6. This term represents roughly the 
f r a c t i o n of the o i l reaching the c a t a l y s t and must t h e r e f o r e be con­
s i d e r e d as a y i e l d f o r the p r e l i m i n a r y thermal processing. The 
curves are drawn not t a k i n g i n t o account the r e s u l t s f o r o i l No δ. 
Comparing the curves obtained a t 350 and 450°C (both a t 1.2 LHSV) 
shows that i n c r e a s i n g the temperature increases the depolymerisation 
of the o i l s components. The two curves a t 400°C and O.5 and 2.5 
LHSV show that i n c r e a s i n g the residence time i n the empty tube and 
the hot t r a p increases a l s o the depolymerisation y i e l d . 

These r e s u l t s show the i n t e r e s t of the experimental procedure 
adopted i n t h i s work, as t h i s gas phase thermal depolymerisation 
which occurs a t the same temperature than the c a t a l y t i c process can 
be s t u d i e d s e p a r a t e l y . This i s not the case when the vaporized o i l 
i s d i r e c t l y i n j e c t e d onto the c a t a l y s t and both processes happen 
simultaneously. 

Figure 7 gi v e s the y i e l d i n C 5 - C 1 0 obtained f o r the v a r i o u s 
o i l s as a f u n c t i o n of temperature and LHSV. Comparing the curves a t 
350 and 450°C shows t h a t a r i s e i n temperature increases t h i s y i e l d 
i n p r o p o r t i o n s roughly s i m i l a r t o the increase of the " t r a p s " f r a c ­
t i o n (see Figure 6) without a f f e c t i n g much the percent of unconver­
ted oxygenates i n the " t r a p s " f r a c t i o n (see Figure 8). This sug­
gests t h a t the most important e f f e c t o f temperature i s t o increase 
the y i e l d of thermal depolymerization i n the precoker. This i s con­
firmed by the f a c t t h a t the o i l No 5 which i s the most a c i d i c and i s 
more thorougly depolymerized ( y i e l d i n g a higher " t r a p s " f r a c t i o n ) , 
i s a l s o showing the highest C 5 - C 1 0 y i e l d . S i m i l a r observations can 
be made f o r the e f f e c t of contact time a t 400°C. 

I t i s i n t e r e s t i n g t o note t h a t f o r s e v e r a l o i l s (No 1, 2, 4 and 
5) y i e l d s c l o s e t o 30% have been reached. This i s t o be compared 
wi t h the r e s u l t s of Chantai e t a l (22) who obtained maximum y i e l d s 
of 15-17% from SCE o i l s converted on ZSM-5 i n a one step process. 
F i g u r e 8 shows the v a r i a t i o n s of the percents o f oxygenates i n the 
t r a p s . In l i n e with previous d i s c u s s i o n , maximum oxygenates are 
obtained from o i l s No 3 and 6 which c o n t a i n r e s p e c t i v e l y more l i g n i n 
fragments and more product of high temperature decomposition of r e -
condensed m a t e r i a l and which t h e r e f o r e both c o n t a i n more p h e n o l i c 
compounds. 

Time on Stream Data. Figure 9 re p o r t s the r e s u l t s of a se t of 
experiments (not shown i n Table I I ) designed t o assess the d e a c t i v a ­
t i o n behaviour of the c a t a l y s t . In these experiments the feed was a 
mixture of the s i x o i l s . I t was i n j e c t e d f o r a f i x e d time i n the 
r e a c t o r assembly maintained a t 400°C. Then the gases l e a v i n g the 
r e a c t o r were analyzed and the i n j e c t i o n o f o i l was stopped u n t i l the 
chromatographic a n a l y s i s was completed, a t which time the i n j e c t i o n 
was r e s t a r t e d f o r another f i x e d time and t h i s o p e r a t i o n was repeated 
three times. 

Figure 9 shows that the composition o f the product changes w i t h 
time on stream, w i t h d e a c t i v a t i o n appearing a f t e r 250-500 s. The 
decrease i n deoxygenation a c t i v i t y i s seen from the decrease i n H2O, 
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Figure 6. Weight % of the products collected at the reactor 
outlet. 

30 

L·^o\ 
X 
S2 

10 

C 5 - C 1 0 YIELD (%) 

® 

—-^+-^^ 

X 

Θ 
Φ 

8 
~ Ci Θ + 

\ ^ • 

Β Ο Η 

^ > - 4 0 0 O C 

V - 4 5 0 C 

O.5 LHSV 

1.2 LHSV 

GB 

® 
400°C 2.5 LHSV 

I 1 1 1 I 

V - 3 5 0 ° C 

ο 

1 

1.2 LHSV 

1 2 3 4 5 6 HEARTH NUMBER 
225 265 305 345 385 425 HEARTH TEMPERATURE 

(°C 

Figure 7. C 5 - C 1 0 hydrocarbon yields. 
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302 PYROLYSIS OILS FROM BIOMASS 

Figure 8. Weight % of oxygenates in the products at the reactor 
outlet. 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
30

, 1
98

8 
| d

oi
: 1

0.
10

21
/b

k-
19

88
-0

37
6.

ch
02

5



RENAUD ET AL. Low-Pressure Upgrading of Vacuum-Pyrolysis Oils 303 

Figure 9. Product distribution as a function of time on stream. 
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304 PYROLYSIS OILS FROM BIOMASS 

CO, CO2 and the increase i n oxygenates. The appearance of C i o + aro-
matics i n the products i s of s p e c i a l i n t e r e s t . Since such l a r g e 
compounds cannot be generated w i t h i n the pores o f the ZSM-ô z e c l i t e -
(21), they can onl y be generated e i t h e r on the e x t e r n a l a c i d s i t e s 
or from the coke d e p o s i t as pos t u l a t e d r e c e n t l y (13). This would 
a l s o e x p l a i n the e v o l u t i o n of the Ce-Cio aromatics d i s t r i b u t i o n with 
time on stream, showing a r e l a t i v e increase i n C10 as w e l l as C i o + . 

The time s c a l e f o r c a t a l y s t d e a c t i v a t i o n i s showing the great 
r e s i s t a n c e of the ZSM-5 c a t a l y s t t o coking. At s i m i l a r temperatures 
f o r example a p e l l e t of H-Y c r a c k i n g c a t a l y s t i s d e a c t i v a t e d w i t h i n 
2-3 seconds i n the FCC process. 

GC/FTIR Data. Table I I I r e p o r t s GC/FTIR analyses f o r o i l #5 and 
three residua obtained i n three experiments performed at 350, 400 
and 450°C., using o i l #5 as the feed. A l l compounds detected e i t h e r 
as major (Μ), l a r g e (X) or t r a c e (T) components have been c h a r a c t e r ­
i z e d by t h e i r i n f r a r e d s p e c t r a . The number f o l l o w i n g each i d e n t i ­
f i c a t i o n i n Table I I I i s the f i t q u a l i t y index of the experimental 
spectrum t o the one i n the l i b r a r y . The lower t h i s number, the bet­
t e r the f i t . 

Table IV. Compounds present i n o i l and not (or low) 
i n residuum 

Peak number Abundance 
i n o i l 

13B M Formic a c i d (O.05) 
16 X Propanoic a c i d (O.03) 
34 M a c i d s Cycloalkane w i t h a ketone and an 

a c i d f u n c t i o n s 
55 Χ B u t y r i c a c i d ; 2-hydroxy, 2 methyl 
63 Τ L e v u l i n i c a c i d (O.08) 

7 M ( 2-propanone-1-hydroxy (O.05) 
ketones 

8 Τ ( l-cyclopentene-3 one (O.03) 

62B Χ ί Ether, 2-methoxy e t h y l v i n y l 
ethers ] (O.21) 

72 τ ( Pyroca t e c h o l , 3-methoxy (O.07) 

Table IV l i s t s a l l the compounds present i n o i l #5 and not 
found (or i n very low concentration) i n the r e s i d u a . I t i n c l u d e s 
f i v e a c i d s , two ketones and two ethers. A c e t i c a c i d i s not i n c l u d e d 
i n t h i s l i s t s i n c e i t i s s t i l l present i n r e s i d u a w i t h i t s concen­
t r a t i o n o n l y decreasing a t 450°C. 

Table V giv e s a l l the compounds which according t o the r e s u l t s 
of Table I I I , were present i n the r e s i d u a but were not found i n o i l 
#5. These compounds i n c l u d e eleven e s t e r s , some of which as major 
components, f i v e lactones or diones, s i x phe n o l i c compounds and o n l y 
two a c i d s found as t r a c e s . 

From the comparison of Tables I I I , IV and V the f o l l o w i n g con­
c l u s i o n s can be drawn on the chemical transformations o c c u r r i n g i n 
the empty Pyrex tube used as a precoker: 

1/ Acids i n the o i l are h e a v i l y e s t e r i f i e d . 
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Table V. Ck>mpounds not found in o i l but present in residuum 

Peak 
number 

Abundance i n 
residuum at 

350 400 450<>C 
1 Τ Μ Χ 'Formiate, methyl (O.03) 
2 M Μ χ Acetate, methyl (O.03) 
6 - Τ - Lactic acid, methyl ester 

(O.08) 
9B Χ Μ Μ Glycolic acid, methyl ester 

(O.03) 
15 M Χ Χ Furfuryl alcohol, tetrahydro 

proprionate (O.08) 
20B - Χ Χ ι Propionic acid, ester 
22 - Τ - esters \ Pyruvic acid, 3 hydroxy-

3 phenyl-methyl ester 
(O.15) 

24 Τ τ - Acetic acid, 2 hydroxyethyl 
ester (O.15) 

30B Χ - - Adipic acid, monoethyl ester 
(O.10) 

58 - χ - Lactic acid, methyl ester 
62 M Μ Μ ^Unidentified ester 

32 Τ Χ 'Butyrolactone,-2 carboxy, 
ethyl ester (O.10) 

25 Τ Χ - Butyric acid, 4-hydroxy, 
lactones G-lactone (O.04) 

33 Μ Μ Μ and { Crotonic acid, 4 hydroxy, 
diones G-lactone (O.02) 

42 Χ Χ Τ Cyclopentane-1,2-dione, 
4-methyl 

5 Τ χ - ^1,3-Cyclohexane dione (O.15) 

48 Μ Μ "Phenol (O.06) 
68 Χ Χ Τ Phenol, 4 propenyl-2,6-dime-

toxy 
69 Μ - - Benzoic acid (O.05) 
71 Χ - - phenolic j / Phenol 2-6-dimethoxy 

compounds V derivative 77 Χ τ - Benzaldehyde, 4 hydroxy, 
3 methoxy (O.03) 

81 Χ - - Aceto phenone, 4 Pr-hydroxy, 
V. 3 Pr-methoxy (O.05) 

29 - Τ - fValeric acid, 4-hydroxy 
acids < (O.11) 

54B = Τ ^Glutaric acid, 2 methyl 
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308 PYROLYSIS OILS FROM BIOMASS 

2/ Lactones and diones are obtained q u i t e probably by dehydra­
t i o n and condensation r e a c t i o n s i n v o l v i n g carbohydrate d e r i v a t i v e s . 

3/ Among the phenolic compounds, phenol which i s absent i n o i l 
#5 i s found as a major component i n r e s i d u a . Cracking r e a c t i o n s 
i n v o l v i n g s i d e chains l i k e propenyl and methoxy groups on phenolic 
compounds have t h e r e f o r e occurred. 

A l l three r e a c t i o n types must be l i n k e d t o the high concentra­
t i o n s of o a r b o x y l i c a c i d s i n the o i l . These a c i d s o b v i o u s l y act as 
rea c t a n t s i n e s t e r i f i c a t i o n s . A c ids are a l s o good c a t a l y s t s f o r 
dehydration, condensation, c r a c k i n g and h y d r o l y s i s of ether l i n k a g e s 
i n the range of temperature under c o n s i d e r a t i o n . I t i s t h e r e f o r e 
h i g h l y probable t h a t the c a r b o x y l i c a c i d s i n the o i l a c t as homoge­
neous c a t a l y s t s o f these r e a c t i o n s . The high observed r a t e s of 
cokéfaction must a l s o be a s s o c i a t e d w i t h the high a c i d i t y of the gas 
phase. 

These r e s u l t s u n d e r l i n e the e f f i c i e n c y of the vacuum p y r o l y s i s 
process i n a v o i d i n g secondary r e a c t i o n s of a c i d s s i n c e o i l #5 was 
produced at 415°C i n the vacuum p y r o l y s i s demonstration u n i t and the 
r e a c t i o n s i n the precoker were observed a t 350°-450°C. I t i s t h e r e ­
f o r e c l e a r that the vacuum p y r o l y s i s has an important asset due t o 
i t s a b i l i t y t o preserve intermediate products of thermal degradation 
which may i n c l u d e h i g h l y p r i c e d f i n e chemicals. 

Conclusions 

The experimental set-up used i n t h i s work allowed to decouple the 
gas phase thermal conversion of the p y r o l y t i c o i l s from the 
c a t a l y t i c upgrading. These two s e t s of r e a c t i o n s happen i n the same 
temperature range and are t h e r e f o r e simultaneous when the o i l i s 
d i r e c t l y f ed to the c a t a l y s t . P r e l i m i n a r y thermal conversions i n ­
clude some coking and an important thermal depolymerization. Both 
r e a c t i o n s are a c c e l e r a t e d i n the presence of v o l a t i l e a c i d s i n the 
gas phase. Moreover performing both r e a c t i o n s i n a preheater i s 
b e n e f i c i a l t o the c a t a l y t i c conversion f i r s t because the d e a c t i v a ­
t i o n of the c a t a l y s t i s l e s s important and secondly because depoly-
merized fragments y i e l d higher conversions t o hydrocarbons. C 5 - C 1 0 
hydrocarbon y i e l d s as high as 30 wt% have been c o n s i s t e n t l y obtained 
f o r r e a c t i o n times of 2 000 s'. 
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Chapter 26 

Molecular-Beam, Mass-Spectrometric Studies 
of Wood Vapor and Model Compounds 

over an H Z S M - 5 Catalyst 

Robert J . Evans and Thomas Milne 

Solar Energy Research Institute, 1617 Cole Boulevard, Golden, C O 80401 

Molecular beam mass spectrometry and a quartz micro-
reactor operating in the pulsed mode, have been used to 
characterize the direct conversion of biomass pyrolysis 
products over an HZSM-5 zeolite. This technique allows 
the observation of the reaction products in real time 
and is ideally suited to screen a variety of catalysts, 
operating conditions, and model compounds to determine 
relative reactivity and variation in product composi­
tion as a function of operating conditions. The rela­
tive advantages of shape-selective catalysts with 
strong acid sites are apparant for wood pyrolysis pro­
ducts. The effect of temperature and weight hourly 
space velocity on product composition was screened and 
shows differences in reaction pathways between biomass 
pyrolysis products and methanol. The synergistic ef­
fect of co-feeding methanol and biomass was observed, 
using this technique, and showed that more aromatic 
gasoline products were formed. Methods of calibration 
have been implemented so that yield estimates can be 
made. Replicate runs gave hydrocarbon yields from wood 
of 18 ±4 wt %, with equal amounts of light olefins and 
aromatics. Screening of model compounds has shown that 
the methoxyphenols, derived from lignins, give low 
yields of hydrocarbon products, while carbohydrate­
-derived ring structures, such as furfural and α-angeli­
-calactones, are good sources of light aromatics. 

The goal of the molecular-beam, mass-spectrometry (MBMS) studies of 
biomass pyrolysis product conversion over zeolite catalysts is to 
provide rapid characterization, in real time, of the fate of the 
complex reactants as a function of reaction parameters. This tech­
nique allows the qualitative observation of transient, reactive and 
high molecular weight reactants and products that might otherwise 
escape detection by conventional collection and analysis methods. 
The goal is to optimize gasoline yields from biomass, at this small 
scale, by evaluating a typical Mobil HZSM-5 zeolite in its abi l i ty 

0097-6156/88/0376-0311$06.00/0 
© 1988 American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
30

, 1
98

8 
| d

oi
: 1

0.
10

21
/b

k-
19

88
-0

37
6.

ch
02

6



312 PYROLYSIS OILS FROM BIOMASS 

to deoxygenate wood vapors and to provide support and guidance for 
the bench-scale reactor studies described elsewhere in this 
volume. The screening results allow an assessment of several im­
portant aspects of the conversion process: the identification of 
promising catalysts; the determination of the c r i t i c a l variables in 
yield optimization; the effect of catalyst composition, structural 
properties, and physical form on product formation; the behavior of 
model compounds that represent the range of functionality found in 
biomass pyrolysis vapors; the determination of relative coking 
rates for various catalysts and feedstocks; and the regenerability 
of catalysts. 

This screening approach is not a stand-alone technique, how­
ever, and bench-scale experimentation is needed to provide data for 
parameters which the screening approach does not adequately ad­
dress: isolation and confirmation of isomers of products, product 
mass balance, long-term studies in accessing catalyst l i f e , and the 
variation of certain reactor operating conditions which have lim­
ited ranges at this scale, such as feed partial pressure. The 
catalytic conversion of wood pyrolysis products will be discussed 
in a screening context in this paper. 

Previous Work in Zeolite Conversion of Biomass Vapors. Applica­
tions of zeolites for the conversion of oxygenates in general and 
biomass pyrolysis products in particular has been previously re­
viewed (1,2). Over the last decade, Mobil researchers (e .g . , 3-5) 
and others (6-17) have examined a variety of oxygenated compounds 
over HZSM-5 catalysts of various origins . Several investigators 
have converted wood pyrolysis products (10-14). 

Recent work at SERI has focussed on the study of direct wood-
vapor conversion without an oil condensation step (1). The MBMS 
experimental system (18-21) has been used to show that the biomass 
pyrolysis vapors were reactive on the HZSM-5 zeolite catalyst. The 
complete destruction of al l primary products was observed, and a 
method of monitoring deactivation of the catalyst was demonstra­
ted. Spec i f i ca l ly , the carbohydrates were converted beyond the 
furans to light olefins and aromatics and the lignin products were 
also completely destroyed with the same classes of gaseous pro­
ducts. However, the coking tendency of each class of starting 
material was not quantified at that time. 

In this paper, we report results for the effects of weight 
hourly space velocity (WHSV), temperature, the co-feeding of meth­
anol, yield estimates, and the relative performance of selected 
model compounds. 

Experimental 

The experimental apparatus and approach have been previously de­
scribed (18,19) and are summarized briefly here. The sampling mode 
is an extractive method in which a sampling probe is immersed in 
the system to be studied. A small or i f ice at the apex of the cone 
extracts gas and with a downstream pressure (stage one pressure = 
10"^ torr) that is significantly lower than the source pressure, 
(one atmosphere in this case) ful ly developed sonic flow is estab­
l ished. Such an expansion leads to extensive cooling and a more or 
less abrupt transition to col l is ionless flow. A second conical 
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26. EVANS & MILNE Wood Vapor and Model Compounds 313 

o r i f i c e extracts or col limâtes a central core of gas leading to 
molecular beam formation. The molecular beam is introduced into 
the ion source of a quadrupole mass spectrometer. Low-energy elec­
tron ionization (EI) (approximately 25 eV) is used to minimize 
fragmentation within the ion source. The mass range of interest is 
repeatedly scanned and each scan is stored by the data system for 
later analysis. 

In the case of the pyrolysis-vapor reactants, the mass spec­
trum is very complex and many ions have multiple origin (20,21). 
In addition, isomers can seldom be distinguished by mass spectrom­
etry alone. Nevertheless, even in the worst case of primary o i l s 
composed of hundreds of compounds, a significant number can be 
identified with l i t t l e ambiguity (20). In the case of the product 
slates observed so far over active ZSM-5, the mass spectrometry is 
quite simple and unambiguous, except for isomers. Thus pure com­
pounds representing a l l the major products are added both to deter­
mine their fragmentation pattern, and possible interference, and to 
achieve semi-quantitative cal ibration. Only in the case of ethy­
lene and carbon monoxide, is there an overlap of parent and frag­
ment ion (28 amu). In this case, electron impact fragmentation is 
used beneficially (as is often the case) to permit the ion at 27 
amu (C2Ho+) to be used to moniter ethylene, while correcting the 
ion at 28 amu to measure CO. Proportions of isomers such as ο - , ρ - , 
and m-toluene, will eventually be estimated by comparison with 
companion studies by Diebold et a l . (14) using gas chromatography 
and GC-MS on collected gasoline-range products. 

Batch pyrolysis experiments were carried out by inserting wood 
spl ints , or boats of wood powder or pure compounds into the pre­
heated reactor with hot carrier gas flowing and simultaneously 
starting the data aquisition system. Under typical conditions, a 
30 mg wood splint was pyrolyzed over approximately 30 s giving a 
weight of carrier gas/weight of wood vapor of approximately 4 (a 
vapor concentration of approximately 1% by volume in the helium 
assuming an average molecular weight of the primary vapors of about 
100). This resulted in a range of WHSV's from O.6 to 3, depending 
on the amount of catalyst present. 

After i n i t i a l screening, with pure HZSM-5 (1), the catalyst 
was replaced with one-sixteenth inch diameter extruded pellets of 
HZSM-5 in an unspecified binder. This catalyst was provided by 
Mobil (22) and was also used in the larger bench-scale testing 
(14). The catalyst was ground to a 25/45 mesh size (250/350 
microns) and catalyst weight was varied to control the WHSV. 

For i n i t i a l screening, we have operated our micro-catalytic 
reactor in a pulsed mode. As is shown below (Results & Discussion, 
Figure 2), the catalyst appears to rather quickly achieve steady-
state response, after the f i r s t few samples of wood ( e . g . , <100 mg 
wood per gram of catalyst) . This is confirmed by the approximate 
mass closures (>80 % typically) from summation of al l gaseous spe­
cies evolving from each wood-vapor pulse, plus measured char yields 
for each pulse, and overall coke yields of 5-10 weight percent (See 
Table II under Results & Discussion). There is some evidence of 
absorption of water and light aromatics when vapor f i r s t contacts 
the catalyst, so that the reported yields of l iquid products are 
probably conservative. We plan to insert wood dowels in a contin­
uous manner to verify the behavior under steady state of wood ad­
di t ion . 
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314 PYROLYSIS OILS FROM BIOMASS 

Results and Discussion 

The goals of this catalyst screening project are to gain insight 
into the conversion of biomass pyrolysis products with a variety of 
catalysts and under a range of conditions. Three topics will be 
discussed here: catalyst and parameter screening, MBMS estimation 
of y i e l d , and model compound conversion. 

Methanol and Wood Conversion Product Classes. Methanol has been 
used in this screening work to ascertain catalyst a c t i v i t y . The 
methanol relative product distribution on an active, pure catalyst 
is shown in Figure 1A. (Table II gives the identification of the 
ions observed). No methanol (m/z 31 and 32) breakthrough was ob­
served, and the f i r s t formed product, dimethyl ether (m/z 45 and 
46), has been consumed to form a mixture of C 2 to Cg olefins and 
toluene, xylene, and trimethyl-benzene. Note the lack of benzene 
and alkanes. With lower space velocities and higher methanol par­
t i a l pressure, the alkenes are known to disproportionate to bran­
ched alkanes and to form more aromatics (11). The absence of pro­
ducts above m/z 120 indicates the well-known shape selectivity of 
the catalyst. 

The conversion of the primary pyrolysis products of birch wood 
for 2 grams of fresh catalyst and for the catalyst subjected to the 
pyrolysis vapors from about 2.6 grams of wood are shown in Figure 
1C and ID, respectively. The primary pyrolysis products of birch 
are shown in Figure IB, and the detailed interpretation of the ion 
peaks is given in Reference 20. Al l the primary products appear to 
be converted, regardless of size, even though most of the zeolite 
active sites are within 5.1-5.6 angstrom cavi t ies . One possible 
explanation for this observation is that the larger molecules are 
i n i t i a l l y cracked on acid sites on the macro surface of the catal­
yst or binder, or are converted to coke. The products on the ac­
tive catalyst, however, do appear to be shape selective with most 
products below m/z 156. We also screened conversion behavior on 
other acid type catalyst including wide-bore molecular sieves and 
silica/alumnia. The formation of higher molecular weight products 
such as the methylated naphthalenes (m/z 142, 156, and 170) were 
much more pronounced than in the shape selective HZSM-5. The for­
mation of water, CO, and C0 2 are the major paths for the rejection 
of oxygen and represent a substantial portion of the y i e l d . They 
are under-represented by the intensities in the mass spectra be­
cause the instrument was tuned to favor heavy organics, so con­
version of primary products could be monitored. See Table II and 
Figure 5 below, for more quantitative indications of the relative 
proportions of the various product species. 

The products from the part ial ly deactivated catalyst are shown 
in Figure ID. They are a mixture of the peaks in the primary spec­
trum and the ful ly active catalyst spectrum. The lignin-derived 
peaks are more prevalent, such as m/z 154, 168, 180 and 194. The 
carbohydrate-derived products are s t i l l part ial ly converted to 
furan derivatives (e .g . , furan, m/z 68 and methylfuran, m/z 82). 
The lignin derived methoxyphenols are s t i l l part ial ly converted to 
phenols: e . g . , phenol, m/z 94, and cresol , m/z 108. These products 
are the only unique intermediate oxygen-containing products identi ­
fied so far in the zeolite conversion of biomass primary vapors. 
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Figure 1. (A) The mass spectrum of methanol conversion pro­
ducts over HZSM-5 at 500°C and WHSV= 1.3; (B) The primary 
pyrolysis spectra of wood vapor; (C) The mass spectrum of wood 
pyrolysis products converted over active catalyst (512°C WHSV = 
8.3; (D) The product spectrum over the deactivated catalyst 
after repeated uses for wood and methanol. The spectra do not 
contain corrections for sensit ivity factors. 
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316 PYROLYSIS OILS FROM BIOMASS 

The higher proportions of aromatics relative to alkenes for wood 
vapors, vis-a-vis methanol, suggests a direct formation path not 
involving light o lef ins . The furans are only minor products on 
active catalysts, but are s t i l l formed on deactivated catalysts, 
even when the aromatics are reduced. This may indicate that the 
conversion of carbohydrates to furans occurs on weak acid s i tes , 
somewhat analogous to the formation of dimethylether from methanol, 
which also forms as an intermediate. Figure 2 shows the progres­
sive evolution of a variety of products from catalyst conversions 
as 2.6 grams of wood were pyrolyzed and the vapors passed over 2 
gms of catalyst. Also shown are the steady emergence of primary 
products. 

The gradual and consistent changes in the different types of 
products shown in Figure 2 over the complete catalyst aging cycle 
are strong evidence against a significant contribution of transient 
processes to the pulse mode/mass spectrometric detection method of 
catalyst screening. The gradual decrease in toluene, an obvious 
product of internal pore catalytic s i tes , is consistent with the 
gradual increase of the intermediates, furan and phenol, and the 
primary pyrolysis products, represented by m/z 60 for carbohydrate-
derived products and m/z 194 for lignin-derived products. The 
different rates of appearance of m/z 60 and 194 show the relative 
reactivity of these different classes of wood pyrolysis products on 
the catalyst. These changes in product ratios with catalyst l i f e 
shown in Figure 2 support the early and late wood product spectra 
shown in Figure 1. The mass balances obtained in the quantitative 
studies that are described below provide further evidence that the 
experimental approach reflects complete wood product behavior on 
the catalyst and not transient phenomena dominated by macro surface 
chemisorption of single pulses of pyrolysis products. 

Effect of Temperature and Weight Hourly Space Velocity. The pro-
portions of organic products that form over HZSM-5 vary systemat­
i c a l l y with WHSV and temperature. The effects of these two para­
meters on the relative abundance of selected products from the 
conversion of pine pyrolysis vapors over HZSM-5 are shown in Figure 
3. The temperature was varied from 300° to 550°C and the WHSV from 
O.7 to 2. These are relative abundance plots and do not directly 
show the yield of these components since coke and inorganic gases 
wil l vary with these parameters and are not reflected in the pro­
duct dis t r ibut ion. The plots of trimethylbenzene, toluene, and 
benzene show a trend of dealkylation with increased temperature. 
Trimethylbenzene decreased with temperature, while toluene i n ­
creased to a maximum at 500°C and then decreased at higher temper­
atures. Xylene decreased steadily over this temperature range, but 
not as pronounced as trimethylbenzene. This indicates that the 
dealkylation of trimethylbenzene and xylene lead to increased abun­
dances of toluene reaching a maximum at 500°C where the depletion 
of these heavier species and the dealkylation of toluene leads to a 
decrease in its relative abundance. Benzene increased throughout 
the temperature range studied. At higher temperatures, benzene's 
relative abundance also increased with lower WHSV's. 

The intermediates .are represented in Figure 3 by m/z 118 
(probably benzofuran) which shows a maximum at 400°C for al l three 
WHSV's although the relative abundance increased with WHSV. The 
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318 PYROLYSIS OILS FROM BIOMASS 

TEMPERATURE, °C 

Figure 3. The effect of temperature and WHSV on the dis t r ibu­
tion of selected products from the conversion of pine wood py-
rolysis vapors over HZSM-5 catalyst. (Note: % of total ion 
abundance should not be equated with % of neutral products since 
mass spectrometer tuning and cross sections favor aromatics.) 
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26. EVANS & MILNE Wood Vapor and Model Compounds 319 

alkenes showed a steady increase with temperature and a dependence 
on WHSV at the higher temperatures as i l lustrated by propylene. 
The generation of alkenes under extreme reaction conditions i n d i ­
cate that the mechanism of aromatic formation from the alkenes in 
methanol conversion is not as dominant in wood pyrolysis product 
conversion. A large fraction of the aromatics formed from wood are 
apparently formed more directly by the deoxygenation and aromati-
zation of the primary pyrolysis products rather than through 
alkenes, as in methanol conversion. Increased formation of the 
alkenes at higher temperatures may be associated with dealkylation 
of the aromatics. The formation of condensed aromatics is also 
enhanced at higher temperatures as demonstrated by naphthalene in 
Figure 3. 

The Effect of Co-Feeding Wood and Methanol over HZSM-5. The rela­
t ively low levels of hydrogen in biomass, coupled with the high 
amount of oxygen to be rejected, are the reasons for the 34 wt % 
theoretical maximum yield of hydrocarbons from dry wood (where the 
hydrocarbon products are assumed to have the average stoichiometry 
of xylene) ( J j . The low hydrogen content of wood and many oxygen­
ated materials that have been tested since the introduction of 
HZSM-5, has led several researchers to experimentation with the co-
feeding of methanol to enrich the feedstock in hydrogen and i n ­
crease the potential hydrocarbon y i e l d . 

Chang et a l . (23) showed that hydrogen deficient oxygenates 
could be successfully converted on HZSM-5 i f co-fed with an 
adequate amount of hydrogen rich material, such as methanol. 
Chantel et a l . co-fed methanol with pyrolysis oi l (9) and phenols 
( 8 , 1 0 ) , but only at 10 % methanol, which is below the optimum 
levels found by Chang et a l . (23). Chen et a l . ( 12 ) studied the 
conversion of wood pyrolysis oi ls with an equal weight of methanol 
and observed a net increase of 63% in hydrocarbons. We br ief ly 
explored the cofeeding of equal weights of methanol with wood 
pyrolysis vapors. The use of directly formed vapors distinguishes 
this experiment from the above studies. Selected changes in 
product ratios are shown in Figure 4 for wood, methanol, and wood 
plus methanol with the methanol-alone effect subtracted so that 
wood plus the synergistic effect is shown. The aromatic/inorganic 
ratio gives an indication of liquid fuel y ie ld and the wood plus 
methanol enhancement is s ignificantly higher than either the wood 
or methanol alone. This is in agreement with past results. As 
stated previously, the mode of oxygen rejection is an important 
consideration for biomass due to its hydrogen deficiency. This 
leads to the conclusion that the preferred mode of oxygen rejection 
from wood is as CO2 or CO. Chen et a l . ( 1 2 ) point out that when a 
hydrogen donor is present, the prefered route of oxygen rejection 
is as HoO to preserve carbon. The CO^/ H 2 0 ratio was increased by 
the methanol cofeedings in this experiment. This observation does 
not agree with past results ( 9 , 1 2 ) where increased water yields and 
decreased C 0 2 yields were found when cofeeding methanol. Since 
only ratios nave been calculated in this experiment, i t is impos­
sible to say whether the increase in the C 0 2 / H 2 0 ratio is due to 
changes in both C 0 2 and H 2 0 or just one product. The presence in 
this experiment of the C 0 2 and H 20 from the prompt gases and char 
formation in the i n i t i a l pyrolysis step could contribute to the 
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320 PYROLYSIS OILS FROM BIOMASS 

difference between these results and past results (9,12). The 
nature of the aromatic products is also improved by the methanol 
synergism. The trimethylbenzene/toluene is greatly increased due 
to the presence of methanol and moves the aromatic product d i s t r i ­
bution from wood closer to that observed for methanol. This means 
less benzene in the gasoline and more of the higher octane, 
methylated benzenes. 

A hypothesis for the synergistic behavior is that methanol, in 
the presence of wood conversion products, does not have to undergo 
the dimethyl ether conversion step to alkenes, but rather can react 
directly with the reactive wood-derived products to alkylate aro­
matics. This increase in methylated benzenes would be expected to 
occur at the expense of the normal slate of products formed from 
pure methanol. 

Chantai et a l . (8,10) have studied the effect of methanol co-
feeding on product distribution from phenolic compounds. They 
proposed an oxonium mechanism to explain alkylation where oxonium 
ions are generated from diphenylether and anisole, intermediates 
that were formed from phenolic starting materials. They used low 
levels of methanol in these experiments: 90/10 (phenol/methanol) vs 
1/1 (wood pyrolzate/methanol) in the results reported in this paper 
and by Chen et a l . (12). Under conditions of high methanol concen­
trations, and in the presence of carbohydrate-derived material, the 
formation of an oxonium ion from methanol (0Η 3 ΟΗ 2

+ ) as proposed by 
Aranson et a l . (24) is also possible. Direct reaction with either 
wood-derived reactants or various products from zeolite catalysis 
could explain the observed synergistis effect . 

Hydrocarbon Yields . Despite encouraging results that the wood 
pyrolysis products are al l destroyed on the catalyst and the high 
quality composition of the organic products, the i n i t i a l indirect 
estimates of yield (25) were approximately 11% hydrocarbon products 
or about a third of the theoretical yield based on oxygen rejection 
considerations (1). Therefore, i t was important to include an 
estimate of yie ld in the MBMS catalyst screening work based on 
improved calibration procedures. The i n i t i a l results are reported 
here. 

Calibration factors for the products of interest were deter­
mined by injecting known amounts of l iquid and gaseous products in 
the reactor prior to packing the catalyst. Before each run, the 
gaseous calibrants were also bled into the flowing helium above the 
catalyst bed and the calibration table was updated based on the ob­
served response factors. The products calibrated were water, CO, 
C 0 2 , methane, ethylene, propylene, butene, butane, pentene, 
benzene, toluene, xylene, and methyl naphthalene. Products not 
calibrated were estimated by using calibration factors for similar 
materials (e .g . , using the calibration factor for methylnaphthalene 
for naphthalene). The products not calibrated were present in low 
amounts, so error caused by this procedure was probably within the 
goals of this screening effort . 

Estimates of yields for runs made in t r ip l i ca te at 500°C and 
WHSV = 4, on two days, are shown in Figure 5. The error bars are 
the standard deviation (only positive deviation is shown) of three 
replicates on each day. Water was significantly different for the 
two days, but the CO and C0 2 estimates were quite close. The total 
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26. EVANS & MILNE Wood Vapor and Model Compounds 321 

AROM/INORG COj/WATER TMB/TOL 

• 1 (WOOD+MEOH)-MEOH I H WOOD LH3 METHANOL 

Figure 4. The effect of co-feeding methanol with wood. Se­
lected product ratios for wood alone, methanol alone, and wood 
co-fed with methanol with the methanol products subtracted. The 
ratios are: light aromatics/ H20 + CO + COo, (arom/inorg); 
COo/water; and trimethylbenzene/toluene (TMB/TOL). Temperature = 
500°C; wood WHSV= 2.9; methanol WHSV= 2.8. 

ALKENES AROMATICS TOT. ORGAN 

3 - 2 6 - 8 7 4 - 2 - 8 7 

Figure 5. Yields on a dry-weight basis from wood pyrolysis pro­
ducts over HZSM-5 for two different runs. Error bars show posi­
tive standard deviation based on t r i p l i c a t e determinations. 
Total organics include alkenes, l ight aromatics, furnans, 
indenes and naphthalenes. Table II contains the breakdown of 
products. 
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322 PYROLYSIS OILS FROM BIOMASS 

organics y ie ld was significantly less on the second day. The total 
organic yield contains the light aromatics, alkenes, furans, naph­
thalenes, and indenes. 

The estimated product mass balances for these two runs are 
shown in Table I. These values assume 10% coke formation, which 
was determined in other experiments by weight gain of the cata­
l y s t . The 3-26-87 data are quite close to the calculated values, 
but the 4-2-87 data are significantly high in oxygen, which can be 
explained by the high water value for that day. 

TABLE I. Product Mass Balances (dry weight basis) for the Average 
Product Composition for Runs on Two Days. Results Assume 
10% Coke Which is All Carbon and a Char Composition of 
C H . 5 3 ° . 1 2 

Element Run 3-26-87 Run 4-2-87 Calculated 

54 

5.2 

43_ 

102 

48 

5.7 

5 £ 

108 

52 

6.2 

42_ 

100 

The complete product slates for the yield estimates are given 
in Table II Summations ranged from 96 to 114, with an average of 
106. The biggest source of error is probable the quantitation of 
coke and water (since H20 is a major constituent detected with 
lower sensitivity than the other constituents). 

Model Compound Products over ZSM-5 Pel lets . The behavior of i n d i ­
vidual wood pyrolysis products on the catalyst gives insight into 
the behavior of the major compound classes. If certain compound 
classes are particularly good or bad performers, then perhaps pyro­
lysis conditions can be changed to enhance the good performers or 
minimize the bad ones. The experimental approach used here allows 
compounds to be tested that would not be feasible at a larger 
scale. However, methods for controlling WHSV and calibration are 
s t i l l under development. Results are presented here, for selected 
compounds over HZSM-5 that represent the major compound classes, as 
uncalibrated spectra. The behavior of model compounds has given 
some insight toward potential y i e l d . The product spectra of four 
model compounds are shown in Figure 6. The best use of these model 
compound screening results is for product slate comparisons. 

The spectra of hydroxyacetaldehyde (Figure 6A) is typical of 
the light oxygenates with high H2O, CO, and C0 2 and moderate 
amounts of olefins and light aromatics. Even at the high WHSV of 6 
a l l the starting material is destroyed. The 5-hydroxymethyl-
furfural (Figure 6B) products show higher relative amounts of or­
ganic products, including the furans and light aromatics, but also 
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A) 

•II.... m» ι 
5Θ ' 75 " 199 ' 125' '""159' " 175" ' 2 6 8 

Figure 6. Mass spectra of the products of the conversion of 
Model compounds over HZSM-5: (A) hydroxyacetaldehyde, 500°C WHSV 
~ 6; (B) 5-hydroxymethylfurfural, 500°C WHSV ~ 4; (C) a -
angelicalactone, 500°C WHSV- 4; (D) isoeugenol, 500°C, WHSV ~ 
2. Spectra do not contain corrections for sensit ivity factors. 
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26. EVANS & MILNE Wood Vapor and Model Compounds 325 

high amounts of the naphthalenes. The α - a n g e l i c a l a c t o n e results 
(Figure 6C) show the highest abundances of aromatics of the model 
compounds that were studied. The products include more m/z 70 
( l ikely pentene) than the spectra for other feedstocks. The iso-
eugenol results (Figure 6D) show larger amounts of unconverted 
feedstock (m/z 164) and phenols (phenol, m/z 94; cresol , m/z 108) 
than observed for whole wood at this WHSV. This low reactivity is 
confirmed by the work of Chantai et a l . (8,10). The species at m/z 
132 could possible be explained by the cyclization of the side 
chain to form hydroxyindene with the loss of the methoxy group. It 
may be that at the effectively lower space velocities for l ignin 
vapors in whole wood, the complete disappearance of lignin products 
is due to coking. 

Several trends are summarized here for the model compounds 
studied to date: (1) The light oxygenates, such as hydroxyacetalde­
hyde, gave high yields of water, CO and C0 2 with relatively low 
yields of hydrocarbon products; (2) The carbohydrate-derived ring 
compounds, such as α - a n g e l i c a l a c t o n e , gave the greatest yields of 
aromatics; (3) The methoxyphenols showed lower conversion rates at 
the relatively high space velocities used. It is thought that 
these materials have a high coking potential, based on tests per­
formed at lower space veloci t ies . The presence of unconverted 
materials and phenols in the product stream may be more desireable 
than increased coking rates. 

Summary 

The use of MBMS for real time screening of wood pyrolysis product 
conversion over Mobil's HZSM-5 allows the rapid, qualitative evalu­
ation of performance of different catalysts, reaction conditions 
and feedstocks. This information can help guide more extensive 
testing at the bench-scale level and provide insight into the chem­
istry of conversion. The following conclusions can be drawn from 
the work to date: 
(1) No significant breakthrough of primary wood vapor organics 

occurs until the weight of wood/weight of catalyst is about 1 
(at a WHSV of 4-5); 

(2) There were few intermediates from wood (furans from the carbo­
hydrates and phenols from the methoxyphenols) on the way to 
alkenes, light aromatics, and naphthalenes; 

(3) The light aromatics/alkenes ratio is 1 for the nonoptimized 
and low-partial-pressure conditions studied to date; 

(4) Much of the oxygen is favorably rejected as CO and C0 2 ; 
(5) The coke yield is -10% in these experiments at around"500°C in 

He; 
(6) The hydrocarbon yield was ~18±4 wt % based on two sets of pre­

liminary calibrated experiments; 
(7) Methanol is a poor model for wood because the mechanism of 

hydrocarbon formation is apparently different . The co-feeding 
of methanol with wood appears to provide synergistic benefits. 

Future work will focus on the optimization of parameters, such 
as the partial pressure of the pyrolysis vapors, for maximizing the 
yield of C 5 - C I Q hydrocarbons, and the effect of HZSM-5 structural 
parameters on oiomass conversion. 
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Chapter 27 

Reactions of Model Compounds 
of Biomass-Pyrolysis Oils over ZSM—5 

Zeolite Catalysts 

Le H. Dao, Mohammed Haniff, André Houle, and Denis Lamothe 

Laboratoire de Recherche Sur les Matériaux Avancés, INRS-Energie, 
Institut National de la Recherche Scientifique, 1650, Montée Sainte—Julie, 

Varennes, Quebec J0L 2P0, Canada 

The catalytic conversion of model compounds (e.g. 
cyclopentanone, cyclopentenone, furfural, glycerol, 
glucose, fructose and their derivatives usually 
found in the pyrolysis oils of biomass materials) to 
hydrocarbon products over H-ZSM-5, Zn-ZSM-5 and 
Mn-ZSM-5 zeolite catalysts have been studied in a 
fixed bed microreactor at temperatures ranging from 
350°C to 500°C. Although the deoxygenation of cy­
clopentanone was completed at 400°C, low yields of 
hydrocarbons were obtained for furfural, glycerol 
and carbohydrate derivatives. This is due possibly 
to thermal polymerization at reaction temperatures 
of 400°C and higher. Increasing the (H/C)eff ratio 
of the feed with methanol increased significantly 
the hydrocarbon yield of furfural but not that of 
carbohydrates. Reaction mechanisms for deoxygena­
tion and tar formation are proposed. 

I t has been shown that s y n t h e t i c z e o l i t e s such as ZSM-5 can be used 
to convert oxygenated compounds derived from biomass materials into 
hydrocarbons which can be used as f u e l s or chemicals feedstocks 
(1,2,3,4). However, the p y r o l y s i s o i l s obtained from biomass mate­
r i a l s by d i f f e r e n t thermal and thermochemical processes (5,6) showed 
poor hydrocarbon y i e l d s and high t a r content when contacted over 
ZSM-5 z e o l i t e c a t a l y s t s at high temperatures (7,8). Since the pyro­
l y s i s o i l s are composed of a wide v a r i e t y of oxygenated compounds 
such as cyclopentanone, cyclopentenone, f u r f u r a l , phenol, carbohy­
drate and c a r b o x y l i c a c i d d e r i v a t i v e s (9,10); i t i s d i f f i c u l t to 
point out exactly which family of compounds i s c o n t r i b u t i n g more to 
the observed tar and to the rapi d d e a c t i v a t i o n of the c a t a l y s t s . 
C a t a l y t i c studies on model compounds which are us u a l l y found i n the 
biomass p y r o l y s i s o i l s are therefore p r i m o r d i a l i n order to determi­
ne the best c a t a l y t i c system f o r the up-grading of p y r o l y s i s o i l s to 
u s e f u l hydrocarbon products. The reactions of some phenolic, carbo-
n y l and ca r b o x y l i c a c i d d e r i v a t i v e s over ZSM-5 c a t a l y s t s are already 

0097-6156/88/0376-0328$06.00/0 
© 1988 American Chemical Society 
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27. DAO ET AL. Model Compounds of Biomass-Pyrolysis Oils 329 

reported (7,11). The present paper thus reports the r e s u l t s f o r the 
conversion of cyclopentanone, cyclopentenone, f u r f u r a l , g l y c e r o l , 
glucose and fr u c t o s e , and t h e i r isopropylene d e r i v a t i v e s over H-ZSM-
5 and Zn and Mn-exchanged ZSM-5 z e o l i t e c a t a l y s t s at temperatures 
ranging from 350°C to 500°C. Some reactions are supplemented with 
methanol i n t h e i r feeds, so as to determine the e f f e c t of increased 
( H / C ) e f f r a t i o (see T a b l e 1 f o r d e f i n i t i o n ) on the deoxygenation 
y i e l d s . 

Experimental 

Preparation and c h a r a c t e r i z a t i o n of the c a t a l y s t s . The synthesis of 
the sodium form of ZSM-5 was done according to procedure #2 given i n 
the patent of Derouane and Valyocs i k (12). The only d i f f e r e n c e was 
the use of s i l i c a f i b e r (Strem Chemicals) instead of s i l i c a g e l 
powder. The Na-ZSM-5 z e o l i t e was exchanged s e v e r a l times with 10% 
aqueous s o l u t i o n of ΝΗ^Ν0 3 (10 ml per g of z e o l i t e ) at 80°C. The 
z e o l i t e was then d r i e d at 100°C and c a l c i n a t e d at 500°C so as to 
obt a i n the H-ZSM-5 c a t a l y s t . Mn-ZSM-5 c a t a l y s t was prepared by 
heating the ammonium exchanged z e o l i t e with a 10% s o l u t i o n of manga­
nese n i t r a t e at 80°C f o r 3 hours (10 ml per g z e o l i t e ) . A f t e r wash­
in g and drying, the c a t a l y s t was c a l c i n a t e d at 500°C. Zn-ZSM-5 
c a t a l y s t was prepared i n a s i m i l a r fashion to that of the manganese 
form using a 10% s o l u t i o n of z i n c n i t r a t e . The X-ray d i f f r a c t i o n 
p a t tern of the z e o l i t e i s s i m i l a r to those reported i n the l i t e r a t u ­
re. The chemical composition i s shown i n Table 1. 

Preparation of the carbohydrate isopropylene d e r i v a t i v e s (13). 20 g 
of the carbohydrate was mixed with 250 ml of acetone and 10 ml of 
cone. I12S0^. The mixture was s t i r r e d at room temperature f o r about 
24 hours and then f i l t e r e d to remove any unreacted s o l i d . The f i l ­
t r a t e was n e u t r a l i z e d with s o l i d NaHC03 d r i e d over MgSO^, f i l t e r e d 
and the excess acetone was removed on a rotary evaporator to y i e l d 
the yellow s o l i d d e r i v a t i v e s . 

Apparatus. The c a t a l y t i c conversion was studied i n a continuous 
flow quartz microreactor with a fixed-bed of d i l u t e d c a t a l y s t s . The 
r e a c t i o n conditions are reported i n Table 1. A f t e r an experimental 
run (about 3 to 4 hours), the tar on the c a t a l y t i c bed was determi­
ned by taking the d i f f e r e n c e i n weight of the reactor before and 
a f t e r p l a c i n g i t i n a furnace set at 500°C i n the presence of a i r . 
The r e a c t i o n products were analyzed by GC and GC/MS (Table 1). 

Results 

Figure 1 shows the y i e l d s of conversion and the products d i s t r i b u ­
t i o n (Cj'Cg hydrocarbons, aromatic, polyaromatics and t a r ) as a 
fu n c t i o n of reactor temperature f o r pure cyclopentanone over H-ZSM-
5/bentonite (80/20 Wt.%) c a t a l y s t . The conversion i s completed at 
350°C. The main r e a c t i o n i s a thermal decarbonylation of cyclopen­
tanone, g i v i n g hydrocarbon fragment that reacts further on the 
c a t a l y t i c bed to produce a l i p h a t i c , aromatic and polyaromatic hydro­
carbons. Cyclopentenone which i s p a r t i a l l y deoxygenated (32%) over 
H-ZSM-5/bentonite (80/20 Wt.%) at 450°C, can be completely converted 
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330 PYROLYSIS OILS FROM BIOMASS 

TABLE 1 

Chemical composition of ZSM-5 samples 

Component (WT%) H-ZSM-5 Mn-ZSM-5 Zn-ZSM-5 

Na 20 0.55 0.69 0.49 
A l o 0 ~ 2.25 2.33 2.10 
sio 2

3 86.86 91.05 87.62 
MnO 0.78 
ZnO 0.26 
T i 0 2 0.59 0.64 0.38 
L.O.I.* 7.02 3.26 6.68 

Molar Ratio 

sio Mi 2 o 3 

N a 2 0 / A l 2 0 3 

65.47 66.32 70.80 sio Mi 2 o 3 

N a 2 0 / A l 2 0 3 0.40 0.49 0.38 

* L.0.1. means loss on i g n i t i o n of sample weight. 

REACTION CONDITIONS 

Ca t a l y s t weight 
Temperature 
Pressure 
Inert gas 
WHSV ** 
Reaction time 

10 g (80% ZSM-5 + 20% bentonite) 
350-560°C 
atmospheric pressure 
helium (~ 3 mfc/min) 
v a r i a b l e 
3 hours 

** The weight hourly space v e l o c i t y (WHSV) i s defined as: 

WHSV β g of i n j e c t e d feed per hour 
g of c a t a l y s t 

ANALYTICAL CONDITIONS 

• Gas chromatography: HP 5890 GC with DB-5 (SE-54) column (30m χ 
0.25mm, 1.0 μ) 

For l i q u i d : 70°C (4 min), then 4°C/min to 160°C then 20 m 
i n at 160°C 

Gas : 33°C (isothermal) 
• GC/MS : HP 5890 GC and MS detector Pona column and 

DB-5 column 

HYDROGEN/CARBON EFFECTIVE RATIO ( l i a ) 

The e f f e c t i v e hydrogen index (EHI) i s defined as: 

EHI (H/C) e f f 
H 20 - 3N 2S 

where H, C, 0, Ν and S are atoms per uni t weight of sample of* hydro­
gen, carbon, oxygen, nitrogen and s u l f u r , r e s p e c t i v e l y . 
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27. DAO ET AL. Model Compounds of Biomass-Pyrolysis Oils 331 

to hydrocarbons by the a d d i t i o n of methanol to the feed (cyclopente­
none /methanol 70/30 Wt.%). 

Table 2 shows the r e a c t i o n of pure f u r f u r a l ( ( H / C ) e f f =* 0) over 
various c a t i o n exchanged ZSM-5 c a t a l y s t s at 400°C. The hydrocarbon 
y i e l d s range from 6.6 to 9.4% and the oxygenated compounds y i e l d s 
vary from 25.6 to 50%. These values r e f l e c t the poor performance of 
a l l the three c a t a l y s t s i n deoxygenating f u r f u r a l . The large quan­
t i t i e s of furan and CO observed are mainly due to the thermal decar-
bonylation of f u r f u r a l . Higher tar contents were obtained f o r the 
metal exchanged c a t a l y s t s (21.2 and 25.9%) than the H-ZSM-5 form 
(14.2%). The low water contents (ranging from 2.7 to 7.0%) produced 
from these d i f f e r e n t reactions i n d i c a t e poor c a t a l y t i c deoxygenation 
of f u r f u r a l . C0 2 which i s produced from p y r o l y t i c r e a c t i o n i s ob­
tained i n low y i e l d s . The y i e l d s f o r the a l i p h a t i c (9.0%) and o l e ­
f i n (8.5%) are r e l a t i v e l y smaller than those f o r the aromatic 
(47.7%) and polyaromatic. 

Figure 2 shows the product d i s t r i b u t i o n s f o r the r e a c t i o n of 
various furfural/methanol mixtures over H-ZSM-5/bentonite (80/20 
Wt.%) at 450°C.; only the major components i n the products are 
shown. The abscissa i n Figure 2 i s given i n both i n c r e a s i n g percen­
tage of methanol and i n c r e a s i n g (H/C) ef£ r a t i o f o r the feed. As the 
content of methanol increases, the y i e l d s f o r hydrocarbons and water 
increase while those f o r t a r , furan and CO decrease. The d r a s t i c 
augmentation of hydrocarbons and water y i e l d s conjugated with the 
diminution of furan with i n c r e a s i n g methanol concentration i n d i c a t e 
that s i g n i f i c a n t c a t a l y t i c deoxygenation i s taking place. For a 
m i x t u r e of 55/45 Wt.% methanol/furfural ( ( H / C ) e i f - 0.85), furan i s 
completely removed from the r e a c t i o n products ana only small q u a n t i ­
t i e s of other oxygenated compounds were present (< 0.3%). The 
y i e l d s f o r the other products were s i m i l a r to those observed pre­
v i o u s l y f o r f u r f u r a l . Only at 70/30 Wt.% methanol/furfural mixture 
there was a s i g n i f i c a n t reduction i n the tar content (6.7 or 14.1% 
on carbon b a s i s ) . The average C0 2 present was 0.3%. 

Table 3 shows the product d i s t r i b u t i o n f o r reactions of f u r f u - , 
ral/methanol (30/70 Wt.%) over various concentration of H-ZSM-5/sup-
port at 450°C. By d i l u t i n g the c a t a l y s t with bentonite from 80 to 
18 Wt.%, the hydrocarbons y i e l d s r a i s e d from 30.6 to 41.4%. Chang­
ing the support material from bentonite to S i 0 2 - A l 2 0 3 caused a small 
reduction i n the hydrocarbon y i e l d (36.3%); however, there was less 
t a r formed when compared to the other cases. The products s e l e c t i -
v i t i e s were s i m i l a r to those of previous cases. 

Table 4 shows the products from the r e a c t i o n of g l y c e r o l 
[(H/C) e££ of 0.67] over various c a t i o n exchanged ZSM-5 z e o l i t e s at 
400°C. The r e a c t i o n with Zn-ZSM-5 gave the best y i e l d of hydrocar­
bons (14.4%) and the lowest y i e l d of oxygenated compounds (11.5%). 
The t a r and CO contents f o r the three c a t a l y t i c systems were high 
(the t a r ranged from 14.0 to 19.3% and the carbon monoxide from 5.1 
to 7.8%). I t should be noted that the major component i n the oxyge­
nated products i s 2-propenal. 

Table 5 shows the products d i s t r i b u t i o n f o r the r e a c t i o n of a 
m i x t u r e g l y c e r o l / m e t h a n o l f e e d (55/44 Wt.%) with ( H / C ) e f f - 1.25 
over H-ZSM-5 at 400°C. Compared to the r e s u l t s i n Table 4, an i n ­
crease i n hydrocarbons y i e l d s and a decrease i n t a r and oxygenated 
compounds y i e l d s were observed. By d i l u t i n g H-ZSM-5 with bentonite 
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332 PYROLYSIS OILS FROM BIOMASS 

00 400 500 
TEMPERATURE (°C) 

Figure 1. Reaction of cyclopentanone over H-ZSM-5/bentonite 
(80/20) at a different reactor temperature. 

Figure 2. Reaction of furfural/methanol mixtures over H-ZSM-5/-
bentonite (80/20g) at a reactor temperature of 400 °C and a WHSV 
of 0.238 ± 0.018 h r - 1 . 
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27. DAO ET AL. Model Compounds of Biomass-Pyrolysis Oils 333 

TABLE 2 
Reaction of f u r f u r a l over c a t i o n exchanged ZSM-5 at 400°C 

and WHSV of 0.281 hr~* 

Experimental conditions: 

C a t a l y s t composition: 80% H-ZSM-5, 80% Zn-ZSM-5, 80% Mn-ZSM-5 
20% bentonite, 20% bentonite, 20% bentonite 

T o t a l product d i s t r i b u t i o n (Wt.%) 

Furan 47.0 23.8 27.8 
J Oxygenated hydrocarbons 50.0 25.6 40.7 
Tar 14.2 21.2 25.9 
CO 22.8 36.3 17.9 
C0 2 0.6 4.8 1.9 
H 20 4.4 2.7 7.0 
Hydrocarbons 8.00 9.42 6.6 

Product s e l e c t i v i t y (Wt.%) 

A l i p h a t i c s , 0χ - C 8 8.8 7.6 10.5 
O l e f i n s , C 2 - C g 8.5 10.6 6.5 
Aromatics 50.6 48.8 43.9 
Polyaromatics 32.1 32.9 39.1 

TABLE 3 
Reaction of furfural/methanol (30/70) feed { ( H / C ) e f f - 1.17} 

over H-ZSM-5 at 450°C 

Experimental conditions: 

Ca t a l y s t composition: 80% H-ZSM-5, 18% H-ZSM-5, 18% H-ZSM-5 
20% bentonite, 82% bentonite, 82% SiO - A l o 0 a 

WHSV ( h r ~ l ) 0.029 1.26 i.zi 2 3 

T o t a l product d i s t r i b u t i o n . (Wt.%) 

Oxygenated hydrocarbons* 1.4 0.8 
Tar 6.7 7.6 4.9 
CO 9.4 7.8 7.2 
co 2 0.5 0.6 0.3 

52.7 41.6 50.4 
Deoxygenated hydrocarbons 30.6 41.1 36.3 

Product s e l e c t i v i t y (Wt.%) 

A l i p h a t i c s , C 1 - C Q 1.8 11.6 20.7 
O l e f i n s , C 2 - C g 2.9 3.0 3.6 
Aromatics 83.5 72.8 60.8 
Polyaromatics 11.9 12.6 14.8 

Mainly furan and benzofuran, d e r i v a t i v e s and dimethylether. 
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334 PYROLYSIS OILS FROM BIOMASS 

TABLE 4 
Reaction of g l y c e r o l ((H/C) e^^ = 0.67) over various c a t i o n 

exchanged ZSM-5 at 400°C and a WHSV of 0.228 hr" 1 

Experimental conditions: 

C a t a l y s t composition: 80% H-ZSM-5, 80% Zn-ZSM-5, 80% Mn-ZSM-5 
20% bentonite, 20% bentonite, 20% Bentonite 

T o t a l product d i s t r i b u t i o n (Wt.%) 

Oxygenated hydrocarbons* 32.7 11,5 16,7 
Tar 14.0 15.8 19.3 
CO 7.8 6.1 5.1 
co2 0.3 3.7 1.4 

40.2 48.2 49.6 
Hydrocarbons 5.0 14.4 7.8 

Product s e l e c t i v i t y (Wt.%) 

A l i p h a t i c s , Cj - C Q 15.8 5.5 9.4 
O l e f i n s , C 2 - C 6 5.9 9.6 8.4 
Aromatics 60.1 63.5 44.1 
Polyaromatics 18.5 21.4 38.1 

Mainly 2-propenal and traces of acetone 

TABLE 5 
Reaction of glycerol/methanol (55/45) feed {(H/C) ~ - 1.25} 

over H-ZSM-5 at 400°C and WHSV of 1.44 h r ^ 

Experimental conditions: 

Catalyst composition: 80% H-ZSM-5 18% H-ZSM-5 
20% bentonite 82% bentonite 

T o t a l product d i s t r i b u t i o n (Wt.%) 

Oxygenated hydrocarbons* 18.0 25.6 
Tar 11.8 5.9 
CO 4.9 1.1 
co2 0.9 0.6 
t̂ o 45.4 50.6 
Hydrocarbons 19.1 16.2 

Product s e l e c t i v i t y (Wt.%) 

A l i p h a t i c s , 0 χ - CQ> 
O l e f i n s , C 2 - C g 

Aromatics 

15.2 16.0 A l i p h a t i c s , 0 χ - CQ> 
O l e f i n s , C 2 - C g 

Aromatics 
8.9 11.7 

A l i p h a t i c s , 0 χ - CQ> 
O l e f i n s , C 2 - C g 

Aromatics 56.8 59.2 
Polyaromatic 19.0 13.0 

Mainly 2-propenal, and traces of methanol and dimethylether 
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27. DAO ET AL. Model Compounds of Biomass-Pyrolysis Oils 335 

from 80 to 18%, less tar was formed (5.9%) but the y i e l d of hydro­
carbons als o diminished. 

Table 6 shows r e s u l t s f o r reactions of glucose and glucose 
d e r i v a t i v e done over H-ZSM-5 at 450°C. With the a d d i t i o n of metha­
n o l , thus an i n c r e a s e of (H/C) ef£, t h e r e was an inc r e a s e i n the 
hydrocarbon y i e l d s f o r the glucose/water/methanol (20/50/30) and 
glucose derivative/water/methanol (27.6/12.2/60.2) cases compared to 
that of the glucose/water (20.3/79.7) case. Also, there was a s i ­
multaneous d e c r e a s e i n ta r content with an increase i n ( H / C ) e f f of 
the feed. However i n a l l cases the hydrocarbon y i e l d s are low and 
the t a r contents too high f o r a v i a b l e c a t a l y t i c process. The high 
water content observed i n a l l experiments (29.2 to 66.1%) i s not 
only due to c a t a l y t i c deoxygenation through loss of water but al s o 
due to polycondensation reactions of glucose and i t s d e r i v a t i v e . 
These condensation reactions produce polymeric oxygenated compounds 
which are responsible f o r the high t a r content observed. Oxygenated 
compounds, CO and C0 2 are minor products which are normally obtained 
from thermal decomposition of biomass materials (14). The product 
s e l e c t i v i t y i n d i c a t e s a high percentage of a l i p h a t i c (23.6 to 50.5%) 
and aromatic (34.2 to 53.2%). Except f o r the r e a c t i o n with gluco­
se/water, the o l e f i n contents are low f o r the other two rea c t i o n s . 
The production of polyaromatics (mainly indene and naphthalene d e r i ­
v atives) i s rather high. 

To test the e f f e c t of support and the c a t a l y s t e f f i c i e n c y , 
experiments were done with 18% H-ZSM-5 (instead of 80%) dispersed i n 
82% bentonite. The c a t a l y t i c bed would have less a c i d i c s i t e s which 
are known to promote polymerization of the carbohydrates and hence 
to reduce the hydrocarbon y i e l d s . Table 7 shows the r e s u l t s f o r 
experiments done on the d i l u t e d c a t a l y t i c bed. Only i n the methanol 
added feeds there was a s i g n i f i c a n t increase i n the hydrocarbon 
y i e l d s and a decrease i n the t a r content. Thus, reducing the number 
of a c i d i c s i t e s does not seem to reduce the extent of the polymeri­
z a t i o n of carbohydrates. When the c a t a l y t i c support material was 
changed from bentonite to SiO -A1 20 3 , the y i e l d s of hydrocarbons 
increased f o r both cases as shown i n Table 8. Deoxygenation of 
glucose/water feed (20.3/79.7 Wt.%) with Mn and Zn exchanged ZSM-5 
are reported i n Table 9. There was a reduction i n the hydrocarbons 
y i e l d s when compared to s i m i l a r reactions with H-ZSM-5. The t a r 
contents were as high as those reactions reported before. 

The deoxygenation of fructo s e and i t s d e r i v a t i v e over ZSM-5 
c a t a l y s t s are shown i n Table 10. The r e s u l t s obtained are s i m i l a r 
to those reported before f o r glucose and i t s d e r i v a t i v e . As the 
( H / C ) e f f r a t i o increased, the hydrocarbons y i e l d s increased and the 
tar contents decreased. 

D i s c u s s i o n 

Cyclopentanone can be deoxygenated i n high y i e l d to hydrocarbons 
over H-ZSM-5 above 350°C. The main r e a c t i o n i s a thermal decarbony-
l a t i o n of cyclopentanone to give CO and C^Hg fragment that can react 
f u r t h e r on the c a t a l y t i c bed to produce a l i p h a t i c , aromatic and 
p o l y a r o m a t i c h y d r o c a r b o n s . Cyclopentenone with ( H / C ) e f f β 0.8 i s 
more d i f f i c u l t to deoxygenated. The a d d i t i o n of methanol r a i s e s the 
(H/C) f f r a t i o and permits the complete deoxygenation over H-ZSM-5. 
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336 PYROLYSIS OILS FROM BIOMASS 

TABLE 6 
Reaction of glucose and glucose d e r i v a t i v e over 80% H-ZSM-5 

and 20% bentonite at 450 °C 

Experimental con d i t i o n s : 
Reactant composition: 20 .3% glucose, 20.0% glucose 27.6% glucose 

d e r i v a t i v e 
79 .7% water, 30.0% methanol, 60.2% methanol 

50.0% water 12.2% water 
WHSV ( h r " l ) 0.062 0.195 0.313 
0 i / O e f f 

0.0 1.59 1.36 

T o t a l product d i s t r i b u t i o n (Wt.%) 
Oxygenated hydrocarbons 0.7 * 3.9 ** 
Tar 65.1 33.3 14.1 
CO 2.1 0.5 0.2 
co 2 1.5 1.4 0.9 
H 26 29.1 59.7 66.1 
Hydrocarbons 2.2 4.4 14.8 

Product s e l e c t i v i t y (Wt. %) 
A l i p h a t i c s , - C 8 

O l e f i n s , C 2 - C 6 

23.6 35.7 50.5 A l i p h a t i c s , - C 8 

O l e f i n s , C 2 - C 6 41.6 3.8 2.7 
Aromatics 34.8 53.3 43.2 
Polyaromatics*** 7.2 3.6 

TABLE 7 
Reaction of glucose and glucose d e r i v a t i v e over 18% h-ZSM-5 

and 82% bentonit e at 450°C 

Experimental con d i t i o n s : 
Reactant composition: 20 .3% glucose 20.0% glucose 27.6% glucose 

d e r i v a t i v e 
79 .7% water 30.0% methanol 60.2% methanol 

50.0% water 12.2% water 
WHSV (hr""1 ) 0.862 1.195 1.12 
( H / C ) e f f 0.0 1.59 1.46 

T o t a l product d i s t r i b u t i o n (Wt.%) 
Oxygenated hydrocarbons 0.6 * 1.0 * 4.2 ** 
Tar 51.3 21.0 11.1 
CO 3.8 1.8 0.8 
co 2 2.8 0.3 0.8 
H 26 39.4 57.9 64.3 
Hydrocarbons 2.1 18.1 18.8 

Product s e l e c t i v i t y (Wt. %) 
A l i p h a t i c s , C x - CQ 

O l e f i n s , C 2 - C 6 

29.0 43.6 17.5 A l i p h a t i c s , C x - CQ 

O l e f i n s , C 2 - C 6 7.3 1.2 14.0 
Aromatics 45.2 45.3 55.8 
Polyaromatics*** 18.3 10.0 12.7 

Mainly furan and benzofuran d e r i v a t i v e s ; ** Mainly acetone and 
furan d e r i v a t i v e s ; ***Mainly indene and naphthalene d e r i v a t i v e s 
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27. DAO ET AL. Model Compounds of Biomass-Pyrolysis Oils 337 

TABLE 8 

Reaction of glucose and glucose d e r i v a t i v e over 18% H-ZSM-5 
and 82% SiO^AL, 0 ? 

Experimental c o n d i t i o n s : 
Reactant composition: 20.0% glucose 27.6% glucose d e r i v a t i v e 

30.0% methanol 60.2% methanol 
50.0% water 12.2% water 

WHSV ( h r " l ) 
(H/C) e f f 

1.18 
1.59 

1.11 
1.46 

T o t a l product d i s t r i b u t i o n (Wt.%) 
Oxygenated hydrocarbons 0.1 0.2 
Tar 14.3 6.9 
CO 1.6 1.8 
co 2 0.4 0.5 
H 20 62.4 53.5 
Hydrocarbons 21.2 37.2 

Product s e l e c t i v i t y (Wt.%) 
A l i p h a t i c s , 0 χ - C Q 

O l e f i n s , C 2 - C 6 

Aromatics 
Polyaromatics 

19.0 
12.0 
65.6 
3.4 

21.0 
8.3 

62.0 
8.7 

TABLE 9 

Reaction of 20.3% glucose and 79.7% water over manganes 
and z i n c exchanged ZSM-5 

Experimental c o n d i t i o n s : 
Catalyst composition 80% Mn-ZSM-5 80% Zn-ZSM-5 

20% bentonite 20% bentonite 
WHSV ( h r ~ l ) 0.046 0.055 
0 i / O e f f 0.0 0.0 

T o t a l product d i s t r i b u t i o n (Wt.%) 
Oxygenated hydrocarbons 
Tar 72.3 53.1 
CO 2.6 2.2 
co 2 1.9 4.2 
H 20 22.3 39.8 
Hydrocarbons 0.9 0.7 

Product s e l e c t i v i t y (Wt.%) 
A l i p h a t i c s , C L - C Q 

O l e f i n s , C 2 - C g 

26.0 35.4 A l i p h a t i c s , C L - C Q 

O l e f i n s , C 2 - C g 42.8 2.6 
Aromatics 31.0 62.0 
Polyaromatics 
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338 PYROLYSIS OILS FROM BIOMASS 

TABLE 10 

Reaction of fr u c t o s e and fr u c t o s e d e r i v a t i v e 
over various ZSM-5 at 450°C 

Experimental conditions: 

Reactant composition: 19.8% 19.8% 27.6% 
fructose f r u c t o s e f r u c t o s e d e r i v a t i v e 
80.2% 29.8% 60.2% 
water methanol methanol 

50.4% 12.2% 
water water 

Cat a l y s t 80% 80% 80% 80% 80% 
composition: H-ZSM-5 H-ZSM-5 H-ZSM-5 Zn-ZSM-5 Mn-ZSM-5 

20% 20% 20% 20% 20% 
bentonite bentonite bentonite bentonite bentonite 

WHSV ( h r ~ l ) 0.06 0.14 0.22 0.19 0.157 
( H / C ) e f f 0.0 1.17 1.49 1.49 1.49 

T o t a l product d i s t r i b u t i o n (Wt.%) 

Oxygenated 
hydrocarbons 0.0 0. 1* 3.6** 0.6** 0.3** 
Tar 37.3 28. 9 14.91 10.7 13.2 
CO 2.6 2. 8 0.8 1.2 1.3 
co 2 

H 26 
2.2 2. 1 1.2 1.6 1.0 co 2 

H 26 60.6 58. 5 46.2 61.4 58.7 
Hydrocarbons 0.7 7. 7 33.4 24.9 25.5 

Product s e l e c t i v i t y (Wt.%) 

A l i p h a t i c s C x-C Q 

O l e f i n s , C 2 - C 6 

17.4 21.5 33.2 9.8 8.6 A l i p h a t i c s C x-C Q 

O l e f i n s , C 2 - C 6 18.8 14.1 5.6 8.1 9.7 
Aromatics 48.5 52.1 54.8 70.7 71.4 
Polyaromatic*** 15.3 12.3 6.3 11.4 10.2 

Mainly furan and benzofuran d e r i v a t i v e s and dimethylether 
Mainly acetone and furan d e r i v a t i v e s and benzofurane d e r i v a t i v e s 
and dimethylether 
Mainly indene and naphthalene d e r i v a t i v e s 
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27. DAO ET AL. Model Compounds of Biomass-Pyrolysis Oils 339 

Both f u r f u r a l and g l y c e r o l can undergo p y r o l y t i c reactions at the 
temperature studied. Both the p y r o l y t i c products and the feeds can 
take part i n the c a t a l y t i c deoxygenation over ZSM-5 to produce hy­
drocarbons. The high t a r content observed i n many of the reactions 
reported can be explained by the p y r o l y t i c r e a c t i o n s . At high tem­
peratures, f u r f u r a l can undergo many thermal r e a c t i o n s . I t has been 
shown (15) that f u r f u r a l , under a c i d i c conditions, can polymerized 
by an aldol-type r e a c t i o n to produce high molecular r e s i n r e f e r r e d 
as f u r f u r a l black. The major p y r o l y t i c r e a c t i o n of f u r f u r a l i s 
decarbonylation to produce furan and CO as reported i n the l i t e r a t u ­
re (16) and also observed i n most of the reactions of f u r f u r a l (Ta­
bles 2 and 3). Under high temperature and a c i d i c c o nditions, furan 
can polymerized to humin (16). G l y c e r o l can undergo dehydration at 
high temperature to produce a c r o l e i n (2-propenal) (17) which can 
react fu r t h e r to form polymers ( p o l y a c r o l e i n ) (18) (Tables 4 and 5). 
Once a l l these polymers are formed, they remain on the c a t a l y t i c bed 
c o n t r i b u t i n g then to the tar contents and the d e a c t i v a t i o n of the 
c a t a l y s t s . 

Tables 6 to 10 show that the y i e l d s of hydrocarbons obtained 
f o r most of the r e a c t i o n of carbohydrates over ZSM-5 c a t a l y s t s were 
low when compared to the y i e l d s of tar formed on the reactor bed. 
The r e s u l t s a l s o i n d i c a t e that the z e o l i t e c a t a l y s t s are not respon­
s i b l e f o r the high t a r contents observed, since most of the tars 
were formed on the top of the c a t a l y t i c bed. Two po s s i b l e reasons 
f o r the h i g h t a r content are the low ( H / C ) e f f r a t i o i n the feed as 
a l s o reported by other authors (11) and the polymerization of the 
carbohydrates and t h e i r d e r i v a t i v e s at temperatures above 150°C. 
F i r s t l y , i f the ( H / C ) e f f i s lower than 1, the conversion to hydro­
carbon w i l l be small because the main deoxygenation r e a c t i o n i s the 
e l i m i n a t i o n of water which i s dependant of the a v a i l a b i l i t y of the 
hydrogen i n the organic components of the feed (2,4,11). Glucose 
and f r u c t o s e and t h e i r d e r i v a t i v e s w i t h ( H / C ) ^ * r a t i o < 0.7 are 
therefore expected to give poor hydrocarbons y i e l d s (Tables 6-10). 
However, supplementing these carbohydrates with compounds with high 
( H / C ) e f f ( e . g . methanol w i t h ( H / C ) e f f

 β 2.0), i t i s poss i b l e to 
i n c r e a s e the ( H / C ) e f f of the f e e d . T a b l e s 6, 7 and 10 show the 
e f f e c t of adding methanol to the carbohydrates feeds; there was a 
simultaneous increase i n hydrocarbons y i e l d s with increase (H/C) eff· 
Nevertheless, as the increase i s small and the t a r content s t i l l too 
high, the c a t a l y t i c upgrading would be d i f f i c u l t i n a fixed-bed 
r e a c t o r . Therefore more c o s t l y processes such as a f l u i d i z e d bed 
system (11a) are necessary. The high t a r content can be produced by 
the decomposition and polymerization of carbohydrates. I t Is known 
that glucose can undergo thermal polymerization and decomposition at 
temperatures higher than 150°C (19). Polycondensation of glucose 
catalyzed by a c i d produced polymers (polyglucose) with a wide range 
of molecular weights. Other n o n - v o l a t i l e decomposition products 
which contribute to the tar content are levoglucosan and 1,6-anhy-
droglucofuranose (20). One consequence of the n o n - v o l a t i l e products 
on the c a t a l y t i c bed i s that they can block the pores of ZSM-5 and, 
hence, preventing deoxygenation of the v o l a t i l e compounds. Thermal 
decomposition of glucose can al s o produce v o l a t i l e products (5-hy-
droxymethyl f u r f u r a l , f u r f u r a l , f u r y l hydroxymethyl ketone) which 
can undergo deoxygenation over ZSM-5 c a t a l y s t s to y i e l d the small 
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340 PYROLYSIS OILS FROM BIOMASS 

amount of hydrocarbons observed. The experimental r e s u l t s suggest 
that the rate of production of v o l a t i l e products i s much slower than 
the rate of production of no n - v o l a t i l e products i n a fixed-bed cata­
l y t i c system. Hence, the poor hydrocarbon y i e l d and the high t a r 
content. The d e r i v a t i v e s of glucose and fructose give better hydro­
carbon y i e l d s , p r o b a b l y because of t h e i r higher R/Ceff r a t i o and 
a l s o because most of the hydroxy groups responsible f o r the forma­
t i o n of polyglucose are blocked. However, the tar contents f o r 
these d e r i v a t i v e s reactions are s t i l l too high. 

Conclusion 

Cyclopentanone can be deoxygenated with high y i e l d to hydrocarbons 
over ZSM-5 at 400°C. The a d d i t i o n of methanol to cyclopentenone 
p e r m i t s to r a i s e the (H/C) ef£ r a t i o of the f e e d and, hence, i t s 
complete deoxygenation. The re a c t i o n of f u r f u r a l and g l y c e r o l over 
ZSM-5 c a t a l y s t s at temperatures between 400°C and 500°C produces 
p y r o l y t i c products of d i f f e r e n t degree of v o l a t i l i t y . The v o l a t i l e 
f r a c t i o n i s deoxygenated by the c a t a l y s t s to produce hydrocarbons 
while the n o n - v o l a t i l e f r a c t i o n remained on the c a t a l y t i c bed caus­
in g the d e a c t i v a t i o n of the z e o l i t e and the enhancement of the tar 
content. Glucose and fructose undergo thermal reactions which pro­
duce a s i g n i f i c a n t amount of tar and a small amount of v o l a t i l e 
products. The v o l a t i l e f r a c t i o n i s deoxygenatd by ZSM-5 c a t a l y s t s 
to produce hydrocarbons. 
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determination of rate constant for 

wood decomposition, 76 
fixed heated wall 

experiments, 68,71,72/" 
lifetime of liquids produced, 71,73 
spinning disk 

experiments, 67-68,69-70/" 
wood surface temperature vs. heat 
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implications for future 

research, 186-187 
product analysis, 180,183-184 
product recovery, 183 
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transition probabilities for Monte 
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first-generation processes, 129 
second-generation processes, 129-130 
solvolysis, 130 
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experimental procedures, 114 
yields o f aromatic compounds, 115,116/ 
yields of solvent-free 

extracts, 114,115/ 
Liquefaction o f wood 
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experimental procedures, 221 
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characteristics of pyrolysis 
oils, 295,29ty" 

experimental conditions and results, 
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experimental design, 293,296/" 
experimental procedures, 293 
G C - F T I R analyses, 304,305-306/ 
G C - F T I R analysis of oils and 

residues, 295 
identification o f 

compounds, 304/.307/ 
product distribution vs. time on 

stream, 300,303/304 
pyrolysis o i l , 291/.293 
reactions, 304,308 
schematic of o i l precoker and 

reactor, 293,294/ 
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products, 300,302/" 
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experimental procedures, 190-191 
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Milled-wood l ignin 
catalytic liquefaction, 258,26Qf,261 
description, 242 
effects of catalyst decay and 

transport on liquefaction, 261 
probability distribution functions for 

molecular weight, 242,244/ 
pyrolysis, 258,25S>f 
structure, 242-243,246/ 

Moist biomass 
high-pressure liquefaction, 179-186 
utilization of o i l products, 186 

Molecular-beam mass spectrometry of 
biomass pyrolysis product conversion 

effect of cofeeding wood and 
methanol over H Z S M - 5 

effect of temperature on product 
distribution, 316318/319 

effect of weight hourly space velocity on 
product distribution, 316,318/319 

experimental apparatus and 
approach, 312-313 

goal, 311-312 
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classes, 314315/316,317/ 
model compound products over Z S M - 5 

pellets, 322,324/325 
Multiple-hearth reactor 

heat transfer phenomena, 29 
thermal efficiency, 29 
See also Vacuum pyrolysis 

multiple-hearth reactor 
Multistage vacuum pyrolysis, 

description, 13 
Munic ipa l solid waste 

analytical results from 
pyrolysis, 83,85-86/ 

basic research programs on 
pyrolysis, 80 -82 

bench-scale studies on pyrolysis, 82 
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Ν 
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experimental procedures, 191 
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Oi ls , molecular weight reduction, 101-102 

Physical properties, tars, 60 
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liquefaction, 92-102 
Postpyrolysis processing, effect on 

composition of pyrolysis oils, 4 - 5 
Primary pyrolysis oils 

physical and chemical properties, 37 
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Pyrolysis 
definition, 2 
progression of chemicals, 56 
types of processes, 56,5<y 

Pyrolysis gas composition, vs. cracking 
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reactions, 31 -3235/ 
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fractions, 51,53/ 
effect o f conditions on particle 
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analysis, 44,45/ 
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product yields, 44,45/ 
reproducibility of 
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sample preparation, 43 
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content and heat 
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flux, 48,4Sy 
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Pyrolysis of municipal solid waste— 
Continued 
effect of heating rate on tar 
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effect of heating rate on weight 

loss, 87,88/· 
effect of sample weight on product 

yield, 87,88f,9Qr 
reactions, 79-80 
reactor description, 82 

Pyrolysis oils 
applications, 156-157 
characteristics, 291/,293 
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chemical characterization by 

integrated spectrometry, 189-201 
chemical composition, 3 
composition by fast pyrolysis, 167-176 
costs, 156 
definition, 2 - 3 
fractionation methods, 203-204 
problems with G C analysis, 204 
See also Vacuum-pyrolysis oils 

Pyrolysis reaction, heat 
requirement, 25,26/,27 

Pyrolysis reactor design considerations 
biomass feedstocks, 33 
temperature, 32-35 
time requirement, 32 

R 

Rapid thermal processor, description, 13 
Renewable biomass 

advantages and disadvantages of energy 
use application, 1 

definition, 1 

Secondary tar, pyrolysis formation 
pathway, 56,57/ 

Short contact time regenerative fluid 
bed processing 

advantages, 278 
apparatus, 280,281/ 
catalyst, 280 
coprocessing scheme, 286,287/288 
experimental run procedures, 280,282 
model compound conversion 

data, 282,283/ 
parallel processing scheme, 286,287/ 
production o f wood pyrolysis 

liquids, 280 
upgrading o f wood pyrolysis 

liquids, 285-286f,287/288 

Short contact time regenerative fluid 
bed processing—Continued 
yields from acetic acid and methyl 

acetate, 282,284 
yields from acetic acid-methanol 

mixtures, 284-285 
yields from methanol experiment, 282 

Sol id residues from supercritical 
extraction of wood, 
characterization, 139-154 

Solvent extraction method of o i l 
fractionation, disadvantages, 204 

Solvolysis of wood 
analytical procedure for material 

balance determination, 132,133/ 
characteristics, 132,134f,135 
composition of heavy fraction, 135 
composition of light fraction, 135 
conversion ratio vs. amount of water 

and phenol, 130,131/132 
economic evaluations, 136,138/ 
experimental procedures, 130-132 
gas production, 132,134/ 
history, 130 
material balances, 130 
o i l price comparison, 136,137/ 
o i l viscosity, 136,137/ 
overall material balance, 136,137/ 
recycling and upgrading 

o i l , 135-136,137/ 
role o f solvent, 130 
thermogravimetric analysis, 132,133/ 
water production, 132,134/ 

Solvolysis o i l , recycling and 
upgrading, 135-136,137/ 

Standard heat of pyrolysis reaction, 
determination, 27,28/29 

Starch 
production of organic acids, 124-127 
thermochemical degradation, 121-125 

Steam liquefaction of poplar chips 
aqueous phase yield, 97 
carbon distribution in product 

phases, 96-97,98/" 
compositional analysis o f ether 

solubles from aqueous phase, 97,99/ 
degradation o f wood to o i l , 93,95/ 
o i l yield, 97,99,101 
phase at cell level, 93-94,95/ 
reactor operation, 96 
schematic diagram of wood liquefaction 

unit, 94,9^" 
temperature profiles of reactor, 96,98/" 
upgrading o f oils, 101-102 

Supercritical extraction of wood 
D R I F T , 148-152 
E S C A , 151,153-154 
experimental procedure, 140 
extraction conditions and 

analysis, 140,141/ 
glucose and xylose contents, 143,146/" 
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Supercritical extraction of wood— 
Continued 

Klason residue and thioglycolic acid 
l ignin, 140,142/,143 

recondensed material vs. l ignin 
conversion, 143,145/ 

thermogravimetric 
analysis, 143,147/148,149/ 

Τ 

Tars 
analysis, 43-44 
biological properties, 60,62,63/ 
chemical properties, 58/,59f,60,61/ 
definition, 2 - 3 
physical properties, 60 

Tars, biomass, See Biomass tars 
Tar formation 

effect of conditions on particle 
temperature, 42 

study of single wood particle, 42 
Tar production by pyrolysis, 

composition, 55 
Thermal efficiency, multiple-hearth 

reactor, 29 
Thermochemical degradation of 

polysaccharides in alkaline 
solution, See A lka l ine 
thermochemical degradation of 
polysaccharides 

Thermogravimetric analysis of 
supercritical extraction residue 

curves, 143,147/148 
temperature vs. S C E temperature and 

pressure, 148,149/" 

U 

Ultrapyrolysis process, description, 12 

V 

Vacuum process development unit 
experimental procedure, 17,19 
schematic, 17,18/ 

Vacuum pyrolysis 
l iquid production, 167 
process development unit, 291,292/ 

Vacuum-pyrolysis multiple-hearth reactor 
G P C analysis of oils, 206-218 
oils and yields of 

compounds, 206,208/ 
relationship of fractions, 206,207/ 
schematic, 204,205/ 

Vacuum pyrolysis of wood 
characteristics of biooi l and 

charcoal, 19,20/ 

Vacuum pyrolysis of wood—Continued 

determination of standard heat of 
reaction, 27,28/29 

gas-phase composition, 19,22/ 
heat requirement for pyrolysis 

reaction, 25,26/,27 
heat requirement for vapor product 

cooling, 27 
mean residence time of vapor products 

in reactor, 23-25,28/ 
o i l refining, 23 
separation of water from orgainc 

l iquid phase, 19,23,26/ 
yields and mass balances for 

wood, 19,20/ 
Vacuum-pyrolysis oils 

fraction 1, 210,211/ 
fraction 2, 210 
fractions 

3 -11 , 210,212-213/,214/215 
fraction 12, 215,216/ 
fraction 13, 215,217/218 
fraction 14, 218 
G P C analysis 
molecular weight distribution, 209 
silica-gel column 

fractionation, 208/,209 
Vacuum-pyrolysis pilot plant 

determination of standard heat of 
reaction, 27,28/29 

heat requirement for pyrolysis 
reaction, 25,26/,27 

heat requirement for vapor product 
cooling, 25 

heat transfer phenomena in reactor, 29 
mean residence time of vapor products 

in reactor, 23-25,28/ 
o i l refining, 23 
reactor pressure vs. time, 24,28/ 
schematic of process development 

unit, 17,18/19 
separation o f water from organic 

l iquid phase, 19,23,26/ 
thermal efficiency of multipule-hearth 

reactor, 29 
yield and quality of 

products, 19,20-22/ 
Vortex tube reactor 

operation, 34,36-37,38/ 
scale-up potential, 37,39 

schematic, 34,35/ 
vortex tube, 33-34 

W 

Water-based liquefaction, types, 92-93 
Waterloo fast pyrolysis process, 

description, 12 
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INDEX 353 

Wood 
composition of oils from fast 

pyrolysis, 167-176 
direct liquefaction by 

solvolysis, 129-138 
thermal decomposition, 16 
vacuum pyrolysis, 17 

Wood liquefaction using aqueous hydrogen 
iodide, research, 11 

Wood pyrolysis liquids, 
upgrading, 285-286/,287/,288 

Wood pyrolysis oils, chemical 
characterization, 203-218 

X 

Xylose 
structure of isolated liquefaction 

products, 116/ 
yields of aromatic compounds upon 

liquefaction, 115,116/ 

Ζ 

Zeolite biomass conversion 
apparatus, 329 
reaction of cyclopentanone over 

catalyst, 329,331,332/" 
reaction of fructose and fructose 

derivative over 
catalyst, 335,338/ 

reaction of furfural over 
catalyst, 331,333/ 

reaction of glucose and glucose 
derivative over 
catalyst, 335,336-337/ 

Zeolite biomass conversion—Continued 
reaction of glucose and water over 

catalyst, 335,337/ 
reaction o f glycerol-methanol mixture 

over catalyst, 331,334/,335 
reaction of glycerol over 

catalyst, 331,334/ 
Zeolite catalyst conversion of biomass 

to gasoline 
analysis o f organic condensates, 268 
catalytic reactor, 267-268,27Q/" 
composition of gasoline fraction from 

pyrolysis, 271,273 
development, 265 
distribution of oxygen in inorganic 

byproducts, 265,266/ 
location of temperature maximum with 

pyrolysis vapor feed, 271,272/" 
method of oxygen rejection, 265,267 
molar compositions of net product 

gases, 268,269/ 
reactivity, 265 
temperature profile of reactor with 

methanol feed, 268,27(y,271 
temperature profile of reactor with 

pyrolysis vapor feed, 271,272/" 
yields of catlayst gases, 273,274/ 

Zeolite conversion of biomass vapors, 
studies, 312 

Zeolite Z S M - 5 catalysts 
acetic acid conversion to gasoline, 

278,279t 
characterization, 329 
chemical compositions, 329,330t 
conversion o f biomass materials to 

hydrocarbons, 328-340 
conversion of biomass vapors, 312 
preparation, 329 
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