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PREFACE
VTT launched a Research Programme on Chemical Reaction Mechanisms
(CREAM) in 1993. The three-year programme (1993-1995) has focused on
reaction mechanisms relevant to process industries and aimed at developing
novel catalysts and biocatalysts for forest, food, and specialty chemicals
industries as well as for energy production. The preliminary results of this
programme have already been presented in the first symposium organized in
Espoo in September 1994. To conclude the programme the second
symposium is organized in Otaniemi, Espoo on January 29 - 30, 1996.
Papers by 19 speakers and 17 poster presentations of the 1996 Symposium
are included in this book. The authors are mostly VTT researchers who have
participated in the CREAM programme. However, many other scientists who
work in related research fields in industry, universities, VTT, and research
establishments outside VTT have brought a remarkable contribution to this
symposium as speakers, poster presenters, keynote speakers, and as session
chairmen.
The Symposium consists of four sessions:
Session I:
Biotechnology for Natural Fibers Processing
Session II: New Biocatalysts
Session m Catalysts for Clean Energy
Session IV: New Opportunities for Chemical Industry
The Symposium Programme Committee members are:
Prof. Markku Auer, Research Director, VTT Chemical Technology (Chairman)
Dr. Lars Gadda, Vice President, Neste Corporation Technology
Martti Aijala, Technology Manager, Imatran Voima Oy
Prof. Anneli Hose, CREAM Programme Manager, VTT Chemical Technology
Matti Huuska, Research Scientist, VTT Chemical Technology
Pekka Simell, Research Scientist, VTT Energy
Prof. Kai Sipild, VTT Energy
Prof. Hans Soderlund, VTT Biotechnology and Food Research
Dr. Tuula Teeri, Chief Research Scientist, VTT Biotechnology and Food Research
Dr. Maija Tenkanen, Senior Research Scientist, VTT Biotechnology and Food Research
Prof. Liisa Viikari, VTT Biotechnology and Food Research

Aila Maijanen, Research Scientist, VTT Chemical Technology (Secretary)
Expertise assistance for the Symposium arrangements has been given by Ms. Kristiina
Kivimaa, Ms. Maija Korhonen, and Ms. Annika Stenman. Technical assistance by Mr.
Matti Jantti, Lie. Tech., in editing this book is also gratefully acknowledged.
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The CREAM programme has tried to foresee solutions for the problems
challenged by the public concern on environmental aspects, especially
dealing with industrial processes and novel use of raw materials and energy.
The programme has followed the basic routes that can lead to natural and
simple solutions to develop processes in the fields of forest, food, fine
chemicals, and energy industry. The expertise in these fields has increased
remarkably giving a clearer view on reality - often valued as wisdom. This
symposium presents the results of the programme to learn and further discuss
together with the international excellence that has been invited as keynote
speakers.
The CREAM programme has afforded a great chance for different VTT
groups and units to work together and get inspired by encountering different
views on familiar problems. The programme has served as a necessary
contact surface for benchmarking in the VTT polytechnic organization. It has
also offered the participants new possibilities for research, learning, and
international and domestic contacts.
I wish to thank the programme participants and all the symposium speakers
and poster presenters, especially our international speakers, who have been
interested in breaking their daily duties and travelled to this scenic but cold
country to share our January darkness.

Espoo, December 20,1995
Anneli Ease
Programme Manager, CREAM
Research Professor, VTT Chemical Technology
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BIOCATALYSTS FOR THE PULP AND PAPER
INDUSTRY
Liisa Viikari, Research Professor
VTT Biotechnology and Food Research
Espoo, Finland
Abstract
A clear breakthrough of biotechnical methods in the pulp and paper industry is
a reality. Several biotechnical methods are already used in full industrial scale.
The commercialized methods aim at improving the Reachability, removal of
extractives or modification of fibre properties, hr addition, active research on
other new applications is underway. Biocatalysts enable specific modifications
of fibres, which can usually not be obtained with other methods. This paper
describes the applicability and present status of biotechnical methods in the
pulp and paper industry.

1 INTRODUCTION
Biotechnical methods in tire pulp and paper industry aim at improving process
stages to decrease environmental impacts, to save energy or to improve product
quality. Based on biocatalysts; microbial

cells or isolated enzymes,

biotechnical methods represent truely clean technologies.

Previously,

biotechnical methods have been used mainly for cleaning of effluents.
Examples of new commercialized methods are, however, still rare. Due to the
obvious interest in alternative processes in the pulp and paper industry, an
active search for new biocatalysts and methods is underway. Especially
interesting are organisms (fungi and bacteria) which can degrade individual
wood components selectively and specific enzymes acting on various wood
components under process conditions. Potential enzymes for pulp treatment
include lignin modifying enzymes, hemicellulases, native and modified cellulases
and enzymes degrading extractives. The advantages of biotechnical methods
are due to their specificity and safety.
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Due to the suitability of the biological raw material for biological conversions,
a number of biotechnical applications, based on microbial cells or isolated
enzymes, have been presented. These aim at improving tire raw material quality
and handling, mechanical and chemical pulping bleaching and paper
manufacture. The schematic process flow sheet summarizes tire major process
steps, where biotechnical methods can be used (Figure 1). hr some applications,
basic knowledge on the degradation mechanisms of lignocellulosic materials
can be exploited to develop new chemical methods, mimicking the natural
reactions. Enzymes have also proven to be valuable tools in fibre analysis and
in understanding the structure-function relationships of fibres.

IMPROVEMENT OF
RAW MATERIAL
ENZYME-AIDED
DEBARKING
BIOLOGICAL
DELIGNIFICATION.
REMOVAL OF
EXTRACTIVES

WOOD

DEBARKING

WOOD
PRESERVATION
METHODS
WOOD
PRODUCTS

CHIPPING
ENERGY SAVING
BIOCONVERSIONS

CHEMICAL
PULPING

MECHANICAL
PULPING
ENZYME-AIDED
CONTROL OF
EXTRACTIVES,
PISS. COLLOIDS

ENZYME-AIDED
BLEACHING

BLEACHING

ENZYMATIC
MODIFICATION

PAPER MANUFACTURE

OF FIBRES
ENZYME-AIDED
DEINKING

CONTROL OF
CONTAMINANTS
RECYCLED PAPER

Fig. 1. Biotechnology in theforest industry.
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2 IMPROVEMENT
Methods of genetic engineering are being used to improve the raw material
quality. The most ambitious efforts aim at modifying the chemical structure of
wood components, especially lignin, by genetically reducing the expression of
enzymes involved in the biosynthesis. The target enzymes include Omethyltransferase, cinnamyl alcohol dehydrogenase, ferulic add hydrolase and
laccase (EGguchi et al, 1994). In another approach, mapping of gene markers
can be used in early selection of nursery trees with suitable wood refining
qualities (Akerman et al. 1995). The markers can also be used for clone
selection, quality control of seeds and in establishing family relationships of
breeding material.

An enzymatic approach has been presented for improving the raw material
quality by removing remaining bark residues from the logs. Extensive
debarking is needed for high quality mechanical and chemical pulps, because
even low amounts of bark residues cause darkening of the product The need
for complete debarking leads to losses of raw material and to an increased
energy consumption due to prolonged treatment in mechanical drums. Even
though enzymes, especially pectinases, acting on the cambial layer, have been
shown to be efficient aids in this process phase, the commercialization is still
hindered by the relatively high prices of these enzymes (Ratio et al., 1993).
Furthermore, there is a general tendency to debark without water, in order to
avoid the generation of toxic waste waters.

Due to the changing regulations concerning the use of traditional wood
preservatives, there is an obvious need for the development of new
environmentally safe preservation methods. Basic knowledge on the
degradation reactions of the wood components by tire decaying organisms,
especially brown-rot fungi, may enable tire specific blocking of certain key
reactions. Thus, the basic oxidative and hydrolytic reactions as well as the
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reactions. Thus, the basic oxidative and hydrolytic reactions as well as the
catalysts involved, leading to rotting of wood are being characterized. In the
future, targeted compounds (chemical or biological), not harmful to other
organisms, may be used to prevent the decay by brown rotters.

3 MECHANICAL AND CHEMICAL PULPING
T.ignin biodegradation or modification is fundamental to many potential
applications of biotechnology in the pulp and paper industry. The use of
selective fungi for the pretreatment of wood chips prior to pulping is often
referred to as biopulping. This method is based on the ability of white rot fungi
to degrade and modify mainly lignin. The most extensively studied method, the
bio-mechanical pulping, aims at the reduction of energy consumption in
mechanical pulping, and is based on the pretreatment of chips using selected
microbial strains before the refining processes (Akhtar et al. 1992). The concept
of biomechanical pulping has been developed at the Biopulping Consortium in
Madison, Wisconsin. Significant energy savings; over 30% after a two weeks
treatment, and improved strength properties of the fibres have been obtained.
Advances in asepsis and inoculum growth techniques, control systems and
scaling-up will bring this approach nearer to final commercialization.

Biotechnical production of completely biodelignified fibres is unlikely to be
successful due to long treatment times and unselectivity of the organisms.
However, the fungal treatment of chips combined with chemical delignification
to improve the pulping efficiency; the bio-chemical pulping, is attracting
growing interest Biological pretreatment has already been tested as a
pretreatment method of traditional cooking methods; sulphite and kraft pulping,
to reduce the consumption of chemicals. Fungal pretreatments have been shown
to remarkably decrease the Kappa numbers after sulphite cooking of both
softwood and hardwood (Messner and Srebotnik, 1994). Although the
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biochemical mechanism of biopulping is still unknown, it is obvious that this
method offers great potential for mechanical as well as chemical pulping.
Improvements in the pulping efficiency have also been obtained by using the
extractives degrading organism, Ophiostoma piliferum. The degradation of
extractives is expected to make the interior of wood chips more accessible to
cooking chemicals, enabling a more uniform dehgnification. This organism,
Cartapip™, has been commercially used to reduce the pitch content of sulphite
and thermomechanical pulps (Brush et al. 1994). Treatment of wood chips with
the fungus decreases both the total resin acid and total fatty acid amount by
approximately 40 %, and improves the paper machine runnability and reduces
the bleach chemical consumption.

4 BLEACHING
The use of hemicellulases in bleaching showed, for the first time in the pulp
and paper industry, that specific enzymatic methods can be realistic alternatives
also in industrial scale. The enzymatic treatment removes only a minor part of
hemicelluloses, a fact which explains both the technical and economical
feasibility of this method On the other hand the hemicellulase-aided bleaching
is an indirect method not delignifying directly, and therefore limited in its
efficiency (reviewed by Viikari et al. 1994). Several hypotheses on the
mechanism of the xylanase action have been proposed Thus, xylanases may
act on xylan in the lignin-carbohydrate complexes, xylan entrapping residual
lignin or chromophoric xylan. According to present knowledge, all these
hypothesis have gained some experimental support The enzymatic removal of
xylan has been shown to unreveal lignin on fibres, to release aromatic
compounds together with xylan degradation products (chemically or physically
bound), and to release chromophoric groups, i.e. hexenuronic add bound to
xylan. The xylanase treatment permits a more effirient delignification of fibres
and the consequent use of lower chemical charges during the bleaching ofkraft
pulps, hr conventional bleaching, the bleach-boosting effect is assoriated with

15

pulps. In conventional bleaching, the bleach-boosting effect is associated with
reduced chloro-organic discharges. The xylanase treatment enables a reduction
in chlorine consumption by 15-25% and can also contribute to bleaching
sequences where chlorine is completely replaced with chlorine dioxide or by
non-chlorine chemicals. This allows the AOX levels to be reduced by about
20%. This method is applicable to both softwood and hardwood kraft pulps of
different lignin contents, as well as to different bleaching sequences. Promising
results on new types of pulps have been obtained when also mannanases were
supplied (Suumakki et al. 1994) The need for investments is practically
insignificant and due to the low enzyme costs, savings in bleaching chemical
costs can be attained. Today, long term use of enzymes has been reported by
several mills.

Recently, promising results have also been reported on the direct enzymatic
delignification by using specific mediators (Paice et al., Call and Mticke, 1994).
In the presence of mediators; ABTS or N-heterocyclic compounds, laccase has
been shown to decrease the kappa number up to 60% after an alkaline step.
Improvements both in the enzyme production technologies as well as mediator
chemistry are, however, necessary before the final commercialization of
delignifying enzyme systems.

5 PAPERMAKING
The use of secondary fibres in newsprint, tissue paper and currently in higher
grades of paper has increased greatly over the last 20 years, particularly as a
result of consumers' attitudes and successful development of deinking methods.
The most common techniques for removing ink particles are washing and
flotation deinking. The chemistry involved is based on different principles. The
use of enzymes to improve tire processing of waste papers has shown promise.
There are two principal approaches to enzymatic deinking. One employs lipases
to hydrolyze soy-based ink carriers, and the other uses cellulases, xylanases or
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to hydrolyze soy-based ink carriers, and the other uses cellulases, xylanases or
pectinases to release ink from fibre surfaces (Prasad et al. 1992). It has been
proposed that enzymes remove attached toner particles and reduce ink particle
size (Kim et al. 1991). The enzymatic treatment enhances the brightness and
cleanliness of the pulp. Additional benefits include higher freeness, greater
paper strength, reduced chemical usage, lower bleaching costs and simplified
waste disposal. Some yield reduction appears to result from losses of fines and
other small particles. The precise control of reaction conditions, such as
enzyme composition and dosage, are expected to minimize the negative
impacts. Studies on the underlying mechanisms of the deinking enzymes have,
unfortunately, been limited to comparative studies of commercial preparations.
Enzymatic deinking appears promising and the technology has been
demonstrated at pilot scale. Plant trials will reveal the technical and commercial
feasibility (Welt and Dinus, 1995).

In paper manufacture, solubilization of compounds either from the fibres or
from additives used in paper making may cause severe problems, especially
when the process is developed to use reduced amounts of water. Presently,
these problems have not been solved, but rather their effects are diminished by
addition of various chemicals. The commercialized biotechnical methods aim at
enzymatic removal of pitch deposits, slimes and solubilized fine particles. The
enzymatic pitch control technology in paper manufacture has been employed
for several years by Nippon Paper (Fujita et al. 1992). The lipase treatment
allows savings in the consumption of white carbon, surface active chemicals
and results in higher dynamic friction coefficient. The cleaning frequence and
the number of stops is decreased. The water absorption properties of chemithermomechanical fibres are also improved after the enzymatic treatment.

Enzymes have also been used to improve fibrillation and drainage properties of
recycled fibres Pommier et al. 1989). Mil trials of this concept have been
carried out successfully using a mixture of cellulases and hemicellulases

17

(Jokinen, 1994). This treatment is at least partly based on the removal of fine
cellulose particles that impede draining. The presence of endoglucanase activity
was shown to be a prerequisite for improvements in the drainage properties
(Stork et al. 1994).

6 ENZYMES IN FIBRE ANALYTICS
The traditional analysis of fibre components involves hydrolysis of the
carbohydrate polymers into monomeric compounds by acid, and subsequent
analysis of the monomeric compounds by HPLC or gas chromatography. In the
acid hydrolysis, however, some of the carbohydrate components may be
destroyed and thus, quantitative or even qualitative analysis results may not be
obtained

Specific enzymes are powerful tools also in fibre analytics. The fibre surfaces
can be studied by peeling off carbohydrate layers using purified xylanases,
mannanases or celluloses. The composition of the peeled fractions can be
further precisely analyzed by e.g. NMR before or by HPLC after a secondary
enzymatic hydrolysis consisting of a mixture of enzymes designed for this
purpose. After the enzymatic peeling, the fibre surface chemistry and structure
can be analyzed by ESCA, FITR or titration methods. Furthermore, by
combining the enzymatic peeling of fibres with different titration methods, the
localization of carboxylic groups in the fibres has been determined (Buchert et
al. 1994). Analogously, the ESCA (Electron Spectroscopy for Chemical
Analysis) analysis, after enzymatic treatments, enables the precise localization
of fibre components on the fibre surfaces. When combined to determination of
technical properties of the fibres, deeper understanding on the structurefunction relationships can be obtained
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ENZYME-AIDED ANALYSIS OF FIBRE
SURFACES
Anna Suumakki, Maija Tenkanen, Johanna Buchert and Liisa Viikaii
VTT Biotechnology and Food Research
P.O. Box 1501
FIN-02044 VTT, (Espoo) Finland

Abstract
Enzymes acting on pulp hemiceUulose, i.e. xylanases and mannanases can be
used for structural and chemical analysis of pulp fibres. Using the selective
enzymatic solubilization, pulp components can be qualitatively and
quantitatively analyzed, without yield loss. Furthermore, the role of pulp
components, such as xylan or glucomannan, in the technical properties of pulp
can be evaluated after their enzymatic removal from pulp.

1 INTRODUCTION

Wood is composed of cellulose, hemiceUulose and lignin. CeUulose, which is
the most abundant of these components, forms a skeleton of wood fibres (1).
This skeleton is embedded by a matrix of hemiceUulose and tignin.

In

softwoods the main hemiceUulose component is acetyl- and galactosesubstituted glucomannan. Softwood xylan is substituted by arabinose and 4O-methylghicuronic add side-groups whereas hardwood xylan is composed of
acetylated methylglucuronoxylan. As a result of kraft cooking about 90 % of
the Ugnin in wood fibres is removed and wood hemiceUulose componets are
extensively modified due to dissolution, partial degradation and redeposition
(2).

Today, enzymes acting on hemiceUulose or ceUulose in pulp are used as
process aids in pulp and paper industry. The specifitity of purified enzymes
and the rrnld hydrolysis conditions have recently also been exploited in the
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characterization of pulp fibres.

By combining enzymatic treatments to

analysis methods, such as HPLC or NMR, new information about the
structure and composition of fibre components, mainly hemicelluloses, have
been obtained (3,4,5,6).

Furthermore, the role of hemicellulose components

in pulp properties has been studied using specific enzymes (7,8). This paper
reviews the use of enzymes as analytical tools in the characterization of the
composition and structure of surfaces accessible to enzymes in kraft pulps.

2 ACTION OF HEMICELLULASES IN KRAFT PULP
FIBRES

Enzymes are generally considered to act in all accessible surfaces of pulp
fibres, i.e. on the outer surface of fibres and in the inner fibre wall (9,10). The
site of action of Trichoderma reesei xylanase and mannanase in kraft pulp
fibres has been determined by sequential enzymatic and mechanical peeling
(11). In a limited enzymatic treatment of pine and birch kraft pulps (about 10
% of the pulp hemicellulose removed) the sites most heavily attacked by
xylanase and mannanase were different. In conventional pine kraft pulp the
action of xylanase was relatively uniformly distributed to all accessible fibre
surfaces, whereas the action of mannanase was three to four times more
concentrated on tire outer surface of fibres than in the inner fibre walls. Some
concentration of xylanase action on the outer surface of fibres was also
observed in conventional birch kraft pulp, probably due to the relatively high
content of xylan on the outermost fibre surface (12).

Both xylanase and mannanase have been observed to be able to penetrate the
fibre wall and to increase the porosity of fibres when very high dosages of
enzyme and long treatment times are used (13). However, only about 50 % of
the xylan or glucomannan in kraft pulps can be removed by a sequential
enzymatic treatment with the corresponding enzyme (14). It is apparent that

22

the accessibility of pulp fibres to enzymes with certain molecular weight is
limited by the size and shape of the available pores in fibres.

3 ENZYMES IN CHARACTERIZATION OF THE
COMPOSITION OF ACCESSIBLE HEMICELLULOSES
IN KRAFT PULPS

The non-destructive action of enzymes has been exploited in the identification
of the previously undetected, add labile hexenuronic add (HexA), which is
formed by G-elimination from 4-O-methylglucuronic add during kraft pulping
(4).

Hexenuronic add has been reported to be the major uronic add

component in both softwood and hardwood kraft xylan (15). By using gradual
enzymatic peeling and HPLC analysis it has also been shown that the
composition of xylan and glucomannan on the accessible surfaces of fibres
differs from the composition of these polysaccharides in the overall pulp. The
content of galactose in the pine kraft pulp glucomannan and the content of
hexenuronic add in the birch kraft pulp xylan was found to be relatively high
on the surfaces most accessible to enzymes. The amount of these substituents
in the solubilized glucomannan and xylan decreased by increasing amount of
hemicellulose removed. However, in pine kraft pulp the degree of substitution
of surface xylan was relatively constant, irrespective of its accessibility to
enzymatic action.

4 ORGANIZATION OF PULP COMPONENTS ON
FIBRE SURFACES

The surfaces of kraft pulps have been characterized using mechanical peeling
(11). The surfaces of birch kraft fibres were found to be rich in xylan whereas
the content of xylan on the outer surface of pine kraft fibres was not

23

pronounced as compared with the overall content of xylan in fibres. In both
types of fibres high concentrations of lignin have been detected from the
outermost surface of fibres (12,16,17). The organization of xylan and lignin
on tire outermost surface of kraft fibres has further been studied by combining
enzymatic peeling and ESCA analysis (6). After extensive xylanase treatment
(about 30 % of the pulp xylan removed) more lignin could be detected on the
surface of pine kraft fibres. Thus, within the sampling depth of ESCA (about
10 nm), xylan was apparently partly covering lignin in pine kraft fibres. The
selective removal of glucomannan did not uncover lignin in pine kraft fibres.
Unlike in pine kraft pulp, the removal of as much as about 40 % of the xylan
in birch kraft pulp did not expose lignin on the outermost surface of fibres.
This was probably due to the relatively high content of xylan on the surface of
birch kraft fibres (12).

The organisation of xylan, glucomannan and cellulose on the accessible
surfaces of pine kraft fibres has been studied by sequential xylanase,
mannanase and cellulase treatments. After extensive removal of xylan from
the pulp, the enzymatic solubilization of pulp glucomannan was increased,
suggesting that xylan is located above glucomannan on the fibre surfaces. A
corresponding effect on the accessibility of xylan was not observed when pulp
glucomannan was extensively removed by mannanase treatment

The

hydrolysis of cellulose by cellulase was also found to be more enhanced in the
presence of xylanase than mannanase activity, indicating that xylan and
cellulose chains are overlapping on the surfaces of pulp fibres.

5 THE ROLE OF HEMCELLULOSE IN THE
TECHNICAL PROPERTIES OF PULP

The papermaking properties of kraft pulps are generally considered to be
dependent on the composition and properties of individual fibres (18). The
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role ofhemicelluloses in the properties of kraft pulps has been investigated by
removing hemicellulose from pulp by specific enzymes. The effect of xylan
on the beatability of kraft pulps has been found to depend on the pulp origin
(19).

In birch kraft pulp the enzymatic removal of xylan decreased the

beatability of fibres whereas in pine kraft pulp the xylanase treatment did not
affect the beatability of pulp.

The difference in the role of xylan in the

beatability of the two pulps is probably due to the above-mentioned difference
in the xylan content of the outer surface of pulp fibres.

The brightness

stability of kraft pulps has been found to be improved after enzymatic removal
of xylan, probably mainly due to the concomitant reduction of the acidic
content in pulps (7). The enzymatic removal of both xylan and glucomannan
has also been observed to increase the unwanted homifrcation of pulp fibres
indicating that the hemicellulose on the pulp surfaces apparently affects the
pulp fibres during drying (8).

Molecule

Chemical structure

Fiber wall

Location

Role of pulp
components
on sheet
properties

sheet

Fig. 1. Information obtainedfrom pulp andfibres by enzyme-aided analysis.

6 CONCLUSIONS

Enzymes have proved to be powerful tools in fibre analysis. Combined to
traditional and modem analysis methods enzymatic treatments provide
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valuable information of the structure and composition of fibre surfaces as well
as of the overall pulp matrix (Fig. 1). The non-destructive conditions used in
enzymatic treatments render the enzyme-aided analysis especially suitable for
tire analysis of labile components in pulp fibres. The specificity of enzymes
can also be exploited in the characterisation of the relationships between pulp
components and papermaking properties in an unique manner.
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CELLULOLYTIC ENZYMES IN BIOFINISHING
OF CELLULOSIC FABRICS
Pia Sarkka, M.Sc.Eng.Textiles and Pirkko Suominen, Ph.D.
Primalco Ltd. Biotec
FIN-05200 Rajamaki, Finland

Abstract
Cellulase preparations have been developed for finishing cellulosic textile
materials. Both knits and woven fabrics can be treated with fully
biodegradable enzymes. The right combination of losses in strength and
weight properties of the fabric is an important target in developing cellulase
products for biofinishing. The prolonged wearing life of textile products
will be achieved thanks to the permanent antipilling effect caused by
biofinishing.

1 INTRODUCTION

A lot of the latest development work at textile enzyme producers has been
focused on the improvement of the characteristics of the cellulosic textile
materials with cellulase preparations. New enzyme products have been
developed for the finishing processes of cellulosic materials, such as cotton,
linen, viscose, ramie, and their blends with synthetic fibres. Both knits and
woven fabrics as well as piecedyed goods and metermaterial can be treated
with new enzymes. Biofinishing is rapidly superseding the use of chemicals
thanks to the fact that fully biodegradable enzymes are harmless to the
environment. A cellulase preparation for biofinishing is produced using a
strain of non-pathogenic fungi, in our case Trichoderma reesei. This fungus
is known as an efficient producer of cellulase enzymes. Traditionally
cellulase enzymes have been divided into three groups:
endoglucanases, cellobiohydrolases and glucosidases. T. reesei produces
two different cellobiohydrolases, at least four different endoglucanases and
a

glucosidase. Each one has unique specificity. By using different

29

combinations of these cellulase components a variety of modifications of all
kinds of cellulosic fibres can be achieved. The enzyme treatment for
finishing of cellulosic textile is called BIOFINISHING. The target of
biofinishing is the removal of all kind of impurities and individual loose
fibre ends that protrude from the fabric surface. The enzymatic hydrolysis
weakens the fibre ends. To achieve a good result that is seen as a clear
surface structure of the fabric, mechanical work is needed. The mechanical
action separates the impurities and fibre ends from the fabric. According to
the evaluations during the development work done until today the benefits
of the biofinishing treatment are as follows:
• reduces pilling tendency
• clears the surface structure by reducing fuzz
• improves handle characteristics of the fabric, like softness and
smoothness
• improves the drapability of the fabric
• improves moisture absorbability
• improves dyebility by brightening the colours and giving higher colour
yield and leveling

Usually only acid cellulases are used for biofinishing due to the fact that
they are more cost and time effective to use than neutral ones.

2 WEIGHT LOSS, STRENGTH AND ELASTIC
PROPERTIES

The important target in the cellulase development for biofinishing is to
maintain strength properties of woven fabric and elastic properties of knit
unchanged during finishing.
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The proper cleaning effect of the surface of the fabric is usually achieved
after a certain weight loss of the fabric.

In figure 1 it is shown how the weight of 100 cotton single knit, 200 grams
per square metre, decreases as a function of time when the material is
treated in different dosages with a cellulase preparation.
FIG. 1

WEIGHT LOSS OF COTTON KNIT
Dosage of cellulase

0.6% 1.2% 2.4% 3%
—*— —♦— —
-BWeight loss In %

u----------------------------------- 1----------------------------------- 1_______________________ |_______________________ L

20

40

60

80

Duration of CELLULASE treatment In min

Figure 2 shows the weight loss profile of a woven fabric, 145 grams per
square metre, lxl plain weave, as a function of time when treated with
cellulases a, b and c representing the products of three main cellulase
producers. At the same time with the weight loss the enzymatic reaction
weakens the strength properties of the woven fabric. These two properties
must be carefully controlled at the same time as they are reliable measures
of the result of biofinishing.
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100

FIG. 2

WEIGHT LOSS OF WOVEN FABRIC
CELLULASE B CELLULASE A CELLULASEC

Weight loss

Duration of CELLULASE treatment In min

Enzyme dosage
Liquid ratio
Temperature
pH

1,2%
20:1
50*C
5,2

Figure 3 shows the losses in strength properties of the above described
woven fabric after biofinishing treatment with the cellulases a, b and c.

FIG. 3

BURSTING STRENGTH OF WOVEN FABRIC
Loss of bursting strength In %

Duration of CELLULASE treatment In min
CELLULASE B CELLULASE A CELLULASEC

Enzyme dosage
Liquid ratio
Temperature
PH

1,2%
20:1
50-C
5,2
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The cellulose preparation b, BIOTOUCH of Primalco Ltd Biotec, shows the
minimum loss in strength properties at the same time as it shows the
maximum weight loss after 60 minutes treatment. The achievement of the
high weight loss level together with the minimum loss in strength properties
of the fabric has been one of the most important targets in developing
celluloses for biofinishing. The key to success is to use the right mixture of
the different cellulose components. After biofinishing knits, no weakening
in elastic properties has been observed. Tensile strength retention of the
single knit, 200 grams per square meter, was measured after enzyme
dosages of 0,6% to 4,0% and treatment times of 20 to 100 minutes. No
practical changes after 50 drawing length, 30 minutes drawing time, and
only 10 minutes retention time were measured.

3 BENEFITS IN BIOFINISHING

3.1 NICE-TO-WEAR

Thanks to success in cellulase development also light weight cotton, linen
and viscose fabrics can benefit biofinishing with no compromise in strength
and elastic properties. Different type of worn out, sand washed and antique
look finishes allowing nice to wear feeling are being performed today with
cellulases.

i
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3.2 DEPDLLING

PILLING TENDENCY OF COTTON KNIT
AFTER HOME LAUNDERING CYCLES
SFS3378

FIG. 4
Pilling

0 UNTR.
01,2%

Dosage of cellulase

02,4%
03,0%

Amount of laundering cycles

Time
Temperature
Liquid ratio
pH

40 min
50'C
20:1
5,2

The amount of pills:
5 is no pilling
1 is max pilling

One of the most important targets of biofinishing is the reduction of pilling
tendency of woven fabrics and knits. The first bars of figure 4 describe the
formation of pills on the surface of 100 cotton single knit, 200 grams, when
treated in different dosages of cellulase b. The enzyme treated materials
were rubbed with the Martindale Rubbing Method, 200 rubbing cycles,
which amount of abrasion equals 10 times home laundering including the
abrasion caused by wearing of the cloth between each laundering cycle. The
scale of evaluation was 1...5. The material treated without the enzyme got
the value 1 being fully covered with pills. The material without pills got the
value 5. The values with the 3 enzyme dosage were low, because not only
the loose fibre ends but also the longer fibres belonging to the yam structure
were partly cut. A so called peach skin effect was achieved.
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3.3 PERMANENT EFFECT

The benefits of biofinishing can be seen in the long run as the wearing life
and laundering durability of the textile products are dramatically prolonged.
Figure 4 shows how the depilling tendency of 100 single cotton knit
achieved by biofinishing is permanent standing up to numerous laundering
cycles.

3.4 DRAPABILITY

One of the benefits in biofinishing is improvement of the drapability of the
woven fabric. In 60 minutes enzyme treatment with 1.2% enzyme dosage
the drapability properties of a woven fabric, 145 grams, lxl plain weave,
improved 30 when compared with the fabric treated without the enzyme.

3.5 ENVIRONMENTALLY FRIENDLY

The effect achieved by biofinishing is permanent standing up to numerous
laundering. Classically used textile chemicals stay on the fabric and the
effects achieved with them vanish after laundering. Also, dramatically
prolonged wearing life of the textile products will be achieved for example
because of the permanent antipilling effect caused by biofinishing. So, the
modem textile technology has today a competitive alternative to many
textile processing chemicals with modem concept of environmental
friendly, fully biodegradable enzymes, hr addition to the fact that enzymes
are easy to use, they improve the results and shorten the times in textile
finishing processes. The use of enzymes enables saving of water and energy
and reduces effluent and pollution of the industry.
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CELL WALL DEGRADING ENZYMES IN BAKING
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Abstract

|

The effects of cell wall degrading enzymes on the flour, dough and bread
properties in wheat and rye baking were studied. The enzymes used were
either specific, purified enzymes capable of hydrolysing arabinoxylan or pglucan, or mixtures of several hemicellulolytic enzymes. The influence of
the enzyme treatments was more pronounced in wheat baking than in rye
baking. Both without and with rye bran enrichment, the loaf volume of
wheat bread increased and the staling rate decreased. On the other hand,
dough stickiness increased. In rye baking, addition of enzymes decreased
the viscosity due to degradation of the soluble pentosans, and increased the
softness and crumb pore size of whole meal rye breads.

1 INTRODUCTION

j

Cereal cell walls are composed of pentosans, p-glucans and cellulose, often
referred to as non-starch polysaccharides (NSP). In wheat pentosans consist
of arabinoxylans and arabinogalactans; in rye only arabinoxylans are
present.

Arabinoxylans consist of p-l,4-linked xylopyranosyl residues

partly substituted with terminal arabinofuranosyl residues (1), and ferulic
and also other phenolic acids are esterified to the arabinose group (2).
j

Extractability of pentosans decreases with increasing linearity and is lower

|

in the outer layers of a kernel than in the starchy endosperm. Pentosan

!

*

j

j

content in wheat grain is 6 - 7% (3) and in rye grain 6 - 11% (4). The
content of extractable pentosans is higher in rye than in wheat (3). In wheat
flour the pentosan content ( 2 - 2.5%) is clearly less than in whole wheat
kernels, because the pentosan rich outer layers are removed during milling
About half of wheat pentosans are water-extractable (5).
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p-Glucans are composed of unbranched linear chains of 1,3- and 1,4-linked
p-glucopyranosyl units, and cellulose is composed of linear chains of
glucose residues joined by p-l,4-glycosidic linkages. p-Glucan contents of
1.9 and 0.7 % (dm.) for wheat and rye grain have been reported (3). The
cellulose content of both rye and wheat grain is 2 - 3 % (1, 6).

Like starch, proteins and lipids, NSP have several functional properties that
are important in baking (7). For example, water-extractable pentosans may
improve loaf volume, while unextractable pentosans have been reported to
decrease crumb firming rate (8). NSP are functionally even more important
in rye than in wheat baking, because rye proteins are unable to form a
gluten network. Besides influencing the water requirement of the flour in
dough-making, NSP regulate the water distribution in dough during baking
affecting e.g. starch properties, such as gelatinization and retrogradation.
The proportion of starch to pentosans is also of great significance (9).

Enzymatic hydrolysis and modification of cell walls require the synergistic
action of many enzymes, e.g. xylanases, arabinofuranosidases and
glucanases. The major effect of these enzymes in wheat flours is on water
absorption and dough softening, tha latter brought about by reduced water
binding capacity of the dough (10). In rye baking, pentosanases are added to
decrease the dough viscosity (11). Commercial preparates are produced by
different micro-organisms and contain several different enzymes (Table 1).

hi this work we examined the enzymatic degradation of cell walls in wheat
and rye by isolated enzymes and hemicellulase mixtures and the effect of
this degradation in baking.
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Table 1. Commercial hemicellulolytic enzyme products.
Product
Veron HE
Veron ST
Grindamyl
S100
Pentopan
Fermizyme
H400
Fermizyme
LHP
Multifect GC
Multifect
xylanse

Main
activity
hemicellulase
hemicellulase
a-amylase

Side activity

Micro-organism

Producer

hemicellulase

not decleared
not decleared
not decleared

hemicellulase
a-amylase

hemicellulase

Aspergillus niger

Rohm, Germany
Rohm, Germany
Grinsted
Products,
Denmark
Novo Nordisk, Denmark
Gistbrocades, Holland

hemicellulase

A. oryzae, A.
niger, Rhizopus
arrhius
Trichoderma
longibrachiatum
T.longibrachiatum

a-amylase
hemicellulase
lipase
cellulase

not decleared

xylanase

Gistbrocades, Holland

Genencor, USA
Genencor, USA

2 MATERIALS AND METHODS

Commercial bakers' wheat flour (12.4% protein and 0.64% ash) was used.
Rye bran added in wheat baking was separated by milling from rye (cv.
Voima) by laboratory scale roller milling and used at 5% supplementation
level in wheat baking. The whole meal rye flour used in rye baking was
milled from rye cv. Voima. Doughs were acidified with lactic and acetic
acids. The enzyme preparations were a culture filtrate of Trichoderma
reesei and a specific xylanase of T. reesei (pi 9) purified according to
Tenkanen et al. (12), a specific endoglucanase of T. reesei purified
according to

Pere

et

al.

(13),

and

commercial

products

a-L-

arabinofuranosidase (MegaZyme, Australia), Pentopan (Novo Nordisk,
Denmark) and Fermizyme H400 (Gist-brocades, Belgium). Pentopan is a
hemicellulolytic product free of amylase, while Fermizyme H400 is an aamylase preparation containing hemicellulases. The chemical, physical and
test baking methods have been described by Parkkonen et al. (14),
Harkonen et al. (15), Autio et al. (16) and Laurikainen et al. (17).
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3 RESULTS AND DISCUSSION

3.1 EFFECTS OF CELL WALL DEGRADING ENZYMES ON
WHEAT DOUGH PROPERTIES
Used at moderate dosage (100 nkat xylanase per gramme flour),
hemicellulases had no effect of on the Farinograph absorption, but the
dough stability and softening during mixing increased (17). As compared
with pure xylanase the effect was more pronounced with mixtures
containing several cell wall degrading enzymes. More pronounced effect of
purified xylanase of Trichoderma viride on mixing properties of wheat flour
have been reported by McCleary et al. (18). The doughs containing added
enzymes were clearly stickier and more difficult to handle than doughs
prepared without enzyme addition (17). The effect of cell wall hydrolases
on dough adhesiveness was similar in wheat doughs with and without rye
bran supplementation. Probably the increased dough stickiness was due to
enzymatic degradation of cell wall components. Even minor hydrolysis of
these polymers has a great effect on the water-binding capacity of flour, as
it has been estimated that NSP can bind 10 g water/g dry matter. This is
clearly more than the water-binding capacity of raw starch (0.45 g/g) and
the 1 - 3 g /g for proteins and damaged starch (19).
3.2 EFFECTS OF CELL WALL DEGRADING ENZYMES ON
WHEAT BREAD PROPERTIES
Cell wall degrading enzymes have many beneficial effects in wheat bread
baking (17). Specific xylanase and a mixture of cell wall hydrolases (dosed
at 100 nkat xylanase per gramme flour) increased the specific loaf volume
of the non-supplemented and rye-supplemented breads. With pure xylanase
added, the specific volume increased only in the non-supplemented bread,
but with enzyme mixtures the volume also increased in the supplemented
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bread. It has been postulated that the degradation of

non-starch

polysaccharides, resulting in decreased water- binding capacity of these
polymers, increases the availability of plasticizing water to other flour
components. This improves the loaf volume (20). Weegels et al. (21)
suggested that glutenin-associated pentosans could sterically hinder gluten
protein network formation. Thus, pentosanases could affect both the rate of
gluten formation and the gluten quality. According to Gan et al. (22),
dissolved pentosans stabilize the surfaces of gas bubbles in a fermented
dough, which would result in greater loaf volume and even crumb pore size.

Incorporation of enzymes increased slightly the crumb pore size of the
breads, and reduced the crumb firmness and staling rate (17). The effect
was most pronounced with Fermizyme H400, which contains both
hemicellulolytic and amylolytic activities. One explanation for the reduced
staling rate can be the delayed starch retrogradation because of increased
amount of water available in bread crumb (20). Fluorescent microscopy
showed the enzymatic degradation of cell walls in breads produced with the
addition of enzymes to be most evident in the decreased area of fluorescent
starchy endosperm cell walls (17).

3.3 EFFECTS OF CELL WALL DEGRADING ENZYMES IN RYE
BAKING
Rye, having a high total and a low extractable pentosan content, swells
during dough fermentation resulting in increased dough viscosity and
consequently small bread volume with tight crumb structure (23). The use
of fungal pentosanases can be an aid to eliminate problems of high dough
viscosity (11). Enzymatic treatment changes the amount of soluble
polymers and/or their molecular weight, which in turn affects dough
properties. Treatment with xylanolytic enzymes decreased the water
absorption of Voima rye whole meal flour by as much as 40%, from 1.2 g
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to 0.7 g water per gramme dry matter. When purified xylanse or
endoglucanase was used no decrease in water absorption was observed.
Treatment of rye meal slurry with cell wall hydrolases increased the amount
of solubilized pentosans (arabinoxylans) and p-glucan (15). With xylanase
the viscosity of the slurry was decreased and the solubilized polymers partly
hydrolysed to smaller oligosaccharides. In all these cases the effect was
more significant with enzyme mixtures than with purified specific enzymes.
Microscopic studies revealed differences in the rate of enzymatic cell wall
hydrolysis. Xylanase first hydrolysed the cell walls of the subaleurone layer
in the outer part of the rye kernel and then the endosperm cell walls in the
inner part. The cell walls of the aleurone layer were most resistant to
hydrolysis. When xylanase was used together with a-arabinosidase the
hydrolysis proceeded more rapidly detected as disappearance of fluorescent
cell walls.

Use of cell wall degrading enzymes resulted in reduced proving time and
dough viscosity and improved crumb structure (24,16). In the present work,
no change in rye bread loaf volume was detected at the xylanase dosage 50
nkat per gram flour. However, in contrast to our results, with enzyme
preparations (dosed at 1 mg per lg flour) containing endo-xylanase,
endoglucanase, a-amylase and protease activity, Kuhn and Grosch (25)
found an increase in the volume of bread baked from rye flour with low ash
content. Xylanase addition increased the crumb pore size, reduced crumb
firmness of fresh bread and altered the proportion of soluble to total dietary
fibre. Hydrolysis of cell wall components also causes changes in other flour
components, such as increased swelling of starch granules in baked bread
due to the increased availability of water to starch (16).
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4 CONCLUSIONS

Cell wall hydrolases significantly affected the functional properties of both
wheat and rye flour. The effect was more pronounced with several cell wall
hydrolysing enzymes used together than with purified enzymes of single
substrate spesifity. As cell wall components were solubilized from the cell
wall matrix they were rapidly enzymatically hydrolysed to smaller
molecules. Endosperm cell walls were more accessible than aleurone cell
walls. In the dough matrix, cell wall hydrolases reduced viscosity and
water-binding capacity leading to a redistribution of water. The most
marked changes in bread properties were increased loaf volume, more
porous crumb structure and softer bread crumb.
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HOW DO ENZYMES DEGRADE CRYSTALLINE
CELLULOSE?
Tapani Reinikainen, Ann Koivula, Laura Ruohonen, Markus Linder, Malee
Srisodsuk, Janne Lehtio, T. Alwyn Jones$ and Tuula T. Teeri
VTT Biotechnology and Food Research, P.O. Box 1500, FIN-02044 VTT,
Finland and sDept. of Molecular Biology, BMC, P.O. Box 590, S-75124
Uppsala, Sweden
Abstract
Cellulose is the most abundant renewable resource on earth and its
biodegradation has both ecological and economical implications. The
filamentous fungus Trichoderma reesei
produces a potent set of
cellulolytic enzymes. The key enzymes in crystal erosion are two
cellobiohydrolases (CBH), which bind tightly to the cellulose surface and
liberate cellobiose from the opposite chain ends. Both enzymes contain a
large catalytic domain and a distinct cellulose-binding domain (CBD). We
have examined the catalytic mechanisms of CBHII by site-directed
mutagenesis of several catalytic and substrate-binding residues in its active
site. The CBD-cellulose interactions have been examined using synthetic
tides, site-directed mutants and fusion proteins. Results of these studies
p us to understand how insoluble crystalline cellulose is attacked by
enzymes, and facilitate development of novel applications for cellulosebased materials.

B

1 INTRODUCTION
Cellulose is the major renewable resource on earth and an important raw
material for e.g. paper and textile industries. Native cellulose is composed
of parallel, unbranced chains of polyglucose which pack onto each other
forming insoluble crystals. Due to its crystallinity, cellulose is very resistant
to hydrolysis, and many different enzymes are required to bring about its
complete solubilization. In many applications limited rather than total
hydrolysis of the substrate is desired which creates a need for redesigned
enzyme mixtures and single component cellulases with well defined
properties.
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Figure 1. The domain structure ofT. reesei CBHI. Experimental structures
of the catalytic and cellulose-binding domains [2,8] are shown joined by
an extended linker model built without experimental information of its
structure. The position of the active site is indicated by an asterisk (Figure
kindly provided by Dr. B. Villoutreix).
The filamentous fungus, Trichoderma reesei produces a potent set of
cellulases. Its two cellobiohydrolases, CBHI and CBHH efficiently
hydrolyse highly crystalline substrates liberating cellobiose from the
opposite chain ends [1,2]. CBHI and CBHII act synergistically with each
other and with endoglucanases which make internal cuts in chains in the
amorphous regions of cellulose [3,4]. Both CBHI and CBHH consist of
distinct catalytic and cellulose-binding domains joined by relatively long
linker peptides [5,6] (Fig. 1.). A similar domain organisation is also found
in many other enzymes degrading insoluble substrates such as raw starch
and chitin. The three-dimensional structures of the catalytic domains of
CBH I and CBH H have been determined by X-ray crystallography [2,7],
and the structure of the CBH I CBD has been solved by NMR [8]. In
addition, the genes coding for all major cellulases of Trichoderma have
been cloned facilitating detailed structure-function studies and engineering
of the corresponding enzymes (for a recent review see [9]).
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2 STRUCTURE AND FUNCTION OF THE CELLULOSEBENDING DOMAINS

A separate small cellulose-binding domain (CBD) is found in most fungal
and many bacterial cellulases where it facilitates hydrolysis of crystalline
cellulose but is not required for their activity on small soluble substrates
[6,10,11]. Fungal CBDs consist of approximately 36 amino acids, their
sequences are highly conserved and they are likely to share a similar
molecular fold. The three-dimensional structure of the CBHI CBD reveals a
wedge shaped molecule with three highly conserved aromatic residues on
one face of the wedge [8](see Figure 2.). We have used synthetic peptides
and site-directed mutagenesis of the CBH I CBD in order to identify the
residues responsible for its interactions with crystalline cellulose. Our recent
studies reveal that the three aromatic tyrosine and/or tryptophane residues
constitute the primary interaction surface with cellulose [12-15]. We have
also found that the affinities vary somewhat between the CBDs derived
from different cellulases: the CBD of an endoglucanase, EGI has the highest
affinity, those of CBHII and EGV exhibit intermediate affinities and the
lowest affinity is found with the CBD of CBHI [15]. These comparisons
and subsequent mutagenesis studies reveal that the improvement in affinity
is largely contributed by changing one or two of the tyrosines on the
binding face to tryptophans [15].

Figure 2. The three dimensional structure of the CBHI CBD with residues
located on the binding face indicated.
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It has been suggested that the efficiency of the enzymatic degradation of
crystalline cellulose is directly correlated to tight binding of the enzymes
onto the cellulose surface [16]. We have constructed variants of CBH I
with a CBD mutated towards improved or decreased affinity. Our results
show a clear correlation between lower CBD affinity and decreased
enzymatic activity on solid cellulose [12,13]. However, when we replaced
the CBD of CBHI by the higher affinity CBD from EGI we found clearly
improved binding of the hybrid enzyme but no effect on its catalytic activity
on crystalline cellulose (our unpublished results) (Table I). These results
indicate that the evolutionary pressure has not worked exclusively towards a
higher affinity but to a carefully balanced binding of the two domains.

Table 1. Affinities and corresponding catalytic activities of CBHI catalytic
domain linked to different CBD-variants.
Activity (% of WT)

Affinity [pmol/g]a

WT

100

4,9

EGI CBD

100

6,9

P477R

61

4,7

Y492H

39

3,2

Y492A

23

2,6

CBD variant

2 bound at 6pM free protein

3 THE ACTIVE SITES OF CBH I AND CBH H
Based on amino acid sequence similarities all cellulase catalytic domains
have been classified in families with similar molecular folds and conserved
catalytic mechanisms [17]. In spite of their apparently similar activities, the
catalytic domains of CBHI and CBHII belong to different cellulase families
and have completely different folds: CBHII is an a/p barrel protein whereas
CBHI adopts a P-sandwich like structure [2,7]. The enzymes do, however,

48

share a very special active site architecture in which surface loops enclose
the active site in a tunnel spanning through the catalytic domain.
Endoglucanases constitute another type of cellulases which cleave internal
rather than terminal glycosidic bonds. Endoglucanases homologous to
CBHI and CBHH do not have the long active site loops [2,7,18], and their
active sites have a more open structure enabling cleavage in the middle of
the cellulose chains (see Figure 3). The tunnel shaped active sites of the
exoglucanases apparently restrict their action to the cellulose chain ends.

Figure 3. The three-dimensional structures of the catalytic domains of T.
reesei CBHI [2Jand EGI (Zou and Jones, unpublished results) showing
their active site topologies. The location of the active site is indicated by an
asterisk (Figure kindly provided by Dr. B. Villoutreix).
The active site tunnel of CBHH contains four clearly defined binding sites
for the glucosyl units. In three of these the sugar binding is characterised by
hydrophobic interactions with tryptophan residues, and the active site also
contains many ionizable groups which interact with each other and form
hydrogen bonds to the substrate [7]. The active site of CBHI is in a longer
tunnel with at least seven putative sites for substrate binding. Four of the
subsites contain a tryptophan residue [2]. The key residues in the active
sites of CBHI and CBHII have been identified using the crystal structures,
site-directed mutagenesis and subsequent characterisation of the mutant
enzymes (see Koivula et al., this issue).
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An understanding of the cellulolytic enzyme function will facilitate the
development of novel applications for traditional and new cellulose-based
industries. In particular it should be possible to carry out well-controlled,
limited hydrolysis of cellulose fibers for subtle modification of thenproperties, and to use the CBD as an affinity tag to purify and immobilise
proteins and other molecules to cellulose.
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1 INTRODUCTION
It has for a long time been known that glycosidases can be separated into
distinct mechanistic classes depending on the route of the catalysed
reaction. The reaction can proceed with either inversion (Scheme 1) or
retention (Scheme 2) of the configuration of the anomeric carbon of the site
of cleavage [1]. The inverting glyccsidases work via a direct displacement of
the leaving group by water with a transition state with more or less
oxocarbonium ion character of the anomeric carbon.

Scheme 1.

Inverting mechanism.

The retaining glycosidases work on the other hand via a double
replacement mechanism that involves a covalent glycosyl - enzyme complex
and two different transition states, again with some oxocarbonium ion
character of the anomeric carbon. Anyone of the two steps in this reaction
may be rate limiting.
Both these classes of enzymes are, as indicated above assumed to use two
active site carboxylates, slightly differently positioned to allow for the direct
attack of water in the case of invertion. The distances between these two
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carboxy groups is 4.5 to 5.5 A for retaining enzymes and 9 to 9.5 A for
inverting. It has even been shown, by a single point mutation Glu -> Asp,
that a retaining glycosidase can be turned into an inverting enzyme [2].

R

'O

Scheme 2.

Retaining mechanism.

2 STRUCTURE
Presently ca. 500 sequences for glycosidases are known and have been
classified into 45 families [3,4]. This sequence information together with the
three-dimensional structures now available have provided valuable
information regarding residues responsible for catalysis and specificity.
Active sites are usually found in tunnels, like in the cellobiohydrolases, or in
clefts, like in endoglucanases. Even though the three-dimensional structures
contain an almost overwhelming amount of detailed information it has in
some instances been shown that this information can still lead to erroneous
conclusions regarding enzyme mechanisms.
The three-dimensional structure also contain valuable information regarding
possible sugar sub-sites within the actual active site.
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More recently it has been shown that also NMR can be used to obtain
specific structural information even for proteins with a molecular weight of
50 kDa. Endoglucanase K from Bacillus subtilis has been produced using a
medium containing 13C labelled tryptophane. After identification of the 13C
NMR resonances with the aid of Trp -> Tyr mutants it was possible to
identify the Trp residues directly involved in substrate binding [5]. The
requirement for making this economically feasible is of course that there is
an efficient expression system for the enzyme. The advantage, as compared
to X-ray crystallography, is that this approach can be used even though no
crystals may be obtained and can therefore be an important complement to
crystallography.

3 MECHANISTIC STUDIES WITH NON-NATIVE
SUBSTRATES
Very few cellulases have been studied in detail from a mechanistic point of
view, however, Withers and co-workers [6,7] have recently performed a
series of studies on the exo-p-1,4-glucanase from Cellulomonas fimi (Cex).
Cex is a retaining enzyme belonging to family F (or 10) according to the
classification by Henrissat [3], This detailed study by Withers and co
workers may well serve as a model for how a mechanistic study should be
performed and how mutants may be used in such studies.
This enzyme is both a cellulase and a xylanase as well as a glucosidase and a
detailed mechanistic insight is therefore extra important. Using series of
substrates (e. g. aryl P-cellobiosides) with different leaving groups it is
possible to deduce which step in the reaction is rate limiting. The
observation that kCat is independent on the leaving group for a series of
cellobiosides indicates that glycosylasion is not the rate-limiting step in this
reaction, whereas for a series of aryl P-glucosidases there is a strong
dependence of kcat on the leaving group, indicating that in this case
glucosyladon is the rate-limiting step. Other experimental information that
can be of interest are for example pre-steady-state kinetics, kinetic isotope
effects, inactivation-reactivation and pH dependencies.
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4 MECHANISTIC STUDIES WITH NATIVE
SUBSTRATES.
We have used NMR and HPLC to study the enzyme kinetics of one
inverting enzyme, cellobiohydrolase II (CBHII) from Trichoderma reesei [8]
and one retaining enzyme, a mannanase (BMAN I) from T. reesei [9].
Contrary to most others we have concentrated our attention to native
substrates, oligosaccharides, and used progress curve analysis. None of
these enzymes have any glycosidase activity so trisaccharides are the
shortest substrates and, furthermore, they are in both cases rather bad
substrates. However, valuable information can be gained from detailed
studies of these simple substrates. To this end NMR is a very powerful
technique since the protons on the various sugar rings can be looked upon
as strategically positioned probes. For example the anomeric protons give
rise to NMR signals that are well separated from the other ring protons and
can therefore with advantage be used as probes, one per sugar ring.
Furthermore, the signals from a- and P-anomeric protons of the reducing end
are well separated. In Figure 1 are shown how the intensities of the various
signals from anomeric protons vary during hydrolysis of cellotriose with
CBH n. In this case the reaction conditions were chosen in such a way that
the hydrolysis is much faster that the mutarotation. The observation that the
intensity of the resonance from the p-anomeric proton at the reducing end
(red-beta) increases only very slowly (due to mutarotation), whereas the one
from the a-anomeric proton (red-alfa) increases rapidly shows that the
mechanism for this enzyme is inverting. This information also contains
information on whether the first or second glycosidic bond is the one to be
cleaved (not shown). A detailed progress curve analysis shows that the
products are a-cellobiose and glucose with an equilibrium a/p ratio and
therefore only the second glycosidic bond from the non-reducing end is
cleaved.
In Figure 2 are shown the progress curves for the hydrolysis of mannotriose
with BMAN I. The reaction conditions were in this case such that
mutarotation is faster than hydrolysis and therefore can the red-alfa and redbeta signals not be used to deduce whether the enzyme is retaining or
inverting. From experiments with other conditions it was however obvious
that this enzyme is retaining. The important observation that can be made
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Cellotriose
red-alfa
terminal
red-beta

internal

60 .
time (min)
Figure 1.

Progress curves for the intensities of the proton NMR resonances of
the anomeric protons during hydrolysis of cellotriose.

from Figure 2 is that the intensity of the signal from the terminal anomeric
proton is increasing during the hydrolysis contrary to the cellotriose
hydrolysis where this signal had a constant intensity. Intuitively one should
expect this signal to be constant since the hydrolysis of one triose into one
biose and one mannose will not change the number of terminal rings, one in
the biose and one in the triose. To explain the increasing intensity of this
signal we have to assume some transglycosyladon, a definite possibility for a
retaining enzyme. The progress curves in Figure 2 can be well reproduced
with an overall reaction scheme as follows:
2*Man3 —> 3*Mani
Mang --> Man% + Man
This scheme is however very simplified and not realistic, more complex
schemes that also reproduce the observed progress curves can easily be
constructed.
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Figure 2.

4

Progress curves for the intensities of the proton NMR resonances
of the anomeric protons during hydrolysis of mannotriose.

CONCLUSION

Some mechanistic information is inherent to native substrates, e g finer
details regarding rate-limiting steps and transglycosylation On the other
hand, there is a very limited (if any) possibility to vary the leaving group of
native substrates. A combination of the two approaches is therefore to
recommend.

5

ACKNOWLEDGEMENT

Financial support from the VTT Research Programme on Chemical Reaction
Mechanisms is gratefully acknowledged.

58

REFERENCES
1.
2.
3.
4.
5.
6.
7.
8.
9.

Sinnott, M.L. ChemJtev., 90 (1990) 1171.
Wang, Q., Graham, R.W., Trimbur, D., Warren, R.AJ. & Withers, S.G.
JAm.Chem.Soc., 116(1994) 11594.
Henrissat, B., BiochemJ., 280 (1991) 309.
Henrissat, B. & Bairoch, A., BiochemJ., 293 (1993) 781.
Kawaminami, S,. Ozaki, K., Sumitomo, N., Hayashi, Y., Ito, S., Shimada,
I. & Arata, Y. J.MolBiol., 269 (1994) 28752.
Tull, D. & Withers, S.G., Biochemistry, 33 (1994) 6363.
MacLeod, A.M., Lindhorst, T., Withers, S.G. & Warren, R.G.,
Biochemistry, 33 (1994) 6371.
Teleman, A., Koivula, A., Reinikainen, T.,Valkeajarvi, A., Teeri, T.T,
Drakenberg, T. & Teleman, O., EurJBiochem., 231 (1995)250.
Haijunpaa, V., Teleman, A., Siika-aho, M. & Drakenberg, T.
EurJ.Biochem., 234 (1995) 278.

59
!

i

60

TAILOR-MADE SELECTIVE
CATALYSTS - CATALYTIC
ANTIBODIES
Daniel Thomas,
URA 1442 av CNRS
Universite de Technologic de Compiegne,
P.O.Box 649, F-60200 Compiegne Cedex, France

61

62
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Abstract
The preparation of optically active arene cyanohydrins and their esters as
chiral building blocks for 2-amino-l-phenylethanols is described.
Oxynitrilase-catalysed asymmetric synthesis and lipase-catalysed kinetic
resolution are the methods used. In an enzymatic resolution, the Walden
inversion through esterification of the alcohol enantiomer and the resolution
in the presence of a base represent in situ possibilities to enhance the
chemical yields of the ester enantiomers over the 50% limit. The lipasecatalysed resolution of 2-amino-l-phenylethanols themselves is also
described.
The demand for enantiopure drugs, agriculturals and natural products as
well as the need for regioselective reactions are inspiring challenges for a
synthetic chemist today. Mild and environmentally acceptable reaction
conditions connected to the high stereo- and regioselectivity of many
enzymes are good reasons for turning to biocatalytic reactions in solving
such problems. Roughly speaking, almost every chemical reaction
(synthesis or resolution) has its biocatalytic counterpart. In the words of
economy and simplicity, however, enzymatic methods which do not need
added cofactors or extensive microbiological know-how are most suitable
for organic synthesis.

In organic synthesis, stereoselectivity of enzymes is the most commonly
used property. Enzyme-catalysed methods usually mean the preparation of
small, highly enantiopure building blocks or precursors for the structural
unit of a molecule. The direct enzymatic preparation of simple final
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products is also feasible. There are often several types of optically active
building blocks or precursors to a homochiral compound. There may also be
several biocatalytic possibilities for the preparation of one building block.
In this article, the above is outlined for the enzymatic ways to optically
active 2-amino-l-phenylethanols. Thus, a lipase-catalysed kinetic resolution
and oxynitrilase-catalysed asymmetric synthesis provide an easy access to
optically active arene cyanohydrins (Scheme l).[l-5] Optically active
cyanohydrins represent versatile intermediates for the preparation of various
optically

active

compounds

including

aminoalcohols

and

2-

hydroxycarboxylic acids. The enantiomers of 2-hydroxycarboxylic adds or
esters are also obtained through lipase-catalysed kinetic resolution. [5]
Finally,

the

lipase-catalysed

resolution

of

racemic

2-amino-l-

phenylethanols themselves has been performed. [6,7]

OH

+ HCN

OH
C02Me

Lipase

(R)-oxynitrilase
Lipase

V

’

>>2

UAIH4

OH
R^CN

(R)-

Lipase
OH
Jl

R

^
+ CH3CO2R'

CN

Scheme 1.
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1 OXYNTTRILASE CATALYSIS

Almond (EC 4.1.2.10) and Sorghum (EC 4.1.2.11) oxynitrilases effectively
catalyse the C-C-bond formation between a prochiral aromatic aldehyde and
hydrogen cyanide, leading to the formation of (/?)- and (^-cyanohydrins,
respectively (Scheme 2). In order to lower the expenses, defatted almond
meal and dechlorophylled Sorghum bicolor shoots are used as catalysts in
the place of purified enzymes.[3,8] In such systems, the plant material
serves as a support for the enzyme, making immobilization unnecessary.
Moreover, when the reactions are performed in an organic solvent
cyanohydrins are stable compounds. Under such conditions, several 4substituted (R)~ and (iS)-phenylcyanohydrins have been prepared at >95% ee
and in most cases close to the theoretical yields.[1,3,9,10] The main reason
for low enantiomeric purities sometimes observed is the chemical
condensation of hydrogen cyanide with the aldehyde, leading to the racemic
cyanohydrin.

Re -face

Scheme 2.
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2 LIPASE CATALYSIS

OH

lipase

| acylation

S

R

R

S~

deacylation

Scheme 3.

Highly enantioselective lipase (EC 3.1.1.3)-catalysed acyl transfers
(acylation of an alcohol or deacylation of an ester; Scheme 3) tend to stop at
50% conversion, one of the resolution products then appearing as an alcohol
and the other as an ester, i.e., one of the enantiomers is obtained as the new
reaction product and the other as the less reactive enantiomer. In the case of
the less selective resolutions, kinetic control usually affords the less reactive
enantiomer at high enantiomeric purity, the other counterpart staying
enantiomerically enriched.

2.1 CYANOHYDRINS

In order to prepare the less reactive cyanohydrin enantiomer as a stable (R)or (5)-ester lipase PS (from Pseudomonas cepacia)- and CRL ( from
Candida ragosa)-catalysed deacylations in an organic solvent, respectively,
are most useful. [1,2,4] Thus, lipase PS-catalysed alcoholysis gives 3-, 4and 3,4-substitued (R)-phenylcyanohydrin esters enantiomerically almost
pure (ee > 95%) when the reactions are conducted somewhat over 50%
conversion.

In the

case

of CRL-catalysis,

on

the

other hand,

enantioselectivity strongly depends on the structural features of the
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cyanohydrin ester. The far better method for the preparation of (S)cyanohydrin esters exploits the high enantioselectivity of lipase PS for the
acylation reaction and the labity of cyanohydrins in the presence of a
base. [2] This method (one pot - one step synthesis) provides a tool for the
transformation of the starting material (the corresponding prochiral
aldehyde) to one enantiomer as a cyanohydrin ester at 100% theoretical
chemical yield and usually at ee > 90%. In this reaction, the base-catalysed
condensation of the aldehyde with hydrogen cyanide provides the racemic
cyanohydrin in situ.

Inversion of configuration at the stereogenic HO-center of a cyanohydrin
followed by the lipase-catalysed resolution (one pot - two steps synthesis) is
another possibility of turning the initially racemic mixture to one
enantiomer as an ester. [4] As a benefit of this method, both (R)- and (S)esters can be prepared at 100% theoretical chemical yields because the
method is equally valid in the cases of enzymatic acylation and deacylation.
In practice, esterifications under the Mitsunobu conditions result in the ester
products at high enantiomeric purities and chemical yields expecting that
the structural features of the alcohol enantiomer favour esterification by the
5jy2-mechanism.

2.2 2-AMINO-1 -PHENYLETHANOLS

Lipase PS-catalysed resolutions of various 3-, 4- and 3,4-substitued 2amino-l-phenylethanols through acylation in an organic solvent as well as
through deacylation in an organic solvent (alcoholysis) or in water
(hydrolysis) tend stop at 50% conversion. At this point the two resolution
products (an alcohol-amide and ester-amide or an ester with a protected
amino group) are practically enantiopure in the resolution mixture. [6,7] In
these reactions, the enantioselection step is the acylation of the secondary
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alcohol function or the deacylation of the corresponding ester group. The
acylation of free antinoalcohols with acid anhydrides is completed within a
couple of hours at ee > 99% for both the (^-alcohol-amide and (^-esteramide counterparts. Due to the effective ^-protection in situ in the reaction
mixture there is no need for a prior protection of the amino group. The CRL
catalysed deacylation of acylated 2-amino-1 -phenylethanol also proceeds at
extremely high enantioselectivity. The enzyme enables the kinetically
controlled resolution of diacylated TV-methyl and A'-isopropyl substitued 2amino-l-phenyl ethanols, leading to the (<S)-alcohol-amides at 93 and 82%
ee, respectively, at approximately 40% conversions.
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CONTROL OF REGIOSELECTIVITY, DIASTEREOSELECTIVITY AND ENANTIOSELECTIVITY IN
THE ANTIBODY-CATALYSED DIELS-ALDER
REACTION

Jari Yli-Kauhaluoma
VTT Chemical Laboratory
Process Technology
Biologinkuja 7
FIN-02150 Espoo
Finland

Abstract
The use of specific monoclonal antibodies of immunoglobulin class IgG in
catalysing the regiospecific, diastereospecific and enantiospecific DielsAlder reaction will be discussed. The freely rotating r|5-cyclopentadienyl
iron complex was used to elicit these specific antibody catalysts for the
reaction between 4-carboxybenzyl trans-1,3-butadiene-1 -carbamate and
N, jV-dimethylacrylamide.

1 INTRODUCTION

The use of monoclonal antibodies as specific catalysts is a novel bioorganic technique which is based on the ability to rationally direct the
immune system to generate a vast amount of antibodies with different
affinities and specificities. Antibodies of the immunoglobulin subgroup G
are proteins that recognise and bind to foreign particles, substances or
invaders very specifically. On the other hand, enzymes with their unique
specificities have evolved over the millennia to catalyse various
biochemical transformations and reactions by recognising, binding and thus
stabilising the transition-state of the reaction. If we are able to generate an
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antibody capable of recognising, binding and stabilising the transition-state
of the desired reaction, we have a putative catalyst for the reaction [1]. The
stable transition-state analogue which electrostatically and geometrically
resembles the actual transition-state of the reaction can be used as a hapten
to immunise mice for the production of monoclonal antibodies.

2 THE ENANTIOSPECIFIC DIELS-ALDER REACTION

2.1 THE DIELS-ALDER REACTION

The Diels-Alder reaction provides several pathways towards the
construction of substituted cyclohexenes with a high degree of regioselectivity, diastereoselectivity and enantioselectivity [2]. We and others
have previously been able to generate catalytic antibodies for Diels-Alder
reactions [3]. Here we review our studies of the generation and kinetic
characterisation of two unique sets of monoclonal antibodies that catalyse
the Diels-Alder reaction between trans-1 -JV-carbamoylamino-1,3 -butadiene
1 and TVJV-dimethylacrylamide 2 to afford both the endo 3 and exo 4
adducts [4].

nhco2R

1

3

(R = 4-carboxybenzyl)

70

4

2.2 FERROCENYL HAPTENS

We were interested in using the t]5-dicyclopentadienyl system of ferrocene
as a loose mimic for the cyclic transition-state of the Diels-Alder reaction.
First, the haptens have two pentagonal delocalised ^-electron ring systems
stacked upon each other in a sandwich-type arrangement with an inter-ring
distance of « 3.3 A2 [5]. We believed such a network might elicit antibody
binding sites which could guide the diene and dienophile into a reactive
complex. Second, the barrier of rotation in this type of ri5-cyclopentadienyl
complex is low, approximately 2—5 kcalmol"1 [5].

■CONMe2

NHCOfCHjsCOzH

Exploitation of rotational freedom in the hapten design provides us with an
opportunity to examine all possible transition-states of the Diels-Alder
reaction in single immunisation. Third, the lipophilic character of haptens 5
and 6 could induce a hydrophobic microenvironment in an antibody’s
combining site which should, in turn, enhance sequestering of both the
diene and dienophile substrates.
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2.3 IMMUNISATION

Haptens 5 and 6 were synthesized and conjugated to carrier protein keyhole
limpet hemocyanin and bovine serum albumin as previously reported by us
[3a, 4]. Immunisation of 129GIX1" mice with the KLH conjugates of 5 and 6
generated a total of 33 and 38 hybridoma cell lines, respectively, employing
standard hybridoma protocols [6].

Initial rates of the [47t+2jt] cycloaddition reaction of 1 and 2 were assayed
in the absence and presence of antibody at 37 °C in 10 mM phosphate
buffered saline, pH 7.4. The formation of ortho adducts 3 and 4 could be
monitored by reverse phase HPLC. Formation of the meta regioisomers was
not detected in any of our antibody-catalysed or background reaction
mixtures (*H NMR, HPLC).

2.4 KINETIC CHARACTERISATION OF THE mAh CATALYSTS

We found seven antibodies to be catalysts (1 endo, 6 exo) when the pool of
33 antibodies specific to 5 were screened. The KLH conjugate of 6 elicited
eight catalysts (7 endo, 1 exo) from the pool of 38 tested. The most efficient
endo (IgG 4D5) and exo (IgG 13G5) catalysts were chosen for further
studies. The kinetics of both antibody-catalysed reactions were determined
by measuring the differences in initial rates between the catalysed and
background reactions. Catalysis of both the endo and exo Diels-Alder
adducts were examined as random bireactant systems.

The Michaelis constant (Km) values for diene 1 and the acrylamide 2 were
determined to be 1.6 and 5.9 mM for mAb 4D5 and 2.7 and 10 mM for
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mAb 13G5, respectively. The catalytic rate constants (£co<) values of 3.48x
10'3 and 1.20x1 O'3 min"1 were obtained for antibodies 4D5 and 13G5,
respectively. The second order rate constants for the background reactions
(Knead were found to be 7.15x10^ and 1.75X10"4 Mimin'1 for the endo and
exo Diels-Alder reaction, respectively. The “effective molarity” which can
be used to estimate the entropic gain of the reaction was determined to be
4.9 M for the mAb 4D5 and 6.9 M for the mAb 13G5, respectively.
Consequently, a better rate acceleration is achieved for the disfavoured
formation of an exo adduct.

2.5 STEREOSELECTIVITY OF THE DIELS-ALDER REACTION

The uncatalysed background reactions (10 mM PBS, pH 7.4, 37 °C) gave a
diastereomeric endo:exo mixture of ortho adducts in a ratio of 85:15. A
50:50 ratio of each enantiomeric pair was observed. The catalysed reactions
were observed to proceed not only regioselectively and diastereoselectively
(>99% d.e.) but also enantioselectively. Antibodies 4D5 and 13G5
selectively catalysed the formation of either a single enantiomer of the
ortho-endo adduct or the ortho-exo adduct, respectively with >98% e.e.

3 CURRENT RESEARCH

We are presently extending this bio-organometallic concept of catalytic
anti-metallocene antibodies to hetero-Diels-Alder reactions, to the
incorporation of a Lewis acid mimic in the ferrocene based haptens
presented here and finally, to the generation of the strongly disfavoured
meta-endo and meta-exo adducts.
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BASF CATALYSTS FOR THE REMOVAL OF NOx
AND DIOXIN IN VARIOUS APPLICATIONS

Bemd Morsbach, Peter Odermatt, Dr. Roland Spahl
BASF AG,
D-67056 Ludwigshafen, Germany

Abstract
The aim of this paper is to give an overview on the catalytic removal of
NOx and dioxin. In the first part of this paper possible locations of the SCR
(Selective Catalytic Reduction) units will be presented.
The second part will concentrate on the mathematical models of the SCRreaction with titanium-tungsten-vanadium catalysts.

SOURCES OF NOx AND DIOXIN
This paper will try to give an overview on catalytic NOx and dioxin
removal. The development of this technology is presented following the
history of the SCR process on its way around the world.

NOx and dioxin are mainly formed in combustion processes; NOx deriving
from nitrogen in the fuel or from the nitrogen in the combustion air. Dioxin
is produced when chlorine containing waste is burned or during metallurgy
processes. Minor sources of NOx are various chemical processes producing
NOx containing off-gases like nitric acid or adipic acid production.
Roughly half the man-made nitrogen oxide emissions in industrial countries
come from the transport sector, and one quarter respectively from fossilfired power stations and industry. Depending on the structure of power
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generation, these proportions can vary. Since the major part of industrial
emissions also arises from firing systems, these always account for a
significant share of total emissions.

Although dioxins have various origins, public interest currently focuses on
waste incineration plants as a major source of emissions. Considerable
amounts of dioxin are introduced into waste incineration plants with the
waste itself and are largely destroyed in the furnace. However, dioxins may
form as the off-gases are cooled down. This re-formation, referred to as ‘de
novo’

synthesis, may substantially exceed the amount introduced,

depending on the design of the plant.

The emission of nitrogen and dioxin from combustion systems can be
reduced by various measures. The primary measures as they are called modifications of combustion and boiler in diverse ways - are a relatively
inexpensive means of reducing the formation of nitrogen oxide and dioxin.
For physical and operational reasons, however, primary measures can be
carried out only to a limited extent. The boiler design and the combustion
properties of the fuel used place a limit on the reductions that can be
achieved.

THE SCR-PROCESS FOR NOx-REMOVAL
If a further substantial reduction is required, specific cleaning processes
have to be applied. Among a large variety of different processes the
catalytic systems have proven to be very effective.

For NOx removal the Selective Catalytic Reduction with ammonia as the
reducing agent, the so called SCR process, has become the dominating
technology. In this process nitrogen oxides are reduced by reacting them
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with ammonia, forming nitrogen and water. The empirical equations for the
reaction are as follows:
4N0 + 4NH3 + 02

4N2 + 6H20

NO + N02 + 2 NH3

2 N2 + 3 H20

The catalyst allows this reaction to proceed at temperatures ranging from
160 to 450 °C.

This process was developed as far back as the late 60s by BASF for the
denitrification of the off gases from nitric acid plants and has since been
successfully employed throughout the world in a large number of plants.
The catalyst used in this process was a V2Os catalyst on an aluminium
oxide carrier. This catalyst was the starting point in the further development
of the SCR technology in Japan, where secondary measures in power
generation had to be applied due to the very high NOx levels the Japanese
population had been exposed to. The Japanese turned over to a titanium
oxide carrier with tungsten oxide improving thermal stability and with V203
still acting as the active component. For the treatment of the huge dust
laden gas flows in the power industry a honeycomb-shaped catalyst was
developed. Extruded honeycomb catalysts with different pitch sizes are
shown in Figure 1.

These catalyst elements are inserted into sheet steel modules which permit
an accurate fit in the reactor. The arrangements of the elements in the
modules and of the modules in the reactor is shown in Figure 2. The
modules also act as a protective housing for transport and installation.
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Figure 1. SCR catalysts ofdifferent pitch.

Figure 2. Arrangement of catalyst elements in the module and of the
modules in the reactor.
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NOx-REMOVAL IN THE EUROPEAN POWER INDUSTRY
In 1984 it was decided in Germany to reduce NOx emissions from power
stations substantially. This way the SCR technology came back to Europe
and in particular back to the BASF. As the structures and needs of the
German power industry were a lot different to those of Japan, a further
development of SCR plant design and SCR catalysts was required. Apart
from the so-called high-dust arrangement of catalyst which used to be the
standard application in Japan, a tail-end application downstream of the
scrubber was developed and successfully brought on line.
In a high-dust system, the SCR unit is integrated into the boiler plant
(Figure 3). In this case, the flue gases pass through the catalyst with the full
dust content from the furnace. The SCR unit is generally located
downstream of the last boiler heating surface, which is the feedwater
preheater, where the NH3 is added to the flue gas and evenly distributed
over the the cross-section. After a mixing section, the mixture of flue gas
and NH3 flows through the catalyst. The cleaned flue gas then enters the air
preheater.

SCR
reactor

Air preheater
Boiler

Figure 3. The high-dust location of the SCR unit.
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The operating temperatures required for the catalyst in most cases do not
have to be set up in the high-dust arrangement but result automatically from
the characteristics of the boiler plant. In general, this is therefore the most
economical arrangement.

For the German power industry various reasons made it necessary to
position the SCR unit downstream of the flue gas desulfurization plant
(Figure 4). For instance there may be purely spatial reasons it for being
positioned here or the risk of catalyst poisoning, for example in slag tapfired boilers with high contents of volatile heavy metals. This is also the
most popular arrangement for the denitrification of flue gases from waste
incinerators. The reheating of the flue gases, which is necessaiy in such an
arrangement, is in most cases effected by a firing system or by an HP steam
heater. The use of a heat exchanger between treated and untreated flue gas
minimizes the quantity of energy needed for this purpose. In case of dioxin
removal a regenerative heat exchanger cannot be used because dioxin might
be carried over from the crude gas to the clean gas by this type of heat
exchanger. The disadvantages of this arrangement are the higher investment
costs and the costs of the additional pressure drop in the heat exchanger.
However, these are partly balanced by a longer catalyst life and a smaller
catalyst volume.
SCR
reactor

NH3 + Air

Gas'Oil tiring
HP steam heater
NH3 storage

.Air preheater

rrm

Gas/Gas
heater

To the
stack

Figure 4. The tail-end location or the SCR unit downstream of the flue gas
desulfurization.
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From 1985 to 1992 a total of more than 120 power plants went on line
mainly in Germany and Austria with a total catalyst volume of nearly 35000
m3, of which BASF produced nearly 7000 m3 and its cooperation partner,
Frauenthal 3000 m3. The Italian power industry followed, starting in 1992.

Then the focus of public interest and governmental regulations turned to
waste incineration.

DEVELOPMENT

OF

COMBINED

NOx

AND

DIOXIN

REMOVAL

When testing catalysts for NOx removal it was discovered that the SCR
catalyst is capable of reducing dioxin at the same time. This had been
expected on the basis of the patents owned by Prof. Hagenmaier and was
the basis of a further catalyst development towards dioxin removal. Using
the in-house experience with catalysts for the oxidation of organic
compounds BASF developed the so-called dioxin catalyst O 4-86.
Dioxins decompose in contact with the catalyst at temperatures between
250 °C and 380 °C according to the following empirical equations:

Dioxins:
C12HnCl8.„02+ (9 + 0.5n) Oz

(n-4)H20 + 12 C02 + (8-n)HCl

CiACIg.nO + (9,5 + 0.5n)O2 -> (n-4)H20 + 12 COz + (8-n)HCI

The decomposition produced HC1 in traces, which require no additional
cleaning steps.

This catalyst has been tested in various pilot plants which BASF has been
operating for almost five years.

83

These test plants operate parallel to existing operating incinerators. A small
side stream is taken from the incinerator in order to simulate actual
operating conditions and concentrations and sent to the test plant (tab. 1).

Pilot plant references
Location

Plant Type

Mannheim Nord

MWI

Ludwigshafen

MWI

BASF Ludwigshafen

CWI

Wurzburg

MWI

Essen-Kamap

MWI

Oberhausen

MWI
MWI = Municipal Waste Incineration
CWI = Chemical Waste Incineration

In order to find the optimum process configuration, the catalysts are either
arranged directly after the electrostatic precipitator or in the tail-end
application down-stream of the flue gas scrubbing system. In this way, data
needed for process optimization was obtained on site with original gases of
widely

differing composition and with very wide-ranging dioxin

concentrations.

In figures 5 and 6 the removal rates found in various test plants are shown
as a function of the relative catalyst length. Within the framework of our
test program, both the removal of the individual dioxins and furans were
examined in the technically relevant temperature range between 250 °C and
350 °C. As can be seen, the points found He between the straight fines
drawn here. The scatter of the measured values is produced by the different
test catalysts, the nature of the sampling and the analytical method. In
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addition, it should not be forgotten that the dioxin concentrations measured
lie close to the detection limit in some cases.

Measured Dioxin Removal Rates

BASF
❖ Tetra

Removal Rate (%)

Measured Furan Removal Rates
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\\

HXDF

HXCDD
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Figures 5 and 6. Test results from pilot plants.

The results obtained can be summarized as follows: Depending on the
catalyst volume, removal rates of 99 % and above can be achieved with the
new BASF dioxin catalyst.

As with NOx removal a specific temperature range is needed. For dioxin
removal the temperature range should be above 250 °C. Tests with high
dioxin concentrations of 15 ng TE/m3 upstream of the catalyst have shown
that the German emission standard of 0.1 ng TE/m3 can be reliably achieved
with a properly designed plant.

It has not been possible to detect any residues of dioxin or furan on the
catalyst after long-term service in the flue gas.

The BASF dioxin catalyst can be used in an innovative catalystic process
for simultaneous removal of dioxin and nitric oxides.
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In this way, an additional process stage is saved, and at the same time costs
are reduced by 25 to 30 % in comparison to the adsorption on activated
carbon. As with the conventional SCR method, the NOx is reduced in the
upper section of the reactor into nitrogen and water by the addition of
ammonia, while in the lower section the dioxin is converted into CO% and
water (Figure 7).

Dioxin

Dioxin

Cleaned gas

Figure 7. Joint reactorfor NOx and dioxin decomposition.

Emission standards for dioxin and NOx of 0.1 ng TE/m^ and 100 mg/m^
respectively can be reached with this technology without any problem.

STATUS OF COMBINED NOx AND DIOXIN REMOVAL

The first commercial application of catalytic flue gas treatment in waste
incineration was a SCR plant for the chemical waste incineration plant of
Ciba Geigy in Basel, Switzerland in 1992. This plant is still running
satisfactorily with the catalyst which was originally supplied. The first
BASF catalyst for combined NOx and dioxin removal in the tail-end
application was supplied for the municipal waste incineration plant in
Schwandorf. The plant has been running since January 1994 with dioxin
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removal rates greatly exceeding the guarantee values. For the large chemical
waste incineration plant of BASF in Ludwigshafen the catalyst was placed
downstream of the electrostatic precipitator after long pilot tests had proven
that this was overall the most favourable solution. Here the dioxin
formation (de-novo synthesis) in the electrostatic precipitator is of concern.
It increases with temperature, therefore electrostatic precipitators have to
date usually been operated at temperatures substantially below 300 °C in
order to minimize dioxin formation. But the catalyst easily decomposes
relatively high dioxin concentrations; therefore it is possible to operate the
electrostatic precipitator at temperatures above 300 °C, as required for the
removal of nitrogen oxides. Nitrogen oxides and dioxins are removed
directly thereafter at this temperature level. The off-gas then passes through
the scrubber (Figure 8).
Waste incineration unit
Joint reactor
De NO.
Msr&e«
x
(KMWMW] Dioxin
Dioxin
Spare layer
Off-gas scrubber
To the stack

Figure 8. Downstream arrangement ofelectrostatic precipitator.
This has a number of interesting advantages:
• There are no longer any capital costs and operating costs for reheating
the off-gases, which would be necessary for downstream catalytic off-gas
treatment.
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• In this relatively high temperature range, the dioxin is not adsorbed on
the dust, so that the dust precipitator is not dioxin-contaminated and
therefore does not have to be disposed of at high costs.
• In the chosen temperature range, elemental mercury is converted into
mercury chloride in contact with the catalyst. This makes it much easier
to remove this pollutant in the downstream scrubber.

The electrostatic precipitator must have a very high separation efficiency to
permit optimum use of the catalysts. This arrangement is particulary
suitable for new plants. In old plants, integration may be expensive.

Meanwhile there are 14 plants with combined NOx and dioxin removal on
our reference list.

MODELLING OF THE SCR-REACTION
The reaction steps of SCR combined with the ammonia adsorption can be
shown clearly by using pulse experiments. The chemi-physical kinetics of
the reaction on the catalyst surface can be given. If the mass transfer is
combined with reaction kinetics, this leads to a mathematical model, which
is an important instrument in catalyst research. It also allows the calculation
of the catalyst volume for stationary and nonstationary SCR-processes.
FORMATION OF THE MODEL

Under typical operating data the flow inside the honeycomb is laminar. For
an ideal catalyst the ammonia concentration near the wall disappears and
therefore the conversion in the honeycomb is determined alone by the
diffusive mass transfer in the channel.

88

This case was described by Graetz and Nusselt as early as the turn of the
century. Figure 9 shows the results. The mathematical model consists of a
simple formular, which contains, along with the wall configuration, the
diffusion coefficient D and the average gas velocity u in the channel. The
concentration ratio c/cQ as a function of Dx/u d2 provides an important
boundary curve. The conversion over the length of the channel can be
determined.

C = C0 expf-Sh^

C/Co

D-x / u d'

O = coal type

A= gastype

—=ideal

Figure 9. Mass transfer in the honeycomb.
The activity of a real catalyst is limited, so that the results constantly lie to
the right of the boundary curve. For typical operating data the necessary
values for coal or gas-type catalysts give a straight line. This shows that the
mass transfer in the porous catalyst is determined by diffusion.
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TRANSPORT AND REACTION
The assumed transport model is shown below.

Figure 10. Model of transport and reaction.
There are two coordinates; x rectangular to the direction of flow and z in
the direction of flow. The flow u (x) in the channel is laminar. The reaction
partners NO, NH3 and oxygen reach the wall, penetrate into the pores and
adsorb or react on the activity centres of the catalyst.

This leads to two systems:
• the honeycomb channel with mass transfer through flow and diffusion
• the catalytically active, porous wall with mass transfer through diffusion
followed by adsorbtion and reaction
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Both systems are connected by the wall concentrations. The mathematical
model of the channel consists of the continuity equation, the impulse
balance and the diffusion equation. The model of the wall contains the
diffusion equation in porous material combined with reaction and
adsorption, for both gas and adsorbate. This results in a partial differential
equation system with the coordinates x, z and residence time t. The models
solution was developed in BASF-research and was implemented into a
practical design program.

TRANSPORT PHENOMENA
Figure 11 shows the simulation results for two temperatures, 200 °C and
350 °C, i. e. slow and fast reaction.

NO concentration

NO concentration

Figure 11. Transport and reaction.

The above diagrams give an impression of the reaction of NOx in the
honeycomb. Low reaction rate means a small concentration gradient in the
channel. In the porous catalyst, i. e. in the wall, the NOx reacts and the
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concentration decreases. At high reaction rates the NOx-concentration
disappears in the centre of the wall. The reaction takes place on the catalyst
surface. Along the channel flow a large concentration gradient can be
found. This phenomena appears typically on technical catalysts.

CATALYST ACTIVITY

The activity K of a catalyst is defined by the following formula:

K = - AV • In (1-U)

K is calculated from the conversion U measured.

K = -AV In (1-U): a=1
K (m/h)
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Figure 12. Activity (results through simulation).
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500

Figure 12 shows activity measured in a microscale reactor (SV = 21000 h"1,
NH3/NO = 1.2, catalyst 3x3 channels, length 30 cm) compared with the
results of the simulation model. The maximum of the function at 400 °C
shows that the reaction needs adsorbed ammonia. This ammonia desorbs at
higher (> 400 °C) temperatures and the catalyst activity decreases.

APPEARANCE OF THE REACTION
As was already mentioned the SCR-reaction needs adsorbed ammonia. The
ammonia is adsorbed on the catalyst surface. Together with NOx from the
gaseous phase an active complex is formed. After the separation of N2 and
H20 the reduced catalyst is reoxidized.

The SCR-reaction is widely independent of its oxygen content, however the
concentration must be higher than 1 Vol %. This corresponds to the flue gas
composition in technical reactors, can be simplified into 2 steps:
• ammonia adsorbtion
• reaction of NOx with adsorbed ammonia
H
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Figure 13. Mechanism of the SCR-reaction.
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When comparing the model of the SCR-reaction with numerous
experiments, it has been found that the theoretical solutions correspond
extremely well with the results from the experiments. Therefore it was
possible to integrate the model results into a DeNOx design program and to
receive results correlating well with practical experience.
For the dioxin removal we have similar tools at our disposal to design the
reactors in a safe and economical fashion.

SUMMARY
The SCR system is presently the dominating process for NOx removal in
the power industry. A further development towards a combined catalytic
removal of NOx and dioxin has been successful and was established for the
treatment of flue gases from both chemical and municipal waste
incineration. Now this technology is being applied to other processes like
glass furnaces, combustion of wood or sewage slurry and for stationary
diesel engines as well as various chemical processes.
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LONG-TIME EXPERIENCE IN CATALYTIC FLUE
GAS
CLEANING AND
CATALYTIC NOx
REDUCTION IN BIOFUELED BOILERS
Minna Ahonen, Product Engineer
Tampella Power Inc.
P.OJBox 109
FIN-33101 TAMPERE, Finland

Abstract

NO emissions are reduced by primary or secondary methods. Primary
methods are based on NO reduction in the combustion zone and secondary
methods on flue gas cleaning. The most effective NO reduction method is
selective catalytic reduction (SCR). It is based on NO reduction by ammonia
on the surface of a catalyst. Reaction products are water and nitrogen.
A titanium-dioxide-based catalyst is very durable and selective in coal-fired
power plants. It is not poisoned by sulphur dioxide and side reactions with
ammonia and sulphur dioxide hardly occur. The long time experience and
suitability of a titanium-dioxide-based catalyst for NO reduction in biofuelfired power plants was studied. The biofuels were: peat, wood and bark. It
was noticed that deactivation varied very much due to the type of fuel and
content of alkalinities in fuel ash. The deactivation in peat firing was
moderate, close to the deactivation noticed in coal firing. Wood firing
generally had a greater deactivation effect than peat firing. Fuel and fly ash
were analyzed to get more information on the flue gas properties. The
accumulation of alkali and alkaline earth metals and sulphates was examined
together with changes in the physical composition of the catalysts. In the
cases where the deactivation was the greatest, the amount of alkali and
alkaline earth metals in fuels and fly ashes and their accumulation were very
significant.
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1

Introduction

Because of global air pollution, many of the governments in the
industrialized countries have imposed emission limits for power stations. To
meet these emission limits several cleaning systems are required. NOx
emissions are reduced by combustion modifications or flue gas cleaning.
The most effective reduction is achieved by selective catalytic reduction
(SCR). In the SCR system NOx is reduced using ammonia injection in the
presence of catalyst.

A titanium-dioxide-based catalyst has been successfully used in coal-fired
power stations in Japan over twenty years, but long time experience of
biofuel-fired power stations is minimum. The purpose of this work was to
examine the suitability of a commercialized catalyst material in selective
catalytic reduction in biofuel fired processes. Catalyst activity was studied
in biofuel-fired power stations. Besides, the accumulation of the harmful
substances (sodium, potassium, calcium and sulphates) on the catalyst
surface were investigated. The ash properties in flue gas were investigated
by literary study and analyzing fuel and fly ash of studied boilers.

2

Selective catalytic reduction (SCR)

In selective catalytic reduction the concentration of NQ in the flue gas is
reduced by the injection of ammonia in the presence of a catalyst The role
of the catalyst and the reaction mechanism is described in Figure 1 for a
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metal-based catalyst. The reaction products are nitrogen and water.

The overall stoichiometry expected for SCR, regardless of the catalyst type,
is:
4NO + 4NH3 + 02 =* 4N2 + 6H20

(1)

6NO + 4NH3 => 51V2

+ 6H20

(2)

2M?2 + 4MT3 +02 -

3M, + 6FzO

(3)

6N02 + 8iVff3 =» 1N2 + 12H20

(4)

WO + N02 + 2WH3 - 2N2 + 3^0

(5)

The reactions are very sensitive to temperature the optimum temperature
being 300-400 °C.

The catalyst can be placed in different positions in the flue gas flow, the
main factor being the suitable conditions, such as flue gas temperature. The
positions that are used for the catalyst are high dust, low dust and tail end.
In the high dust application the catalyst is placed between the economizer
and the air preheater. The flue gas passing through the catalyst contains all
the fly ash and sulphur oxides from combustion. A low dust location means
that the catalyst is situated after a hot gas electrostatic precipitator and
before the air preheater. The flue gas reaching the catalyst is almost dustfree but contains sulphur dioxide. In the tail end systems the catalyst is
situated at the end of the chain of the flue gas cleaning equipment, after the
desulphurisation plant, and so the flue gas reaching the catalyst contains
therefore almost none" sulphur oxides and particulates. The flue gas
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temperature after the desulphurisation plant is, however, too low for most of
the catalyst types, and so reheating is needed. Figure 2 shows the three
different positions of a catalyst.

The catalysts are mainly designed for parallel flow and can be characterized
as plates or honeycombs. Plate-type catalysts have a metal net as a support
onto which the active substance is applied. Plate-type catalysts have a
higher resistance to deposition and erosion than honeycomb types. The
honeycomb type of catalyst is self supporting and can be formed square or
as a honeycomb. Figure 3 shows the typical configuration of plate and
honeycomb type catalysts.

The catalyst is manufactured in separate elements. The elements are placed
together side by side to form a catalyst block. The catalyst is usually
transported and handled in blocks. The catalyst reactor is composed of a
layer of blocks. Figure 4 shows the configuration of the catalyst reactor.

The SCR catalysts may be pure metals, metal oxides or composition of a
support material and an active material. Pure metals or metal oxides, Pt, Rh,
Ru, V 20 5, Fe 20 3 and CuO, for example, work as active materials
themselves. Otherwise, the support material may be A120 3, TiO % SiO 2 or
zeolites, and the active material V20 5, Fe 20 3, WO 3, Cr 20 3, CuO, Ag,
Ni, Rh, Ru and Pd. The most common SCR catalysts are Ti02 - and
Al2(>3-supported catalysts. Then, the active materials generally are V20 5,
Fe^O 3, Cr 20 3 and WO 3. In addition to this, some promoters are added
into the catalyst material. The most common promoters are Ba, Cu, Co, Ag,
Mo, Ni, Mh.

A titanium dioxide (TiO phased catalyst has been found to be the best
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catalyst for the selective catalytic reduction ofNOx in air pollution control.
It has been so far the mostly used in commercial applications.

3

Catalyst deactivation

Three main classes of catalyst deactivation can be distinguished: chemical,
thermal and mechanical. The activity of a chemically induced catalyst by a
poisoning substance is termed chemical deactivation. Thermal deactivation
is caused by sintering, loss of surface area due to crystal growth or support
collapse, of the catalyst surface. Catalyst deactivation may also occur by
fouling. It results in disintegration of catalyst particles and plugging of
reactor void space. Deposition of carbon and coke on porous catalysts is
considered fouling, but substances that act as poisons may also be involved.
The SCR catalysts are also very sensitive to moisture. The condensated
water on the catalyst surface may act as dissolving agent for poisonous
substances. Furthermore, especially in a high-dust location, the catalyst is
continuously under mechanical stress - erosion. The erosion loosens the
catalyst material and thus decreases the catalyst volume.

The SCR catalyst deactivation, especially catalyst poisoning, has shown a
strong dependence on flue gas properties. Nowadays the flue gases in coal
combustion, however, do not cause severe problems in SCR installations.
The main problems in coal fired boilers have been the deactivation by
SO 2 and arsenic. Technical improvements in catalyst composition have
made this problem less important. The SCR catalyst deactivation by flue
gases from other solid fuel combustion than coal has not been examined,
except for a few studies of waste incineration III and lignite fired 121 plants.
These studies and the investigation during this work have shown, however,
that the major poisons for the SCR catalysts are alkali and alkaline earth
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metals. The alkali metals decrease the specific surface area of catalyst by
chemical reaction with active material V20 5. Generally, the concentrations
of alkali and alkaline earth metals in biofuels are relatively high. The causes
of activity decrease are listed in Figure 5

4

Comparison of fuels

The basic properties of any solid fuel comprise heating value, moisture
content, concentration of volatile matter, ash content and chemical
composition. The ultimate analyses show that any kind of fuel consists of
carbon, hydrogen, oxygen, nitrogen, and sulphur. In addition to these
elements, they contain inorganic material. This inorganic material together
with certain organic complexes constitutes the fuel ash.

The ash produced in combustion arises from mineral inclusions and
heteroatoms. Because of extensive variability both in the fuels and the
operation of the boilers, fly ashes differ from each other in important
characteristics. It has been noticed that the greater the proportion of larger
particles (45 pm), the lower is the reactivity ofthe ash. The glassy particles,
rich in Ca and Si, in coarse fractions are not as reactive as those in the finer
fractions 131.

Table I summarizes the fuel properties in the view point of SCR. catalysts.
Coal and peat contains high amount of ash i.e. minerals, however, these
minerals are rather coarse and inactive. Also, the amount of alkali and alkali
earth metals lies generally between 10-20 %. On the contrary, the amount
of ash in wood is little, but is formed of small very reactive particles, which
are often alkali or alkali earth metals. 40-60% of wood ash is composed of
alkali and alkali earth metals.
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Table I.

Comparison of differentfuels.

Fuel

Coal

Peat

Wood

Ash content, %

7-15

2-8

Volatile matter, %

low

high

Mineral matter

Concentration of
alkali and alkaline

alumino-silicates,
sulphides,
carbonates, silica

organic functional
groups, minerals

10-20%

wood
matter

bark,
logging
residue

<1

<3
high

plant nutrients,
physiological functions,
present as ions

10-20%

40-60%

earth metals in ash
Alkali and alkaline
earth metals
Fly ash particles

SCR catalyst
poisoning

bound within
minerals

bound both within
organic material and
minerals

bound within organic
material, present as ions

large inactive
siliceous glassy
structures

reactive
combined with organic
compounds or
as mineral inclusions

reactive

low

low
moderate
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combined with organic
compounds or
as mineral inclusions
moderate
high

5

Results

The purpose of this work was to study the deactivation of a certain TiOz
/ V20 5 -based catalyst in biofuel firing plants as a function of time. The
sample catalysts were installed in five (5) plants burning biofuels in the
conditions of a typical SCR catalyst. Plants were:

2

pulverized peat-fired,

2

BFB-boilers

(one burning mixture of peat and bark
and one burning bark)
(BFB = Bubbling Fluidized Bed),

1

CFB-boiler

(wood as a main fuel)
(CFB = Circulating Fluidized Bed).

Figure 6 shows the influence of burned fuel on the catalyst activity. For
pulverized peat-fired boilers the deterioration was moderate. Hie
deterioration rate for a BFB-boiler burning mixture of peat and wood,
however, seemed to be faster than for pure peat-fired boilers. Both the
boilers having any kind of wood as a main fuel showed rather fast
deactivation of catalyst samples. Further studies indicated that the
deterioration rate was due to the accumulated alkali and alkali metals on the
catalyst surface, potassium being the most reactive substance.

As for comparison the Figure 7 shows experienced lifetime for a typical
pulverized coal fired-boiler. The activity may stay over 80 % as long as
20 000 - 30 000 hours.
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6

Conclusions

The long time experience in catalytic flue gas cleaning in biofuel-fired
boilers showed that the deactivation rate of a Ti02 / V205-based, plate
type SCR catalyst was faster than what was expected and has experienced
for coal-fired boilers. The greatest cause of deactivation in the SCR process
for biofuel firing was noticed to be poisoning by alkali and alkaline earth
metals.

The analysis of fuels and literature study showed that most of the
components in the fuel ash of coal and peat was inactive siliceous materials.
The concentration of alkali and alkaline earth metals was rather low and
thus the deactivation effect of peat was moderate. The deactivation effect of
flue gases from peat combustion lied nearly on the same level or a little
lower as it has been experienced for coal-fired boilers. However, mixing
wood to peat gave greater deactivation than pure peat. The analysis ofwood
ash showed that it was comprised almost entirely of alkali and alkaline earth
metals. Therefore, the deactivation rate in biofuel-fired boilers was clearly
faster than in coal and peat-fired boilers. Thus, it can be summarized that
the greater the amount of wood burned the faster is the deactivation of
TiO 2 / V 2 O 5 -based catalysts.
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Figure 1. The principle of SCR process and the reaction mechanism.
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CAUSES OF ACTIVITY DECREASE OF CATALYST
The DeNOx catalyst is exposed in the severe condition and can be
deteriorated by complex of several causes;
ITEMS

POISONS

CAUSES
CAPILLARY
CONDENSATION
OF
NH4HSO4
ADSORPTION OF
S03

CATALYST
POISONS
IN GUS
HALOGENE

ADSORPTION OF
HALOGENE
ADSORPTION OF

AS2O3
ACTIVITY
DECREASE
OF
CATALYST

CATALYST
POISONS
IN DUST

ALKALINE &
ALKALINE
EARTH METALS

DECREASE OF
ACTIVE POINTS
(ACID POINTS)

PORE BLOCKAGE
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MATERIALS

FORMATION
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Figure 5.

The causes of activity decrease of SCR catalyst.
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A NOVEL ZEOLITE PROCESS FOR CLEAN END
USE OF HYDROCARBON PRODUCTS
Kari M. Keskinen, Research Engineer
Neste Oy, Technology Centre
P.O.B. 310
FIN-06101 Porvoo, Finland
Abstract
In recent years zeolites such as ZSM-5 have attracted considerable interest
for the catalysis of a wide range of hydrocarbon transformations. A novel
process developed by Neste converts light olefins to higher molecular
weight hydrocarbon products. A wide range of high quality diesel,
solvents and lube oils can be produced by the new NESKO process.
Hydrotreated products have excellent properties; negligible sulphur or
nitrogen compounds, very low aromatic content and pour point lower than
-50 °C. Proprietary technology is used in this olefin oligomerization
process.

1 INTRODUCTION
The dominant trend currently affecting oil refining competitiveness is the
move towards lower-emission, more environmentally aware petroleum
products. The final products of the NESKO process are mainly
isoparaffins, which are today the most desirable molecules in distillate and
lube range hydrocarbons.

Neste has developed its own process, which converts light olefins to
higher molecular weight hydrocarbon products. Sulphur free products are
obtained because light olefins are used as a raw material. In addition, the
aromatic content of final products is low.

The NESKO bench scale unit has operated for approximately four years.
A pilot unit is under construction and the pilot runs will start in early
1996.
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2 CATALYST
A proprietary tailored zeolite catalyst is used in the NESKO process.

ZSM-5 was first synthesised in 1972 (1) and has since found various
industrial applications as a catalyst in processes such as dewaxing, xylene
isomerization, disproportionation of toluene, alkylation reactions and
olefin oligomerization. Apart from its high activity, the ZSM-5 catalyst
has the advantage of a higher selectivity in the above reactions compared
with conventional catalysts. It is also well known that ZSM-5 has a lower
deactivation tendency compared with other zeolite types. Neste has
optimised the properties of the ZSM-5 zeolite in order to maximise the
product quality of the NESKO process.

Shape selectivity of the catalyst is a crucial point in olefin
oligomerization. Highly branched hydrocarbons have poor cetane number
and viscosity index. The cetane number is one of the most important
properties of diesel fuel and a high viscosity index is desired in most lube
products. The NESKO zeolite catalyst decreases the degree of the
branching and more linear hydrocarbons are obtained compared with non
shape selective or larger pore size zeolite catalysts.

3 PROCESS
There exists quite many process patents concerning the conversion of light
olefins to gasoline and/or distillate products (2-4). Mobil has developed
the MOG- and MOGD-processes (Mobil Olefins to Gasoline and
Distillate). Shell has developed the SPGK-process (Shell Poly-Gasoline
and Kero process) (5), which converts light olefins to gasoline, kerosine
and distillate. Neither of these are in commercial operation. The only
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commercial scale olefin oligomerization plant (COD-process) is operating
in South Africa (Mossgas refinery, owned by CEF). The products of the
COD process are gasoline and diesel fuel.

The ideal NESKO process feed is a mixture of C3 - C5 olefins and
paraffins. Paraffins in the feed do not react under NESKO process
conditions. However, paraffins are needed in the process for cooling
exothermic oligomerization reactions.

The NESKO process produces heavier products than any of the processes
mentioned above. More than 20 wt-% lube range products can be
produced by the NESKO process. The production of gasoline is less than
20 %. The yield of the gasoline range hydrocarbons has to be minimised,
because an olefinic gasoline is a low value product.

The high yield of heavy hydrocarbons is obtained by recycling
continuously gasoline and distillate range hydrocarbon from a distillation
column into the oligomerization reactors.

Operation parameters are chosen so that cracking reactions and aromatics
forming are minimised. The deactivation of the catalyst is compensated by
increasing the temperatures in the catalyst beds.

Deactivated zeolite catalyst can be easily regenerated in-situ. The initial
catalytic activity is almost completely restored. The regeneration cycle is
around 3-4 weeks.

The NESKO process is illustrated schematically in figure 1.
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Figure 1.

Schematically illustrated NESKO process.

The used NESKO catalyst has no health risks (Six-Aly-Oz+coke). No
poison substances are used in the process. The NESKO process fulfils the
most important requirements of Neste's responsible care program: 1)
Products and their emissions in use are much cleaner than conventional
comparable products 2) The catalyst is environmentally friendly in the
process and also after use 3) The process contains no poison or other
environmentally harmful substances 4) The oligomerization reaction is
exothermic, the energy consumption is negligible.

4 PRODUCT PROPERTIES
The final products of the NESKO process are mainly isoparaffins, which
are today the most desirable molecules in gasoline, distillate and lube
range hydrocarbons.
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The lightest NESKO product, gasoline, is a side product. The production
of gasoline is minimised in the process. High olefinic NESKO gasoline
has a moderate octane number, but in the future the olefins are not the
desired components in the gasoline pool. Hydrogenated NESKO gasoline
has a low octane number, but it can be reformed to high octane gasoline
component.

NESKO diesel is a high quality diesel component. Its cetane number is
high, typically values are between 52 and 55. The pour point of NESKO
diesel is excellent (lower than -60 °C). Also, sulphur free products are
obtained, because light olefins are used as a raw material. Finally, the
aromatic content is very low.

Distillate range NESKO hydrocarbons have many special applications.
Isoparaffinic solvents and special olefins are the most high value
applications at this moment.

The hydrocarbons with boiling point higher than 350 °C are called lubes.
There are several types of lubes. NESKO lubes can be used in many
applications.

More than half of the world-wide lubricant demand consists of automotive
lubricants (6). Total engine oil consumption is declining because engine
oil change intervals are becoming longer (7). However, the synthetic oil
(esters, PAOs, glycols, polyisobuthylene and alcylates) consumption is
increasing because of demanding, continuously developing engine
technology. More than 90 % of automotive oils used are still conventional
base lube oils.
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About 45 % of lubricants are used as industrial lubricants (7). They are
used as gear oils, cutting oils, white oils and hydraulic oils. There are also
many applications for small volume special industrial oils.

5 CONCLUSION
The great benefit of the NESKO process compared with other processes
producing synthetic oils is the cheap raw material (light olefins). For
example, PAO lubricants are manufactured by using expensive 1-decene
as a raw material. In addition, other valuable products like isoparaffinic
solvents and special olefins can be produced by the novel NESKO
process.

All NESKO products are environmentally friendly and the products and
their emissions in use are much cleaner than conventional comparable
products.
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NEW CATALYSTS FOR EXHAUST GAS CLEANING
Matti Harkdtien
Kemira Metalkat Oy
P.O. Box 171
FIN-90101 OULU, Finland
Abstract
Our major challenge for future catalyst systems was to develop thermally more
stable washcoats for close coupled operating conditions and for engines operating
under high speed and load conditions. To design these future emission systems
extensive research and development was undertaken to develop methods to
disperse and stabilize the key catalytic materials for operation at much higher
temperatures. Our second priority was to design catalysts that are more effective
under low temperature exhaust conditions and have improved oxygen storage
properties in the washcoats. Incorporating new materials and modified preparation
technology a new generation of metallic catalyst formulations emerged, those
being trimetallic K6 (Pt:Pd:Rh and bimetallic K7 (Pd+Pd:Rh). Our target was to
combine the best property of Pt:Rh (good NOx reduction) with that of the good
HC oxidation activity of Pd and to ensure that precious metal/support interactions
were positively maintained. Both K6 and K7 concepts contain special catalyst
structures with optimized washcoat performance which can be brick converter
configuration. Improvement in light-off, thermal stability and transient
performance with these new catalyst formulations have clearly been shown in both
laboratory and vehicle testing.

1 INTRODUCTION
Advanced automotive catalyst technologies and vehicle emission systems are
needed to achieve the more stringent hydrocarbon and NOx emission standards at
the end of the 1990's. For example the European ECE+EUDC standards are the
following: 1996 CO 2.2; HC+NOx 0.5 and 1990 CO 1.5; HC+NOx 0.2 g/km. The
Pt-Rh three-way catalytic converters have formed the primary emission control
system since the early 1980's. In future three-dimensional development is needed:
engines and management systems, reformulated gasolines and exhaust gas
catalysts. Reformulated gasolines with very low lead and reduced sulfur content
offer advantages for the use of palladium catalyst systems. Improved thermal
durability of the catalysts is required when catalysts are mounted close to the
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exhaust manifold Fast light-off catalyst technologies have been developed to
minimize hydrocarbon emissions during cold start. The new catalyst concepts must
also be resistant to poisoning to withstand hard operating conditions for up to
160,000 km (100,000 miles). The strengths and weaknesses of the various precious
metal use strategies have been widely discussed from the beginning of the 1990's.
Then the common Pt:Rh-catalyst technologies based on relatively simple
formulations to be substituted with the 90-decade's higher technology products. It
has been found that competing technologies may rank quite differently in different
ageing conditions and tests (1).
A number of chemical and physical interactions need to be considered in order to
improve the thermal durability of the 3-way catalyst. Designing the washcoat
structure to avoid Pd-Rh alloying and Rh-support interactions have given more
flexibility in the selection of PM strategies for catalysts in close-coupled
applications (2).
Pd-only technology has been proved to exhibit superior hydrocarbon activity
compared to the Pt-Rh catalysts. It has also been shown that the performance of
Pd-catalysts can be further optimized byrecalibrating the control system (3). Upon
increasing the Pd-loading an improvement in the HC-stoichiometric light-off (5).
It is commonly presented that Pd is more susceptible to poisoning. The CO-NOx
reaction is strongly influenced by sulfur poisoning (2). Pd-only catalysts are
sensitive to sulfur especially at low temperatures and in dynamic exhaust
conditions. These have also been found to form higher amounts of NH3 and N20
compared to the Pt/Rh system (6).
In many papers the conversions of different hydrocarbons present in engine
exhaust gases have been studied. The light-off performance of Pt:Rh and Pd:Rh
catalysts is dominated to a large extent by the Rh function with Pt and Pd playing
important roles in HC performance. Pt is more effective than Pd for saturated HC
oxidation (7,8,9).
Many. alternatives to incorporate Pd into multi-brick converters are evaluated with
engine ageing and vehicle tests and reported in the literature (5,10). One strategy
is to place a small converter near the engine manifold and to use this close-coupled
catalyst in conjunction with conventional underfloor converters to achieve LEV
and ULEV standards. It has been found that Pd is effective especially with higher
loadings in manifold and close-coupled catalysts for HCs and in underfloor
locations either palladium or platinum/rhodium are effective for NOx control (11).
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The effective use of Pd in a two brick converter system has been shown to reduce
HC emissions without sacrificing CO andNOx performance (12).
New advanced Pd:Rh and Pt:Pd:Rh catalysts give better performance under a
variety of ageing cycles and vehicle calibrations compared to Pt:Rh formulations
at a equivalent precious metal cost. The new Pd:Rh formulation is recommended
for close coupled locations and the Pt:Pd:Rh formulation recommended for
underfloor locations (13).
Matsuura et al. (14) has shown that Pd only TWC is suitable for underfloor
converters and has higher HC conversion and the same CO and NOx conversion
performance up to 800 °C as the Pt:Rh catalyst.
Close coupled catalyst technologies have been formulated using advanced catalyst
design to meet with underfloor converter LEV and ULEV emission standards.
These Pd close coupled formulations withstand high temperature environments up
to 1100 °C over a broad range of Pd metal loading (15).
Especially European car manufacturers have commonly used Pt:Rh or Pd:Rh
three-way catalysts with PM loadings of 40-60 g/ft3. LEV regulations have
increased the use of high Pd loadings (100 g/ft3 or more) because Pd is known to
have good HC oxidation activity, high thermal stability and reasonable price. In
some studies it has been found that trimetal formulations (Pt:Pd:Rh) with
optimized PM loadings can achieve high NOx conversions (16).
Intensified research has led to tri-metal catalysts which offer improved
hydrocarbon activity as well as the ability to withstand severe ageing. NOx
conversions and poison tolerance may still be problems. By means of a careful
balance of PM functions, the use of base metal oxides and with a segregated
washcoat structure the undesired metal-metal and/or metal base metal interactions
have been successfully reduced or eliminated (16).
It has also been found out by the vehicle tests that an excellent three way catalytic
activity, oxygen storage capacity and durability can be achieved by compounding
perovskite-oxides with Pd and auxiliary oxides (17,18).

2 DESIGN OF METALLIC CATALYSTS
Our emission catalysts are based on a metallic substrate which has high surface
area coatings incorporating both base metals and precious metals to achieve the
desired performance. The most common Kemira three-way catalyst system used
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today is the platinum and rhodium containing K3-concept supported on a
stabilized alumina coating containing a promoted cerium oxide as an oxygen
storage component (19).
Development in the palladium only catalyst technology resulted in a significant
improvement in hydrocarbon control (3). These K4-catalysts have found
applications in close coupled converter systems, either as a single catalyst, or in
combination with a Pt:Rh-catalyst.

3 ADVANCES IN THE NEW WASHCOATS
To design fixture catalysts extensive research and development was undertaken:
first to establish methods to disperse and stabilize the key catalytic materials for
operation at much higher temperatures, secondly to design catalysts that are more
effective under low exhaust temperature conditions and thirdly to improve the
oxygen storage properties in the washcoat. Incorporating new materials and
modified preparation technology a new generation of catalyst formulations
emerged, those being Pt:Pd:Rh/K6 and Pd+Pd:Rh/K7.

REFERENCES
1. Summers et al., The Role of Durability and Evaluation Conditions an the
Performance of Pt/Rh and Pd/Rh Automotive Catalysts. SAE Technical Paper
Series 900495 (1990).
2. Lui and J. C. Detling, Evolution of Pd/Rh TWC Catalyst Technology, SAE
Technical Paper Series 930249 (1993).
3. Harkonen et al., Performance and Durability of Palladium Only Metallic
Three-Way Catalyst. SAE Technical Paper Series 940935 (1994).
4. Detling and Y. Lui, A Non-Rhodium Three-way Catalyst for Automotive
Applications. SAE Technical Paper Series 920094 (1992).
5. Engler et al., Recent trends in the Application of Tri-Metal Emission Control
Catalyst. SAE Technical Paper Series 940928 (1994).
6. Garr et al., Tri-metal (Pt/Pd/Rh) Application for Emission Control Catalysts.
Proceedings of the Eighteenth International Precious Metals Conference.
Vancouver, Canada 1994, p. 135-157.

120

7. Amon-Meziere et al., Speciated Hydrocarbon Conversion on a Fresh Pd/Rh
Three way Catalyst SAE Technical Paper Series 950932 (1995).
8. Nunan et al., Impact of Pt-Rh and Pd-Rh Interactions on performance of
Bimetal Catalysts. SAE Technical Paper Series 950258 (1995).
9. Beck et al., The Performance of Pd, Pt and Pd-Pt Catalysts in Lean Exhaust.
SAE Technical Paper Series 930084 (1993).
10. Harkonen and P.Talvitie, Optimisation of Metallic TWC Behaviour and
Precious Metal Costs. SAE Technical Paper Series 920395 (1992).
11. Summers, et al., Use of Light-Off Catalysts to meet the California LEV/ULEV
Standards. SAE Technical Paper Series 930386 (1993).
12. Yamada, et al., The Effectiveness of Pd for Converting Hydrocarbons in TWC
Catalysts. SAE Technical Paper Series 930253 (1993).
13. Biisley et al., The Use of Palladium in Advanced Catalysts. SAE Technical
Paper Series 950259 (1995).
14. Matsuura et al., Development of Three-Way Catalyst with Using Only Pd as
Activator. SAE Technical Paper Series 950257 (1995).
15. Hu and R.M Heck, High Temperature Ultra Stable Close-Coupled Catalysts.
SAE Technical Paper Series 950254 (1995).
16. Punke et al., Trimetallic Three-Way Catalysts. SAE Technical Paper Series
950255 (1995).
17. Tanaka et al., Perovskite-Pd Three-Way Catalysts for Automotive
Applications. SAE Technical Paper Series 930251 (1993).
18. Tanaka et al., Excellent Oxygen Storage Capacity of Perovskite-Pd Three-Way
Catalysts. SAE Technical Paper Series 950256 (1995).
19. Harkonen et al., Thermal Behaviour of metallic TWC. Evaluation of the
Structural and Performance Properties. SAE Technical Paper Series 910846
(1991).
20. Luoma et al., Evaluation of High Cell Density Z-Flow Catalyst. SAE Technical
Paper Series 930940 (1993).

121

122

CATALYTIC HOT GAS CLEANING
Pekka Simell, Research Scientist
VTT Energy
P.O. Box 1601
FIN-02044 VTT, (Espoo) Finland
Abstract
Gasification gas that contains particulates can be purified from tars and
ammonia by using nickel monolith catalysts. Temperatures over 900 °C are
required at 20 bar pressure to avoid deactivation by H2S and carbon. Dolo
mites and limestones are effective tar decomposing catalysts only when
calcined. Tar decomposition in gasification conditions can take place by
steam or dry (C02) reforming reactions. These reactions follow apparent
first order kinetics with respect to hydrocarbons in gasification conditions.

1 INTRODUCTION
Power production by biomass or peat gasification processes has been the
focus of intense research and development in Finland. The Simplified
Integrated Gasification Combined Cycle (IGCC) process has been studied
for large-scale power production, while recently interest also to smallerscale production by gasification-diesel engine processes has arosen. The
problem common for these two process concepts is that the produced fuel
gas (CO, H2, C02, CH4, H20, N2) contains impurities like particulates,
alkali metals, nitrogen compounds and tars that have to be removed before
the gas can be combusted in a gas turbine or in an engine. The gas turbine
of an IGCC process, for example, requires that particulates and alkali metals
are removed by ceramic filters before the gas can be let in. Tars, however,
can condense on the filter surfaces or in other downstream units causing
plugging problems. Ammonia and other nitrogen compounds in turn are
environmental problems causing NOx emissions.
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Problems caused by tars and ammonia can be avoided by using a catalytic
gas purification unit for decomposing them. Various process and catalyst
options for this purpose have been studied at VTT [1 - 7], This paper
presents an overview of this work

2 EXPERIMENTAL
The experimental apparatus used in hot gas cleaning studies has been
described in detail in previous papers. Laboratory-scale tube reactors used
for catalyst screening tests are described in [1], a laboratory-scale
pressurised rector used for gasification gas effect and poisoning studies in
[5, 6] and a bench-scale monolith test reactor in [7], The catalysts studied
were: dolomites, limestones and iron sinter, nickel catalysts (Ni/Al203 and
Ni on refractory material), alumina and alumina silicate. Silicon carbide and
alpha- alumina were used as reference materials. Proprties of these
materials are described in [1, 5 - 7].

3 RESULTS
Catalyst screening tests with real gasification gases showed that tars and
ammonia can be efficiently decomposed at temperatures over 850 °C at 1 20 bar pressure with nickel catalysts [1 - 4, 6], Carbonate rocks on the other
hand were active for tar decomposition [1, 2, 5], Similar results have been
obtained also elsewhere with carbonate rocks [8 - 10] and nickel catalysts
[11 - 13]. In addition to nickel catalysts, iron-containing materials were
active ammonia and tar decomposing catalysts if the gas atmosphere was
reducing enough.

Gas purification experiments with gas-containing high-particulate loads
showed that complete tar decomposition and about 80 % ammonia
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conversion can be achieved with the monolith catalyst (NL/AI2O3) at 900 °C
temperature, 1 s residence time (SV 2000 1/h) and at 5 bar pressure [7],

Hence the use of a monolith type of reactor seems to be the most promising
way of avoiding plugging problems typical of fixed or moving-bed gas
cleaning reactors when high-particulate load feeds are used. During the test
runs the dust content of gas was 0,6 - 6 g/m3n and H2S content mainly <100
ppmv [7], No catalyst blocking, carbon deposition or catalyst deactivation
was observed during about 500-hour slip-steram test run with such a
reactor. However, deactivation tests in the range of thousands of operating
hours are required to demonstrate the suitablity of this type of process for
gasification process applications.

A limitation of importance for the usability of dolomites and limestones was
that they were active only if calcined [5], In atmospheric gasification
conditions calcination takes place at about 800 °C, thus enabling their use
above this temperature, for example, in gasifier-diesel motor applications.
However, in the IGCC process conditions (pressure 20 - 25 bar) the partial
pressure of CO2 in the gas is sufficiently high (about 3 bar) to prevent
calcination even at 900 °C. Consequently, experiments in these conditions
(900 °C, 20 bar, 0,5 s residence time, N2/CO2/H2O atmosphere) with
limestones and dolomites resulted in almost complete deactivation of these
materials. Temperatures in the range of 950 - 1 000 °C were required at 20
bar pressure to keep them in activated state in gasification gas [5].

The deactivating effect of H2S has to be taken in to account when the use of
nickel catalysts is considered. Biomass-derived gasification gas contains
about 100 ppm of H2S. In laboratory experiments with simulated
gasification gas, deactivation of the catalyst was studied in the H2S range 0
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- 500 ppmv, in the temperature range 800 - 950 °C and at 5 and 20 bar
pressures. High pressure and low temperature seemed to enhance
deactivation of nickel catalysts. This deactivation could, on the other hand,
be compensated by using higher temperatures (900 - 950 °C). The
ammonia-decomposing function of the catalyst was more susceptible to
poisoning by H2S than the tar decomposing function [6],

Carbon deposition on the catalysts seemed not to be a problem if the
reaction

temperature

was

kept

sufficiently high.

Thermodynamic

calculations indicated that the limiting temperatures for carbon formation
with typical gasification gas compositions were lower than 600 - 640 °C at
1 bar pressure and 750 - 780 °C at 25 bar pressure.

With the most active catalysts almost an equilibrium gas composition was
achieved [1, 2, 7], The formation of CO and H2 and the reaction of
oxidating components (H20, C02) as well as literature data [14, 15]
suggested that hydrocarbons were decomposed via steam (1) or C02reforming (dry reforming) (2) reactions producing CO and H2. Ammonia
was most likely decomposed with the metal catalysts (nickel catalysts and
iron materials) via the reverse of ammonia synthesis reaction (3) taking
place on metal surfaces [16]. According to literature [14, 15] nickel
catalysts and dolomite catalysed also water-gas shift reaction (4).

C7H8 + 7H20 -» 7CO +11H2

-AH°(900 °C) = -928 kJmol"1 (1)

C7H8 + 7C02 -> 14CO + 4H2

-AH°(900 °C) = -1163 kJmol'1 (2)

2NH3 <-> N2 + 3H2

-AH°(900 °C) = -112 kJmol"1 (3)

CO + H2Oo co2 + h2

-AH°(900 °C) = 33 kJmol"1
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(4) .

I

Catalyst activity measurements made with gasification gas components
(H20, H2, CO, C02, CEL* and N2) confirmed that hydrocarbons can
decompose in gasification gas at 900 °C by reactions (1) and (2) with nickel
catalysts and dolomites. With inert materials the decomposition of
hydrocarbons was enhanced by H2 (dealkylation) and by E[20 (dealkylation,
reforming). Ammonia also seemed to react quite easily with C02 at the high
temperature tested.

Studies of the dry reforming reaction (2) kinetics with dolomite catalyst
were made in order to obtain basic information about modelling of the
catalytic gas cleaning reactions. These studies indicated that tar
decomposing reactions can be approximated to follow first order kinetics
(5) in gasification conditions where a large excess of the oxidizing
components (C02, H20) always prevails and the reaction temperature is
high. For the first order benzene decomposition according to reaction (2)
the measured apparent activation energy Ea was 252 kJ/mol and the pre
exponential factor ko 5,4*1013 m3/(hkgcat) at 750 - 900 °C and at 1 bar.

-r(hc) = k0*exp(-Ea/RT)*p(hc)

(5)

r

rate of hydrocarbon decomposition (mol/hkgcat)

ko

pre-exponetial factor (includes the effects of the other gases)
(mVhkgcat)

Ea

apparent activation energy of the reaction (J/mol)

R

gas constant (8,314 J/molK)

T

temperature (K)

p(hc) hydrocarbon concentration (mol/m3)
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SELECTIVE CATALYTIC OXIDATION OF
AMMONIA
Jukka Leppalahti & Tima Koljonen
VTT Energy
P.O.Box 1601
FIN-02044 VTT (Espoo), Finland

Abstract
In the combustion of fossil fuels, the principal source of nitrogen oxides is
nitrogen bound in the fuel structure. In gasification, a large part of fuel
nitrogen forms NH3, which may form nitrogen oxides during gas
combustion. If NH3 and other nitrogen species could be removed from hot
gas, the NO emission could be considerably reduced. However, relatively
little attention has been paid to finding new means of removing nitrogen
compounds from the hot gasification gas. The possibility of selectively
oxidizing NH3 to N2 in the hot gasification has been studied at VTT Energy.
The largest NH3 reductions have been achieved by catalytic oxidation on
aluminium oxides.

1 INTRODUCTION
In gasification, reactive nitrogeneous compounds are formed from fuel
nitrogen. The predominant compound in gasification gas is usually NH3,
whereas less HCN is formed. The amount of NH3 in the gas is dependent on
the nitrogen content of the fuel, on other fuel properties as well as on
operating parameters of the gasification process. In laboratory-scale
fluidised-bed gasification experiments a typical NH3 content of the gas has
ranged 6 000 - 9 000 ppm for peat, 2 500 - 2 800 ppm for brown coal and
330 - 450 ppm for saw dust of low nitrogen content [1], If the gasification
gas containing NH3 is burned, a high nitrogen oxide emission may be
formed.

One way of reducing the NOx emission would be to reduce the NH3 content
of the gasification gas already prior to combustion. Gas cooling and
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scrubbing may be complicated and costly. If the gas could be cleaned at
high temperature, the formation of process streams with liquid solutions
would be avoided, the process would be simplified and the efficiency could
also be increased in many cases. In this paper, a summary of the results of a
research work going on at VTT Energy is presented. In this work new
means of removing ammonia from hot gasification gas has been sought for.

2 THE CONCEPT OF SELECTIVE CATALYTIC
OXIDATION

Surprisingly, except for traditional catalytic decomposition, no other means
have been studied to remove NH3 from the gasification gas. The
decomposition rate of NH3 can, for example, be thought to be increased by
adding suitable reactants to the gas, which on a suitable catalytic surface
would react with NH3 and produce N2. This process could be called
Selective Catalytic Oxidation of NH3.

The advantage of this type of process, compared with the conventional
catalytic decomposition would be the possibility of achieving a high NH3
conversion on the catalyst surface at considerably lower temperature than
when using traditional (noble) metals without additives. The NH3
decomposing activity being based on the activity of additives on the
catalytic surface, catalysts of other type than noble metals could also be
efficient and would not be limited by the same problems as the noble metal
catalysts. The efficient oxidation catalyst should increase more the reaction
rate of additives with NH3 than that of additives with other gas components
such as CO, H2 and CH4.

The SCR (Selective Catalytic Reduction) process uses catalysts and
ammonia as reductants to selectively remove NO in the presence of excess
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02 from post-combustion flue gases. The overall SCR reaction is best
described by reaction (1):
4 NO + 4 NH3 + 02----->4N2 + 6H20

(1)

Several catalysts have been shown to enhance the rate of reaction (1).
Hence, the same type of reaction could be used to remove NH3 from the
gasification gas. In this case NO and 02 should be added to the gasification
gas flowing through the catalyst bed. However, previous studies concerning
the SCR process have been carried out in oxidative atmosphere without the
presence of large amounts of CO, H2 or CH4, and it has not been known
how these gases would affect the reaction between NO, 02 and NH3.

3 HOMOGENEOUS GAS-PHASE REACTIONS OF NO
AND 02 IN GASIFICATION GAS

If reactants like NO or 02 are to be added to hot gasification gas, it is
important to understand how rapidly these reactants react with CO, H2 and
CH4 in the gas phase. If the gas-phase reactions would be very fast,
consuming all the reactants, it would be impossible to create favourable
conditions for reaction (1) on the catalyst surface.

Gas-phase reactions were studied by means of kinetic modelling [2] and by
carrying out laboratory-scale experiments. In the experiments, a synthetic
gasification gas mixture was allowed to flow through a quartz flow reactor
into which the reactants were also fed separately. No decomposition of NH3
took place in the empty reactor at high temperature, when no reactants were
added. When the mixture of 02 and NO or 02 alone were added to the gas,
a small NH3 conversion was achieved. In both cases, 20 - 30 % of NH3 was
decomposed at temperatures above 700 °C. At lower temperatures the effect
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of 02 diminished, while with the mixture of 02 and NO a reduction of about
20 % in the NH3 content of the gas was measured. It is possible that this
reduction does not represent a true NH3 decomposition, as solids
precipitation was discovered in the sampling lines at low temperatures. At
least part of solid matter was found to be nitrogen compounds, probably
ammonium nitrate (NHjN03), which is formed at low temperature by a
complex gas-phase mechanism. NO reacted very slowly even at high
temperature. At 1 000 °C only about a third of added NO reacted in the
reaction time of 0.65 s. However, at temperatures below 700 °C the
concentration of NO started to decrease probably through reaction (2):
NO+NO + 02------- >N02

(2)

The reaction rate of 02 started to increase only after the temperature rose to
above 600 °C after which 02 disappeared from the gas. Hence, it was
concluded that below 700 °C conditions exist, where catalytic reaction (1)
might take place, because NO, 02 and NH3 are simultaneously present in
the gas for a sufficiently long time [3], These results were also confirmed
by kinetic calculation work [2],

4 SELECTIVE CATALYTIC OXIDATION EXPERIMENTS
A high number of experiments were carried out to characterise the effect of
different catalytic surfaces on the reactions of NH3, NO and 02 in the
presence of CO, H2 and CH4 [4], Examples of the results are given in
Figures 1 and 2. As can be seen from Figure 1, dolomite was not active in
NH3 decomposition without oxidizer addition, which has also been
confirmed earlier. When oxygen was added to the dolomite bed at high
temperature, a small reduction in the NH3 content of the gas was measured,
which did not deviate from the result measured in the empty reactor.
However, when the mixture of NO and 02 was added to the bed, the NH3
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content of the gas increased dramatically. At 600 °C almost all the NO
added was converted to NH3. When the temperature was decreased, the
NH3 formation was retarded. At low temperature (400 °C, reaction time
0.56 s) in the dolomite bed, there was a small reduction (about 30 %) in the
NH3 content of the gas. This behaviour was typical of many of the materials
tested. The reaction of Ha with NO in fact prevents the use of several
materials in gasification atmosphere for NH3 removal according to reaction

lllll ffltlWKiliiW?

Temperature^
Without 02/NH3=4
additives NO/NH3=1

02/NH3=5

Figure 1. The NH3 content of the gas after dolomite bed without additives,
in simultaneous NO and O2 addition and in O2 addition alone. Inlet CO: 13
vol%, H2: 12 vol%, C02:13 vol%, CH4: 1 vol%, H20: 10 vol%, 02: 0-2,5
vol%, NO: 0-0,5 vol%, NH3: 4900 ppmv, the rest N2. Reaction time 376 /
T(K) s.
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The most important find was that NH3 can be made to react selectively with
the oxidizers even in the presence of large amounts of CO and H2.
Aluminium oxide and silica-alumina type materials were found to be the

most effective catalytic materials promoting the selectivity (Figure 2). A
striking finding was that with these materials, the O2 addition alone reduced
the NH3 content of the gas in the temperature range of 500 - 700 °C. When
NO and 02 were added simultaneously to the gasification gas a very high
NH3 conversion was achieved. Usually, the conversion was increased, when
the temperature decreased. With the best materials tested an almost
complete NH3 removal was achieved.

300

Without

800

400

OZ/NH3-4

additives NO/NH3=1

900

02/NH3=5 NO/NH3=1

Figure 2. NH3 reduction in the aluminium oxide bed without additives, in
simultaneous 02 and NO addition, in 02 addition and in NO addition. Inlet:
CO 13 vol%, C02:13 vol%, H2:12 vol%, CH4:1 vol%, H20:10 vol%, 02:
0-2,5 vol%, NO: 0-0,5 vol%, NH3: 5000 ppmv, the restN2. Reaction time

AZZS/Wa.
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This study showed that NH3 in gasification gas can be made to oxidize
selectively on a suitable catalytic surface, if 02 and NO are added to the hot
gas. However, several materials like dolomite promote the reaction of NO
with gas hydrogen, which eventually leads to increasing the NH3 content of
the gas. Instead, the largest NH3 reduction can be achieved on aluminium
oxides and aluminum silicate type materials.

The development of new NOx reduction technology for gasification
processes may be possible on the basis of these results. However, several
important questions concerning the practical meaning of these results are
still open. These will be dealt with in studies to come.
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Abstract
Metallocene-based polymerization catalysts are presently expanding the
range of technically available polyolefin materials. Important in this regard
is the control of polymer stereo- and regioregularity, molecular mass and
mass distribution and of comonomer distribution. Recent studies have
revealed basic structure-property relations for this class of catalysts.

1 POLYOLEFINS FROM METALLOCENE CATALYSTS
Recent studies on the polymerization of a-olefins by metallocene-based
catalysts have brought about new developments in the field of polyolefin
materials. Unlike heterogeneous Ziegler-Natta catalysts, homogeneous
catalysts, based on appropriately activated metallocene complexes, poly
merize olefins principally at a single type of metal center with defined
coordination geometry. This opens the possibility to control polymer regioand stereoregularities, molecular mass and mass distributions as well as
comonomer incorporation. Metallocene-based catalysts thus expand the
range and versatility of technically accessible types of polyolefin materials;
to make full use of this advantage, reliable relations between their
structures and properties have to be established [1,2].

1.1 POLYMER MICROSTRUCTURES.
Chiral ansa-zirconocene catalysts control enantiofacial olefin orientation,
which is prerequisite for isotactic polymer formation, by fixation of the
metal-bound polymer chain segment in one of two alternative orientations.
Variations in stereoselectivity are due to competing side reactions which
cause an epimerization of chiral centers in the metal-bound chain segment.
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The regioselectivity of metallocene catalysts is generally lower than that of
classical heterogeneous catalysts. It can vary substantially and is influenced
mainly by steric factors, i.e. by spatial limitations of the coordination sites.

1.2 POLYMER CHAIN LENGTHS.
Several competing chain-termination reactions limit polymer chain lengths.
B-H transfer from the metal-bound chain segment to a coordinated olefin is
most frequent but can be quenched by appropriate substitution of the
metallocene ligands. Other chain-termination reactions occur via an
isomerization of the metal-bound chain end or from regioirregular units.

’Living’ olefin polymerization systems, i.e. polyolefin chains permanently
attached to the catalyst center, would open new possibilities to generate
polyolefins with polar end groups or copolymer blocks, but are still un
attainable under practical reaction conditions.

1.3 CATALYST ACTIVITIES
Metallocene-based catalysts have intrinsically high activities, since all metal
centers participate in polymer growth. Activities can be further increased
by appropriate substitution of the metallocene ligands. Increased rates of
olefin insertion improve also the stereoregularity of the polymer products,
due to suppression of competing isomerization reactions. Present research
efforts concern the effects of olefins with different side chains and of solid
support materials on the activity of metallocene catalysts.
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ENZYMES AS POLYMERISATION CATALYSTS
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Abstract
Lignin, the second most abundant natural compound is an obligatory consti
tuent of any vascular plant and degraded mainly by White-rot fungi, an
ecologically defined group of Basidiomycetes which are able to degrade
lignin. Lignin is composed of aromatic monomers and contains no bonds
which can be hydrolysed enzymatically. Lignin is both synthesised and
degraded by enzymatically catalysed radical mediated reactions. Since
lignin is not water-soluble, both processes must take place outside from the
plant or fungal cell and the enzymes are secreted by the organisms and act
in the extracellular space. Since the chemical structure of lignin is not
defined in the same way as the usual biological macromolecules and
contains a wide variety of chemical bonds, the enzymes which degrade
lignin necessarily must have a low substrate specificity. This makes them
very interesting for technical applications. So far phenol-oxidase (laccase)
has been studied most intensively for its use in biotechnology. In addition to
its lignin degradation, it also polymerises lignins and phenoles. This feature
can be exploited for the production of adhesives on the basis of lignin,
which can be used for particle board production and other materials. By
enzymic activation of the middle lamella lignin of wood fibres it was
possible to obtain fibre boards which are entirely free from any outside
adhesive and are held together only by the intrinsic forces of the native cell
wall. In addition, laccase catalyses the graft copolymerisation of lignin
together with a broad variety of low-molecular weight compounds, ranging
from acrylates to glucose.

1 ENZYMES INVOLVED IN LIGNIN DEGRADATION
Until today, the following enzymatic activities have been characterized
which are supposed to be able to apply changes to native lignin (1):
- Lignin peroxidase (LiP, ligninase, EC 1.11.1.7) (2,3). LiP oxidizes nonphenolic lignin substructures by abstracting one electron and generation
cation radicals which are further decomposed in an non-enzymatic way.
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- Manganese peroxidase (MnP, EC 1.11.1.7) (4) which acts basically the
same way as LiP
- laccase, i.e. polyphenole oxidase (E.C.l.10.3.2). This enzymic activity is
widely distributed and is reported to have quite different physiological
functions (5). It is known for a long time to be able to polymerize phenols.
The most important gross changes in the lignin molecule which can be
applied by enzymes and are important for a possible industrial use, are the
following:
- solubilisation of the lignin molecule
- demethylation
- changes in the phenolic and aliphatic hydroxyl-groups.
- changes in the molecular weight distribution
- reaction with additional compounds in a non-specific way.

2 LACCASE FROM WHITE-ROT FUNGI
A prominent role of this enzyme both in lignin synthesis in plants and in its
degradation by fungi has been discussed by several authors ( 6, 7). Several
other reports have demonstrated that in the presence of laccase lignin rather
is polymerized both in vivo (8) and in vitro (9). Laccase acts on phenolics
via a non-specific oxidation which generates quinoid intermediates. This
results in the initial formation of dimers which subsequently spontaneous
polymerize nonenzymatically (10,11,12). Since in pathogenic fungi laccase
is detoxifying phenoles secreted by the plants in the course of their defense
against the pathogen (5, 13), the fact that at least in in vitro experiments
polymerisation is the dominating feature of laccase action is not surprising.

3 THE USE OF LACCASE AS CATALYST FOR
BINDERS FOR WOOD COMPOSITES
The observation s on the polymerising ability of laccase led us to the
following conclusions: If laccase is able to polymerise lignin, it should be
possible to use this system as a two component adhesive:
- One component, the binder, should be the lignin from the pulp and paper
mills.
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- The other component, the hardener, should be the enzyme laccase
(phenoloxidase) which supplies the radicals necessary for the polymeri
sation of the lignin.
3.1 LACCASE AND LIGNIN AS BINDER FOR PARTICLE
BOARDS
The most important market for technical binders is the particle board indu
stry. Therefore we were concentrating on the use of our system for the
production of these wood composites to replace the presently used ureaformaldehyde binders by our enzyme-based system. With this development,
the following advantages would be connected:
- The lignin, for which at present there is very little demand, could be used
for an attractive new technical process.
- The presently used petrochemical binders would be replaced by natural
compounds.
- Such a binder would not have any problems with emissions, neither
during the production of the boards nor in the homes of the customers.
We were able to show rather soon that in principle it should be possible to
get good adhesion with this process. By gluing two boards of wood
together, good tensile strenghts of the binding were achieved (14). Two
important problems, however, had to be solved: a process for producing a
suitable enzyme at a commercial stage and the water-resistance of the glue.
The enzyme part was solved by selection of heat tolerant enzymes (15) and
finding conditions for optimal growth and enzyme production in the
fermenter (16).
The biggest problems were posed by the required water resistance of the
particle boards. The enzyme reaction is taking place in water with the
enzyme being water soluble and requiring in principal a hydrophilic
substrate. The reaction product, however, must be water insoluble and
hydrophobic in order to meet the technical requirements. The first boards
made with lignosulfonate had good tensile strengths but immediately disin
tegrated into pieces when coming in contact with water, because of the high
hydrophilicity of the lignosulfonate. The presently achieved solution of the
problem is to work with mostly water-insoluble lignins with the addition of
small amounts of hydrophobic polymers. In this way, good quality particle
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boards can be achieved (Table 1), with adhesives where more than 80 % of
the petrochemicals are replaced by natural compounds and which are
completely emission-free (16)
Table 1. Technical Properties ofParticle Boards made from Laccase and
Lignin with the Addition of 1 % PMDI (taken from 16).
1,0 % PMDI
0,18 - 0,20
Versal Tensile
Strength N/mm2
Swelling 2 h % 14-16
Swelling 24 h % >25

Laccase/Lignin

Combination

0,15 - 0,22

0,35 - 0,45

15-22
>25

2-4%
12 - 14 %

3.2 ENZYMATIC ACTIVATION OF THE MIDDLE LAMELLA LIGNIN OF WOOD FIBRES AS MEANS FOR THE PRODUCTION
OF BINDER-FREE FIBRE BOARDS
Another process for making wood composites, where lignin-transforming
enzymes can be applied is the production of fibre-boards. Fibre-boards are
made by gluing wood fibres together, which have been prepared by seperating the single wood-fibres of wood chips in a refiner which applies high
temperatures and shearing forces. The middle lamella of woody cells, which
is the border region between two individual cells, is composed almost
completely of lignin. During the refining process the temperature in the refi
ner exceeds the glass transition point of the lignin.
This thick hydrophobic crust is the major reason for the high demand of
adhesives in the fibre-board process, because it forms a barrier against the
penetration of the adhesive onto the fibre surface.
Since lignin was successfully used as binder for particle boards, it was inve
stigated, whether the lignin crust on the fibres could be, after appropriate
enzymatic activation, used as the base for an adhesive as well. It could be
shown, that after a rather long treatment with laccase the lignin crust is
completely removed from the surface of the fibres (16).
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The isolated lignin from the enzyme solution had an increased molecular
weight and a very high content of carboxylic groups (16). This indicates
that the removal of the crust by the enzyme treatment was not due to a
mechanically separation from the fibre bus was the result of a complex
oxidation catalysed by the enzyme. The lignin of the fibre obviously reacts
with the enzyme and oxygen and is chemically activated during this
process.
When the fibres are incubated with the enzyme for a few hrs. and then
pressed with the normal procedures of the fibre-board industry, fibre
boards are obtained which meet the technical standards (Table 2) (16,17).
Table 2. Technical properties of5 mm thickfibreboards made by enzymatic
activation of the fibres by incubation with laccase. Experiment 1: controls
with inactivated laccase, Experiments 2 and 2: Fibreboards produced with
active phenoloxidase.
Exp.
No.
1
2
3

Thickness 24 h
Swelling
mm
%
5,3
5
23
5
30

Density
kg/m3
928
815
800

Versal tensile
strength
N/inm2
0,1
0,52
0,47

Thus for the first time it has been possible to produce wood composites
without the addition of any binders, solely by activation of the intrinsic
adhesive forces which are acting in the solid wood also.

4 LACCASE- CATALYSED GRAFT-COPOLYMERISATION
OF LIGNIN
The low specificity of the enzyme together with the fact that after the
enzymatically initiated formation of the radical the reaction goes on without
any additional enzymatic action being necessary can be exploited for
additional chemical synthesis: the graft-copolymerisation of lignin with
non-phenolic monomers. We have developed systems in which lignin can
be reacted with low-molecular weight substances either in organic solution
(18) or in water (19). The range of compounds which can be partners in this
reaction were found to be either monomers with a doublebond like acrylates
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or even substances which usually would not take part in a radical-mediated
reaction like glucose (19). Such materials have the additional advantage in
that they are prone to biodegradation by radical mediating systems (20).
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Abstract
Considerable work has been done in the research and development of
methane conversion technologies. Although some promising conversion
processes have been demonstrated, further advances in engineering and also
in the chemistry are needed before these technologies become commercial.
High-temperature processes, e.g. the oxidative coupling of methane, studied
thoroughly during the last 15 years, suffer from severe theoretical yield limits
and poor economics. In the long term, the most promising approaches seem
to be the organometallic and, especially, the biomimedc activation of
methane.

1 INTRODUCTION
Natural gas, of which methane is the major constituent, is an abundant
resource. Total world reserves are estimated at 140-1012 m3, that will outlast
some 70 years at the present consumption [1], Proven reserves of natural gas
contain as much energy as crude oil, but transport costs from remote fields
are considerable higher. World reserves of natural gas are growing at a faster
rate than those of oil. Only 7% of the production is used as a raw material in
the chemical industry; the remainder is burned as fuel for heating and power
generation. The major factor holding back the use of natural gas is the lack of
an economical process for converting it into liquid products.
Methane is a highly symmetrical molecule, has a high C-H bond energy, and
is thermally stable. It is difficult to activate a single C-H bond to permit a
selective C-C or C-0 bond forming process. Thus the conversion of methane
to value added products or chemicals represents today a big challenge and
also an opportunity for the catalyst research.
In this paper a couple of promising methane activation processes are
reviewed. They are developed for the economic conversion of methane to
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higher hydrocarbons and oxygenates in order to cut down the transport costs
and to exploit natural gas reserves more efficiently.

2 SYNTHESIS GAS MANUFACTURE
Synthesis gas, the mixture of carbon monoxide and hydrogen, is the starting
material of many indirect conversion routes of natural gas, e.g. methanol
synthesis and Fischer-Tropsch synthesis. Synthesis gas has been traditionally
manufactured by steam reforming at 800°C and 20-30 bar in the presence of
a Ni catalyst:
CH4 + H20 => CO + 3 H2

(1)

This endothermic process is quite expensive due to the high investment costs
of the tubular reformers and due to the high heat duty involved.
Partial oxidation of methane is an alternative to steam reforming [2-3]:
CH4 + y2 02 => CO + 2 H2

(2)

The slightly exothermic reaction can be carried out catalydcally at moderate
temperatures or thermally at very high temperatures. In the catalytic process
the pressure must be quite low to cut down soot formation, while in the noncatalydc process soot is normally formed and is removed in a soot scrubber
downstream the reactor. The catalytic partial oxidation process might find
use in combination with some low-pressure processes, especially if cheap
oxygen from an existing oxygen plant is available. The non-catalytic process
is used in the Shell Middle Distillate Synthesis process [4].
Another route to synthesis gas is the conversion of natural gas with carbon
dioxide, a highly endothermic reaction [5]:
CH4 + C02 => 2CO + 2H2

(3)

C02-reforming of natural gas is a feasible technology, which can be applied,
when C02-rich natural gas is available. The replacement of steam by C02 in
the reformer has no drastic impact on the reaction mechanism, but it increases
the risk of carbon formation.
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3 OXIDATION TO METHANOL BY SULFURIC ACID
A novel high-yield system for the catalytic - conversion of methane to
methanol was published in 1992 by Catalytica, Inc. [6]. Homogeneous
reaction takes place in concentrated sulphuric acid and is catalyzed by
mercuric sulfate, HgSO^. The desired intermediate reaction product is
methyl bisulfate, which is separately hydrolysed to methanol, reactions (4)
and (5). The highest methanol yield per pass, obtained at 180°C and 120 bar,
is 43% with a selectivity of 85%.
CH4 + 2 H2SO4 =^> CH3OSO3H + 2 HgO + SO2

(4)

CH3OSO3H + H2O => CH3OH + H2SO4

(5)

Sulfuric acid has several roles in this process. First, it is a strong acid giving
a superacidic function to the Hg(IT)-catalyzed system. Second, sulfuric acid
acts as an oxygen transfer agent being itself reduced to sulfur dioxide.
Further, it is a,reactant to be combined with methane and also a solvent for
methane and the reaction products.
The activation of methane is believed to occur trough an electrophilic
displacement reaction [7] with methyl mercuric bisulfate CHgHgOSOgH as
an intermediate product. This species decomposes readily to methyl bisulfate
and mercurous bisulfate, which is further oxidized to mercuric bisulfate by
sulfuric acid to complete the catalytic cycle [8]. Some related electrophiles,
e.g. Pd(II), some other strong acids (CF3SO3H, H4P207, etc.) and several
different oxidants can be applied instead of Hg(II) and sulfuric acid, but the
reaction rate and the yield of methanol are decreased.
In the industrial scale the process must be integrated with a sulfuric acid plant
and therefore is not well-suited for the exploiting of remote gas fields. On the
other hand, both sulphuric acid and mercury compounds are environmentally
inconvenient reagents and should be replaced in order to develop an
economically viable process for methane conversion. The process has also
been studied in supercritical reaction conditions, but the effect of the state of
the reaction medium was found to be minor [9].
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4 ADVANCES IN OXIDATIVE COUPLING
The oxidative coupling of methane to ethane and ethylene is catalyzed by
many basic metal oxides at 750-900°C:
CH4 => CH3- => C2H6 => C2H4 (=> COx)

(6)

Due to the radical initiation mechanism of 'the reaction and the high
temperature the primary reaction products are readily oxidized further to
carbon oxides. The theoretical once-through yield limit of C2-hydrocarbons
is about 35%.
Some engineering approaches to overcome the yield limit have been recently
reported. Aris and co-workers showed that the C2-yield can be increased up
to at least 50% by using a Sm203 catalyst in a simulated countercurrent
moving-bed chromatographic reactor [10-11]. In this reactor, the methaneoxygen feed is cycled periodically between reactor units maintained at high
methane-to-oxygen ratio and separating columns. Still higher, up to 88% C2yields have been reached by Vayenas et al. [12]. They applied Ag-based
catalysts or electrocatalysts in a recycle reactor where the gas flow passes
continuously through a molecular sieve trap in the recycle loop, maintained at
30°C. These both approaches are based on the same idea: protection of the
highly reactive desired products from total oxidation by means of selective
adsorption. The same type of reactor could also be applied for the partial
oxidation of methane to methanol or formaldehyde. It is obvious that, in the
industrial scale, these types of reactors are far too expensive to construct and
operate.

5 BIOLOGICAL AND BIOMIMETIC ACTIVATION
Methanotrophic bacteria play an essential role in cycling carbon in the
biosphere by consuming biologically produced methane. The first step in this
process is catalyzed by methane monooxygenase (MMO) systems, which
convert methane to methanol [13-15]:
CH4 + NADH + H++02 => CH3OH + NAD+ +H20
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(7)

MMO can exist in either a soluble or a membrane-associated particulate form.
The crystal structure of the hydroxylase protein of the soluble MMO from
Methylococcus capsulatus (Bath) has been recently reported [15]. The
structure is comprised of three non-identical, in the most part helical,
subunits, each present in duplicate. The hydroxylase has a molecular mass of
251 kDa and contains two dinuclear iron centers, 45 A apart, responsible for
methane hydroxylation. The iron atoms are bridged by hydroxide and acetate
ligands and coordinated to four helices by four glutamate and two histidine
residues and a water molecule, Figure 1. The Fe-Fe distance is 3.4 A.

CIu243
Glu 114

Glu2OT

hydroxide

His 147
Glu 144

Figure 1. The dinuclear iron centre ofMMO [15J.
The purified MMO enzymes can hydroxylate or oxidate many types of
organic compounds, including alkanes, alkenes, aromatic hydrocarbons,
ethers, halogenated compounds etc. Unfortunately, the isolated enzyme is of
low stability the half-life in solution being only 30 min at 45°C.
Many chemical model systems mimicking the enzymatic activity of mono
oxygenases have been described in the literature during the last ten years [1621]. Several metal complex systems containing e.g. Fe, Cu or Mn are able to
perform the oxidation of higher linear or cyclic alkanes to alcohols or
ketones. However, the lower alkanes, especially methane are practically non
reactive. The published structure of the active site of MMO opens up new
opportunities to model and design biomimetic catalysts for methane
activation.
The conventional approach is to design organometallic
complexes, which mimic the active site as closely as possible. Another
approach, tentatively attempted in our laboratory [22], is to design and
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synthesize a polypeptide model of the enzyme's active site. A peptide
sequence of 52 aminoacid residues, mimicking the relevant iron-coordinating
parts of the a-helices of MMO was designed. However, the helical structure
of MMO was not reproduced to the desired extent in the polypeptide
prepared. Also coordination of iron to the peptide could not be observed.
At present, the design of metallo-organic complexes mimicking the active site
of MMO, probably supported on a heterogeneous carrier, seems to be the
most promising route towards catalysts activating methane at low
temperatures.
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A BIOMIMETIC METHANE-OXIDISING
CATALYST
Howard Dalton
Department of Biological Sciences, University of Warwick, Coventry, UK

THE PROBLEM
The diminishing resources of petroleum oil has meant that there has been
considerable efforts in recent years to find a suitable substitute for gasoline
as a transportation fuel.

Methanol has been identified as a suitable

substitute since it is a readily combustible fuel which can be manufactured
from a number of different sources.

Methane is commonly used as a

starting material for the production of synthesis gas (CO + H2) and hence
methanol. It is well known that the cleavage of the C-H bond of methane is
extremely difficult (bond energy is around 104 kcal/mol) and that fairly
drastic conditions are required to convert methane into methanol.
Temperatures around 1200 °C and pressures of up to 100 atmospheres over
metal catalysts in a series of reactions are required to effect this process [1].
Efforts have been made to reduce the temperature and the number of steps
by using lanthanide ruthenium oxide catalyst but such reactions are still
thermodynamically endothermic [2].

An energetically more efficient

reaction would be the direct conversion of methane to methanol using
oxygen as the oxidant:

CH4 + ,/202^-CH30H
AH° = - 30.7 kcal/mol

Such a direct oxidation route is manifest in the bacterially-mediated
oxidation of methane by methanotrophic bacteria [3].

These organisms

effect the direct oxidation of methane to methanol by the enzyme methane
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monooxygenase (MMO) as part of the reaction sequences to oxidize
methane to carbon dioxide^vzzf
(MMO)

CH4 + NADH + H+ + O2

CH3OH + H20 + NAD+

It is clear, therefore, that a study of the mechanism and conditions by which
the enzyme works could provide a paradigm for the design of efficient
catalysts which may prove to be suitable for industrial exploitation.

Although one might consider the use of whole cells [4] or the enzyme per se
to produce methanol neither alternative would be economically viable [5].
The production rate of methanol from methane by whole cells is very low
and only accumulates when metabolism is perturbed to the extent that cells
become no longer viable and therefore non-productive.

Extraction and

purification of the enzyme (to remove any methanol-metabolising enzymes)
is expensive and requires the use of costly reductant (NADH2) to derive the
reaction and would also be unsuitable [6].

THE CYTOCHROME P450 PARADIGM
Design of chemical structures that mimic the activity (and, to a certain
extent, the active site structure) of hydroxylase enzymes have been achieved
in recent years [7,8,9,10]. The enzyme system that has been studied mostly
in this respect is that based on cytochrome P450.

Cytochrome P450

monooxygenase enzymes catalyse an impressive array of oxidative
reactions of which the bacterial enzyme cyt P450cAM *s the best studied
from a kinetic and structural viewpoint. The P450 catalytic cycle [11]
involves the binding of substrate to the oxidized (ferric) form of the enzyme
which is accompanied by a change in the redox potential from -300 mV to 173 mV, followed by reduction of the hemoprotein to the ferrous state. It is
r"

the reduced form of the iron that binds dioxygen to give a peroxo species
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which is then reduced by a second electron to give water and an Fev = O, or
its equivalent, species.

The active species involved in

C-H bond

hydroxylation by cytochrome P450 is probably an Fe^V =o complex of a
porphyrin cation-radical P+-. Dioxygen that is bound to the iron in the
porphyrin ring is activated by cleavage facilitated by electron ‘push’ from a
proximal thiolate ligand and a ‘pull’ from a distal aspartate ligand [12].
Stabilization of the bound, highly electrophilic, ferry! species against
autooxidation is achieved by threonine 252 either directly or through a
bridging water molecule [13]. The hydrophobic cavity around the heme
group is able to trap the hydrocarbon substrate which is then attacked by the
ferryl species to abstract an H atom and generate a free radical. The ferryl
becomes Fe- OH and interacts with the free radical in the solvent cage to
form an alcohol. Definitive proof for this mechanism is still lacking but it
does fit most of the available data.
Model Fein or M® systems based on the porphyrin ring structure [10,14]
have been synthesised which were able to hydroxylate alkenes and alkanes
with high turnover and little catalyst destruction [15,16].These mimics used
single atom oxygen donors to generate the ferryl species indicating that, in
principle, if such a species could be generated then alkane activation should
follow.

For the biomimetic chemists the difficult problem to solve was how to
generate a ferryl species from dioxygen. Nature had solved this problem
exquisitely by carefully regulating electron transfer from NADH2 to the
metal centre via the reductase enzyme so that the peroxo species could be
cleaved only after it had formed. The resulting NAD+ is then reduced by a
variety of enzyme catalysed reactions in the cell to regenerate NADH2.
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CYTOCHROME P450 MIMICS
Attempts to use cheap chemicals to effect reduction of the metal centre and
then 0-0 bond cleavage have met with limited success. Tabushi and Koga
[17] used borohydrides and imidazole on Mn(triphenyl poiphyrin)Cl to
oxidize cyclohexane and then later Tabushi and Yazaki [18] used Pt/H2 in
place of borohydride to hydroxylate adamantane.

Others have used

ascorbate, zinc, propionaldehyde and ferrocene with variable success.
Electrochemical and photochemical generation of reductant has also been
tried but again productivities have been low. It is probable that the low
rates observed in these 02-dependent reactions were due to uncontrollable
redox chemistry on the metal which is necessary if the correct order of the
cycle is to be maintained.

Jim Lyons [see reflO] and his group have devised some elegant strategies to
construct effective P450 mimics. Their approach has been to construct ironporphyrin models in which the redox chemistry of the metal could be tuned
by the careful use of non-oxidizable halogen ligands on both the
macrocyclic and axial positions. The net effect was to create a suitable
hydrophobic environment that would bind the alkane and expel the alcohol
thus produced and to stabilize the iron-oxo intermediate with strong
electron-withdrawing substituents.

Furthermore there was no need for

expensive coreductants. The nature of the axial and macrocyclic ligands
were important in dictating the selectivity and turnover number of the
catalyst. Substrates investigated included ethane, propane and isobutane.
In no instances was primary C-H bond activation observed; only secondary
or tertiary products were observed. The solvent system used was aprotic and
not representative of the environment in which the biological system
operated. Furthermore it was also clear that controlled primary C-H bond
activation, especially that in methane, was to be a difficult problem indeed.
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An interesting development came with the observation that ironphthalocyanine complexes could be constructed within a zeolite matrix [19]
that hold on to the macrocycle by encapsulation. Hydrocarbon oxidation
rates were very low using single atom oxygen donors probably because of
pore blockage by the reaction products.

Subsequent refinements to this

early system has produced phthalocyanine-zeolites which are embedded
with a polydimethylsiloxane membrane [20] which act as a high affinity
matrix for the hydrocarbon substrate. Using t-butyl hydroperoxide as the O
atom donor over a 300-fold enhancement in oxidation rates could be
obtained over the non-membrane system. The Parton system [20] could be
further enhanced to

give rates comparable to cytochrome P450

(cyclohexane as substrate) when the peroxide addition was carefully
controlled. Here again, however, oxidation of primary C-H bonds in nalkanes was negligible or zero.

METHANE MONOOXYGENASE MIMICS
Although mimics of P450 have shown good secondary and tertiary C-H
bond activation, none have been able to oxidize primary C-H bonds, let
alone methane or ethane. The question thus arises “What can the study of
P450 mimics and the MMO enzyme tell us about the design of an MMO
mimic?”

We already know from enzyme studies that a ferryl species

appears to be the electrophile which abstracts hydrogen from methane to
generate methyl radicals [21] and thence methanol from captive OH. In this
respect the mechanism of the two enzymes are quite similar but the nature
of metal centre in the two enzymes differ. Could this be the reason why
P450 mimics do not oxidize methane?

A mononuclear iron-porphyrin

species in P450 as opposed to a binuclear p-(hydr)oxo- bridged structure in
MMO? All attempts so far to use binuclear mimics to activate methane
have failed even one of the best known systems, Barton’s Gif system [22]
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and its derivatives, have failed to activate methane. Any oxo-metal system
that has been shown to activate methane appears to effect substantial
oxidation of the product methanol whether they are in a homogeneous or
heterogeneous environment [23].

The selective and direct oxidation of

methane to methanol can only be achieved by the enzyme methane
monooxygenase. Understanding the structural and dynamic features of the
enzyme may help understand what is required of a suitable mimic.

Studies by our group at Warwick and those at MIT (Lippard et at) and
Minnesota (Lipscomb et al) have greatly advanced our knowledge of the
MMO mechanism. Based on these studies we now have a good idea of the
topography of the active site of the hydroxylase component of the MMO
system and a reasonable, but not definitive idea of the mechanism.

MMO STRUCTURE
The picture that is emerging indicates that the hydroxylase active site is
extremely hydrophobic around the binuclear iron centre with each iron atom
coordinatied to the 8-nitrogen atom of a histidine residue (his 147 or his
246) and glu 144 acting as a semi bridging ligand. Other oxygen ligands
arise from glu 114, glu 209 and glu 243. In the reduced form of the enzyme
(the one that binds dioxygen) the glu 243 undergoes a shift reaction to
become bidentate chelating ligand to Fe and as a bridging monoatomic
ligand [24]. This has the effect of extruding the bridging hydroxide and
allowing O2 to react in the vacant coordination site to produce the peroxo
species (H peroxo). Production of the ferryl species (Q) from this may
occur via thr 213 which is one of only two protonated residues in the active
site and is ideally located to effect proton transfer to the coordinated
oxygen.
In the absence of a crystal structure with bound substrate, a combination of
Monte Carlo and Molecular Dynamics techniques have been used to
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identify the substrate binding sites in MMO hydroxylase

[25]. There

appears to be a unique binding site for methane, acetylene (a potent suicide
substrate), propylene and pryridine that is located 3A from the binuclear site
in a position that would be perfect for hydroxylation. Other substrates of
the enzyme appear to bind at two sites further away from the binuclear
centre.

PEPTDDOMIMETIC STUDIES
This information has now been used to construct a 73 amino acid
polypeptide structure that was designed to provide a suitable site for the
MMO binuclear centre. Since the ‘scaffold’ that holds the binuclear centre
in place is based on a helical motif we have used the 4-helix bundle design
of DeGrado and co-workers [26] as the starting point. Alterations in the
basic sequence have been made to give residues that are ideally placed to
coordinate a binuclear iron centre. Such peptide mimetic systems offer the
possibility of allowing changes to made that more closedly resemble the
natural system and lead to a clearer understanding of the ‘rules’ that govern
ambient dioxygen-driven methane conversion to methanol.

{
REFERENCES
[1]
Gesser, H.D., Hunter, N.R. & Prakash, C.B. Chem. i?era.(1985) 85,
235.
[2]
Ashcroft, A.T., Cheetham, A.K, Foord, J.S., Green, M.L.H., Grey,
C.P., Murrell, A. J. & Vernon, P.D.F. Nature, (1990) 344,319.
[3 ] Dalton, H. In Applications ofEnzyme Biotechnology Ed. by J.W.
Kelly and T.O. Baldwin. Plenum press, New York, 1991, 55-68.
[4]
Sugimori, D. & Okura, I. J. mol. catal. A: Chem. (1995) 97,135.
[5]
Dalton, H. Adv. Appl. Microbiol. (1980) 26,71.
[6]
Lipscomb, J.D. Annu. Rev. Microbiol. (1994) 48, 371
[7]
Groves, J.T., Nemo, T.E. and Myers, R.S. J. Am.Chem. Soc. (1979)
101,1032.

161

I

[8]
Hill, C.L. & Schardt, B.C. J. Am. Chem. Soc. (1980) 102, 6374.
[9]
DePorter, B., Ricci, M., Bortolino, O., & Meunier, B. J. Mol. Cat.
(1985) 31,221.
[10] Lyons, J. E. & Ellis, P. E. Jr.In Metalloporphyrins in Catalytic
Oxidations Ed. by R.A. Sheldon, Marcel Dekker, New York, 1994,297324.
[11] Poulos, T.L. & Raag, R. FASEB J. (1992) 6, 674.
[12] Dawson, J.H. Science (1988) 240,433.
[13] Gerber, N.C. & Sligar, S.G. J. biol. Chem. (1994) 269,4260
[14] Mansuy, D & Battioni, P. In Activation and Functionalization of
Alkanes Ed by C. L. Hill, John Wiley, New York, 1989, 195-218.
[15] Traylor,T.G., Marsters, J.C., Nakano,T. & Dunlap, B.E. J. Am.
Chem. Soc. (1985) 107, 5537.
[16] Traylor, T. G. & Tsuchiya, S. Inorg. Chem. (1987) 26, 1338.
[17] Tabushi, I. & Koga, N. J. Am. Chem. Soc. (1979) 101, 6456.
[18] Tabushi,I. & Yazaki, A. J. Am.Chem. Soc. (1981) 103,7371.
[19] Herron, N., Stucky, G.D. & Tolman, C.A. J. Chem. Soc. Chem.
Commun. (1986), 1521.
[20] Parton, R.F., Vankelcom, I. F. J., Casselman, M. J. A.,
Bezoukhanova, C. P., Uytterhoeven, J. B.& Jacobs. Nature (1994) 370, 541.
[21] Wilkins, P. C., Dalton, H., Podmore, I.D., Deighton, N. & Symons,
M.C.R. EurJ. Biochem. (1992) 210, 67.
[22] Barton, D.H.R, Halley, F., Ozbalik, N., Young, E., Balavoine, G.,
Gref, A. & Boivin, J. NewJ. Chem. (1989) 13, 177.
[23] Hill, C. In Activation and Functionalization ofAlkanes Ed by C. L.
Hill, John Wiley, New York, 1989,243-279.
[24] Rosenzweig, A.C., Nordlund, P.,Takahara, P.M., Frederick, C.A. &
Lippard, S.J. Chem. & Biol. (1995) 2,409.
[25] George, A., Wilkins, P. C. & Dalton, H. Submitted for publication.
[26] DeGrado, W. F., Raleigh, D.P. & Handel, T. Curr. Opin. struct. Biol.
(1991) 1,984

162

TOWARDS MOLECULAR DESIGN OF
METALLOCENE CATALYSTS
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FIN-02044 VTT, (Espoo) Finland

Abstract
The olefin insertion reaction into a metallocene catalyst was modeled using
the nonlocal density functional theory. The functional used was B-LYP.
Special attention was paid to the transition state of the chain growth. The
systems studied were (H2ZrCH3)+(H2C=CH2) and (Cp2ZrCH3)+
(H2C=CH2). For the former system, vibrational frequencies were calculated
at the transition state in the Cs symmetry, where the C-H bonds are in a
staggered conformation. The results revealed that the structure was not a true
saddle point By distorting the symmetry the true saddle point was located.

1 INTRODUCTION
In recent years metallocene catalysts in olefin polymerization have received
much attention [1]. There has also been a number of theoretical studies, but
accurate quantum chemical calculations are feasible only for small model
systems [2-5]. For scanning of a number of systems having large ligands
and/or comonomers, computationally faster methods have to be used. The
molecular mechanics method [6], where the Bom-Oppenheimer surface is
approximated by parametrized analytical functions, is widely used in
modeling of stable structures. It can, however, be used also for transition
states, if properly parametrized. Quantum chemical calculations of small
model systems is the best source of data for such parametrization. Since the
interactions between the metal and the ligands are better known, we
concentrate on the transition states of two simple model systems: A
(H2ZrCH3)+ (H2OCH2) and B (Cp2ZrCH3)+ (H2C=CH2).

2 METHODS
All the calculations reported here [7] were performed with the DMol
program [8] using the density functional method (DFT) [9,10]. The DFT
method takes into account the electronic correlation effects, which is
necessary when chemical bonds are broken and formed. The B-LYP
functional [11,12] was consistently used, i.e. gradient corrected exchange
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and correlation functionals were used in the geometry optimization. The
DND numerical basis set was used, which is comparable to the well-known
Gaussian 6-31G* basis set The Hessian matrices needed for vibrational
analysis were calculated using two point differencing of gradients with step
size 0.02 Bohrs. For the visualization of the results the InsightH molecular
graphics software [13] was used.

3 CALCULATIONS AND RESULTS
Most of the calculations published on the transition states with symmetric
catalysts like Cp2ZrCl2 use Cs symmetry with staggered C-H bonds in the
geometry optimization. In order to make the comparison easier, the present
calculations were performed with the same symmetry. First the structure of
the 7t-complex was calculated. From this structure we gradually decreased
the C—C distance of the forming C-C bond until an energy maximum was
found. At each step, all other degrees of freedom were allowed to relax. The
Cs transition state structures of both model systems are shown in Figure 1.
In both cases the transition state structure was located at the C—C distance
2.13 A. In the case of system B, the Zr—C distances were somewhat longer
than in A, which probably is due to steric effects. The B-LYP/DND
calculated activation energies for the Cs transition states of A and B were
6.8 and 5.6 kcal/mol, respectively. For this system Woo et al. [3] obtained a
much lower activation energy (about 1 kcal/mol), and calculated the C -C
distance to be 2.28 A at the transition state. For silylene-bridged catalyst
they obtained similar results [4], whereas Yoshida et al. [5] obtained with
the pseudopotential method for the same system a transition state with the
C -C distance 2.147 A and the activation energy 9.4 kcal/mol. The reason
for the discrepancy may be that Woo et al. first optimized the geometry in
the local density approximation, and then added the nonlocal corrections.
Vibrational frequencies for the Cs transition state of model system A were
then calculated. The two imaginary frequencies indicate that it is not a true
transition state (a saddle point). The normal modes are displayed in Figure 2.
The normal mode b is a torsion mode which distorts the plane of symmetry.
When the plane was distorted, a true transition state with only one imaginary
frequency shown Figure 1 was found (the normal mode c). In this structure
the methyl group was rotated about 60°.
The results indicate that when the DFT method is used to locate the
transition state, the nonlocal corrections have to be used also in the
optimization in order to obtain reasonable structures. The activation energy
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is somewhat lower than that calculated with the pseudopotential method
[2,5], probably due to the tendency of the DFT method to overestimate the
correlation energy. Similar behavior was noticed also for some conjugated
systems, where molecular geometries, atomic charges and vibrational
frequencies were in good agreement with experimental and/or MP2 results,
but in the energetics there were some consistent deviations which could be
afterwards corrected [14].
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1.43

Figure 1. The B-LYP/DND optimized Cs transition state
structures of the model systems A and B. The distances shown
are in A.

Figure 2. The calculated imaginary normal modes for the Cs
transition state (a nd b) and for the deformed transition state (c).
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GASIFICATION PILOT PLANT WITH
CATALYTIC REACTORS IN A DOWNSTREAM
SLIP FLOW
M.P. Aznar*, J.Gil, J.A Martin, E.Frances, A. Olivares, M.A Caballero, P.
Perez and J Corella+.
Dept, of Chem. and Environm. Eng., University of Saragossa, 50009
Saragossa, and (+) Dept, of Chem. Eng., Univ. 'Complutense' of Madrid,
28040 Madrid, Spain.

Abstract
A new 3rd generation pilot plant is being used for hot catalytic raw gas
cleaning. It is based on a 15 cm. i.d. fluidized bed with biomass throughputs
of 400-650 kg/h.m2. Gasification is performed using mixtures of steam and
oxygen. The produced gas is passed in a slip flow by two reactors in series
containing a calcined dolomite and a commercial reforming catalyst. Tars
are periodically sampled and analysed after the three reactors. Tar
conversions of 99.99% and a 300% increase of the hydrogen content in the
gas are obtained.

1 INTRODUCTION
There are only a few pilot plants to made RTD on biomass gasification after
the dismantling of the ones at Universities Tech of Texas in Lubbock and
A&M in Station College, TX, at PNL in Richland, WA, USA and
elsewhere. The two pilot plants most well known in Europe are those
located at VTT in Espoo, Finland, and at TPS AB, Nykoping, Sweden.
However, a new pilot plant is also operating at Univ. of Zaragoza, Spain.
This plant uses an advanced technology giving excellent and important
results. This pilot plant was" first presented in the 7th EU Biomass
Conference in Vienna past October 1994, and in the Seminar on Power
Production from Biomass II in Espoo, March 1995. The research is
continuing and improving results are observed. Simultaneously many
problems of such a pilot plant have been solved, and the plant has been
revamped continuously. We present here some of the promising results. A
major problem is the plant location in a southern country like Spain, where
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own technologies on biomass gasification in fluidized bed have not been
generated earlier and where company interest is hard to rise for this
technology development. This brings problems in technology transfer and
scaling up.

2 EXPERIMENTAL
A small pilot plant described in a previous work (1) is used for experiments.
It is based on a bubbling fast fluidized bed of 15 cm. i.d. and 3.2 m. height
continuously fed near the fed bottom with two screws and two hoppers
which allow a continuous feeding. A scheme of the plant is shown in figure
1. After the 3 high efficiency cyclons the raw gas splits in two flows. The
main flow is cooled, measured and burned outside the building and
continuing to the stack. The secondary or slip flow is sent to two reactors of
4 cm i.d. and 1 m height, connected in series. The first reactor is filled with
calcined dolomite and acts like a guard bed for the next catalytic reactor.
The tar content in the gas decreases by about 90-98% in the dolomite
reactor and the high throughput of tars to the catalytic bed is thus avoided.
Tars would deactivate the catalyst.
Samples of the gas and condensates for tar analysis and gas composition
measurement are taken at three different points, one after each reactor
(gasifier, guard bed, catalytic bed). Tar content and gas composition are
thus known in such points. Tar sampling is made with five impinger flasks
in a device similar to the one used at VTT. Tar analysis is made by TOC
determinations and by gas chromatography. Our tar sampling device and
analysis method is shown with detail in other paper (2).
The pilot plant has processed up to 30 kg biomass/h. Some external
limitations (such as length of the flame produced, amount of fumes in the
center of a city of 700,000 h and amount of biomass needed for it) resulted
in typical flow rates of 10 kg/h, with biomass throughputs of 450 to 600
kg/h.m2.
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1 - HOPPERS FOR BIOMASS
2. - GASIFIER
3. - CYCLONS
4 - HEAT EXCHANGER______

5,- GUARD BED
6.- CATALYTIC BED
7.- FILTERS
8.- SAMPLING

Figure 1. AFB pilot plant for biomass gasification with downstream catalytic reactors in
a slip flow.

3 RESULTS
As an example, the gas composition (H%, CO, CO%, CH4, C2H4 and C2H2)
observed in experiment no. 8 after the three reactors is shown in figure 2.
The catalyst used in such experiment was BASF G25-1S.

after
gasifier
vol.%
H2
CO

co2
CH4
C2H4
C2H2

after
bed of dolomite
vol.%

15
->
45-49 <—
27
7-8
3
0.3

36 - 40
32

—>
< —

24
6-7
1.5
0.05

<——
<——
<——
<——

<——
<——
<——
< —

after
catalytic bed
vol.%
43 - 51
21-29
20
1-2
0.1
0

This result means that the H2 content in the gas increases by a 300%, the
CO decreases to the half, the CO2 decreases by a 50% indicating there is
C02-reforming (and not only steam-reforming), the CH4 decreases to
below 2 vol.% and C2H4+C2H2 nearly disappear.
The reduction in the tar content in the flow gas is impressive. The results
obtained in experiment no. 7 (using an United Catalyst Inc. catalyst) are
shown as an example in figure 3. The tar amount is reduced from 30-50
g/Nm^ at the gasifier exit till 1.1 - 1.3 g/Nm3 after the bed of dolomite (tar
conversion of 98 % ) and to 30-40 mg/Nm^ after the catalytic bed (tar
conversion in the bed of 97 % ). Using two catalyst beds the tar elimination
is 99.99%.
[(H2O+O2) / biomass] and (H2O/O2) ratios used were between 0.7 and 1.2,
and 2.0 and 3.0, respectively. The tar contents at the gasifier exit for these
conditions are shown in figure 4. Tar contents after the catalytic bed were
always between 2 and 200 mg/Nm^, indicating superior performance of
this hot and catalytic gas cleaning method. Details of this experimentation
will be given elsewhere.
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Figure 2. Gas composition after the different reactors. Run 8.
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Figure 3. Tar content in the gas at the exit of each reactor.
Run 7 (cat: UC C11-9-062).

(HgO+Og)/Biomass, (kg/kg)

Figure 4. Tar content in the gas at the gasifier exit vs. gasifying
agent to biomass ratio. (H20 / 02) ratio = 2 and 3 (mol/mol).
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CRITERIA FOR SELECTION OF DOLOMITES
AND CATALYSTS FOR TAR ELIMINATION
FROM BIOMASS GASIFICATION GAS; KINETIC
CONSTANTS
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Abstract
Calcined dolomites and commercial steam reforming catalysts are used
downstream biomass gasifiers for hot catalytic raw gas cleaning. To further
compare these solids under a rigorous basis, a reaction network and a
kinetic model are presented. The apparent kinetic constant for the tar
reduction is here proposed as a basis of comparison. Tar sampling and
analysis, and the units used for the space-time in the catalytic reactor affect
the kinetic constants observed.

1 INTRODUCTION
Biomass gasification produces an impure raw gas. To improve the quality
and to broaden the possible applications, the gas is cleaned. Between the
wet and dry gas cleaning processes, the hot catalytic process has better
universal consensus and acceptance. There are two main options for such
downstream catalytic cleaning based in the use of calcined dolomites or of
commercial steam reforming catalysts. Which one is the best? The problem
increases when one has to select the type of dolomite (or related materials
like limestones, magnesites, etc.) or of commercial steam reforming catalyst
to be used.
There are many types of dolomites and a lot of different catalysts from
several catalyst manufacturers. Even more, the last word has not been said
yet and new materials (active at lower temperatures, sulphur tolerant,
honeycomb shaped, longer lives, etc.) are being looked for. The problem
seems clear: to select the best material to clean the raw gas downstream a
biomass gasifier.
The EU is financing several projects (Joule and Agroindustry Programmes)
in this area, and there are several institutions in EU involved in this field
like, for example, Universities of Madrid (Corella et al.) and of Saragossa
(Aznar et al.) in Spain, VTT Chem. Tech, in Finland (Simell et al.), TPS
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AB (Espenas et al.) and KTH (Sjostrom et al.) in Sweden, RUG
(Beenackers et al.) and BTG (Wagenaar et al.) in The Netherlands, DTI
(Pedersen et al.) in Denmark, etc. In USA the NREL and Battelle Columbus
Lab have a common project on this subject and also the Univ. of Hawaii in
Manoa is working on it. Each institution has its own testing facilities and
approach and thus, comparing results of different authors is sometimes
difficult. Each author and/or institution can have his own subjective criteria
to select or to chose the downstream material, but there is not yet a common
method to objectively compare results using scientific and technical criteria.
We present here one intent of a method which could be used to compare
solids, catalysts and results obtained by different workers.

2 PROPOSED APPROACH
The facilities, installations or rigs used by most institutions follow the
general scheme shown in figure 1. The first reactor acts in this research
mainly like a gas and tar generator. Someones use a pyrolyzer as first
reactor. Even a synthetic gas mixture is sometimes used. To vary the gas
composition in the downstream or catalytic reactor an injection of steam or
other agent is sometimes provided.
Under this general view, let’s concentrate on the secondary or catalytic
reactor. Since it is absolutely important and necessary to clearly specify
how all the terms/ parameters are calculated, in figure 2 we indicate the
most important symbols (and their units) to be used afterwards.
CLEAN GAS

BIOMASS =
with dolomites

steam
GASIFIER

SECONDARYBED

(different types)

(several types/designs)

with char/charcoal
with Ni catalysts
others

Figure 1. Scheme of the general process for biomass gasification used in
lab or pilot scales by different institutions.
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u e (cm/s), Ctar.c (mg / Nm ) , (yH2o)= , X

L(cm)

u0 (cm/s), Qar.o (mg / Nm3), (yH2o)0
Q0(in3Zh), Q„’ (Nm3/ h), Q0” (Nm3, dry/h)
Fur,o (mg/h)

Figure 2. Some nomenclature and units for the downstream catalytic
reactor.
The main objective for these downstream solids is usually the tar
elimination. Sometimes, when a synthesis gas or an H2-rich gas is desired,
the methane elimination from the gas is also an objective. The simplest
reacting network would thus be (not adjusted):

A
tars

V
CH4

thermal (cracking)
H20 (steam reforming)

CO + C02 + H2 (+ coke 4/ )

H2 (hydro reforming,

>
1

hydro cracking)
C02 (reforming)
+ H20

(1)

-----------------►

-----►

coke^l/ + H20 (+ H2 +...)

1

CO + C02 + H2 (+ cokevU)
CO + H2 + co2 + ...

For these 3 different mechanisms the simplest kinetic model is, for the
overall tar elimination:
-r tar = k Ctar+k’yH20 0^+k”yH2C^,. + k’” yC02 Ctar + ...
= (k + k’ Yh20 +k” Yh2 + k”’yco2+—) Ctar
= kapCtar
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(2)

for the methane removal:
_rCH4 - kap YCH4 yH20

(^ )

and for the coke formation-disappearance reactions or simultaneous
deactivation-reactivation:
- da/dt = (kd - kd ) a = k ap-d a

(4 )

The overall tar disappearance kinetic constant (k^) is a good index for the
activity of the solid towards the tar elimination. But notice how:
kgp = k + k’yH2o

k” ym + k’” yco2 + ••••

(5)

The gas composition, (yH20, ym, Ycoz, - values), and not only the type of
solid, is going to affect very much the value for kaP. The Arrhenius graph for
kap will give also different values for the apparent energy of activation (Eap)
depending on the gas composition. When comparing results betweeen
authors the gas composition will affect thus the values of kaP and of Eap.

Supposing piston flow in the downstream catalytic reactor and no variation
in the gas volume flow (expansion factor = 0), the microkinetic equation no.
2 is easely converted in the well known macrokinetic equation:
- In ( 1-Xtar) = kap.T

(6)

from which k^ is calculated as:
kq, = (-ln(l-X*J)/T
.
(7)
Two problems now appear: the values for X^ and z (space-time) for the gas
in the catalytic bed. Errors in calculating z and
will affect the k^ value.
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3 PROBLEMS RELATED TO THE SPACE-TIME (?)
In this biomass gasification process, the space time for the secondary
reactor can be calculated in many different ways. Some of them are:
X=■

vcm Is
W

X

'

=

Q0
X~ =

X

■

kg
Treactor / A.

w_

(-JU

Qo

v/Vm3 / A/

Qo

w
"=■

m

x" "=-

Nm3, dry I h)

(9)

(11)

f m3
=A
.Nm3 / A

(12)

kg
<kghlomassdaf / h)

(13)

W

kg

1 tar.0

mg,ar / h

L
x— - —
u

(8)

(10)

w

■
Qo

X"

X"

(#z3,

J

(14)

P2--*)

\cm/s

J

(15)

We recommend to use eqn 10 or 11 indicating besides if the weight
corresponds to a calcined dolomite (when it is the case) or not, which can
double the value for x. The flow rate can also change a lot if it is dry
(without considering the steam) or wet (steam included). Among
gasification with air (ymo = 10%) or with steam (y^o = 40-50%). To
clearly specify the units for x is thus so important that
can vary a lot. As
an example, the kgP values obtained for 6 different situations are shown in
Table 1 for a real case ( C^.o - 16 g/Nm3, dry and x'" = 0.23 kg/Nm3, dry/h)
with a calcined dolomite, depending on whether the flow rate is at reactor
temperature or at normal conditions, and if the flow rate is dry or wet.

181

Table 1. Values calculatedfor kap, with eqn. 7, using different units for 6 different
situations.

kap

Ctar.e

mg/Nm^, dry Nm3, dry/kgi Nm3 (wet) Zkgh m3 (12 ,diy)/kgh m3(T2,wet)/kg l/s (Ti.wet m3(T2,wet)/kgs
ib
0.3
0.0004
0.3
1.2
15000
0.3
0.003
9.5
1.9
2.3
8.5
10000
2.1
2.8
0.004
14.0
3.4
12.6
8000
3.1
4.6
0.007
21.1
23.5
5000
5.7
5.1
1000

12.2

13.6

50.4

56.1

11.0

0.016

500

15.3

17.0

63.0

70.1

13.8

0.019

Since the flow rate is not the same at the inlet as at the exit, because of the
tar cracking reactions, for instance, the position (inlet or exit) at which the
flow rate has been calculated also has to be specified The hourly space
velocity (HSV) to get a given tar conversion (let’s say 99%) could also be
another reference to compare our solids. In this case HSV should be
defined as (Q0’/Vbed), Nm3 / h / m3 bed.
4 PROBLEMS RELATED TO THE TAR CONVERSION
It is well known that Xter means (Ctori0 , but it is not so well
known that Xter varies very much on the tar sampling (and analysis)
method(s). The meaning of the kaP value will depend on how well Xtor was
determined Tars are usually collected by trapping in one or several vessels
(impinger flasks, for instance) which can be at different temperatures (from
-80°C, when a cold ice and acetone mixture is used, till ambient or even
higher temperatures). Unsuccessful tar trapping will result in a very low
Ctar,e value and an incorrect high value for k^ will be obtained. Increasingly
insufficient tar trapping will result in increasingly high incorrect values for
kaP. We used several tar sampling methods in the same gasification
experiment and several 0%^, Xtor and k values have been obtained
It is thus claimed that standardized tar sampling and analysis methods have
to be stablished and adopted to make useful comparisons in the future.
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5 SOME VALUES FOR k;ap
In an atmospheric biomass gasifier with steam, for an inert material (silica
sand) downstream the gasifier, Corella et al (1) have found at T>840°C :
Eap = 63.1 kJ/mol
preexponential factor, kaP>0 = 2520 Nm3 / kg h
kaP values, ranging from 1.3 to 3.7 Nm3 / kg h
For a calcined dolomite, the following values are known for gasification
with steam (2):
Eap = 42 kJ / mol
preexponential factor, kaP,0 = 1960 Nm3 / kg h
kaP values from 16 to 24 Nm3 / kg h
kaP values for many different commercial reforming (Ni based) catalysts will
be given elsewhere.
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EFFECTIVENESS FACTORS FOR A
COMMERCIAL STEAM REFORMING (Ni)
CATALYST AND FOR A CALCINED DOLOMITE
USED DOWNSTREAM BIOMASS GASIFIERS
Jose Corella, Ian Narvaez, Alberto Orio
Dept, of Chem. Eng., Univ. ‘Complutense’ of Madrid, 28040 Madrid, Spain
Abstract
A commercial steam reforming catalyst from BASF, the Gl-25 S one, and a
calcined dolomite, Norte-1, from Cantabria-Spain, have been used, once
crushed and sieved to different particle fractions between 1.0 and 4.0 mm.
The materials have been tested downstream small pilot biomass gasifiers,
bubbling fluidized bed type, gasifying with air and with steam. The Thiele
modulus and the effectiveness factor have been calculated at temperatures
of 750-850°C. It is experimentally shown that diffusion control plays an
important part when particle size is larger than ca. 0.5 mm. This has to be
taken into account when comparing the quality of the solids for tar
elimination.

1 INTRODUCTION
Biomass gasification, as well as other gasification, combustion and
incineration processes, produces a impure raw gas which usually has to be
cleaned for most technical applications, or by environmental regulations.
Among the raw gas cleaning processes, the hot and catalytic ones are
gaining acceptance because they are feasible and they give high degrees of
cleaning. In biomass gasification the gas cleaning is mainly focused on the
tar elimination from the raw gas. This can be achieved by using calcined
dolomites (or related materials like limestones) or steam reforming nickel
catalysts downstream the biomass gasifier. Tar conversions (elimination)
higher than 99% are achieved using contact times shorter than 1 second.
This downstream catalytic cleaning seems very promising, and several
institutions in Europe (like TPS AB, KTH, VTT, UCM, UZ, RUG, BTG,
DTI, UL, CRE, etc.) are applying it.
All institutions use a different gasification facility and catalytic solid, but
calcined dolomites and steam reforming catalysts are the solids mostly used,
and with best possibilities for commercial applications. The present
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discussion focuses on selection of the best solid. These solids need to be
compared between several types of dolomites and of catalysts. Corella et al.
(1,2) have proposed the use of apparent kinetic constants for this
comparison. It is however well established that kinetic constants (or
energies of activation and pre-exponential factors) and product distributions
are strongly affected by the particle size of the catalytic solid used. Thus
when solids are compared it is necessary to take into account the particle
size of the solid used because different results are obtained using the same
solid at different particle diameters (dp). For this reason, a specific study
was made on the effect of the particle size of the downstream solid for tar
elimination . The main aspect of this paper is to find out when these solids
work under internal diffusion control and what dp should be used to avoid
the diffusion limitation.

2 EXPERIMENTAL GASIFICATION FACILITY AND
DOWNSTREAM SOLIDS USED
The research for this work has been made mainly in a bench or small pilot
plant for biomass gasification, based on a fluidized bed gasifier of 6.0 cm
i.d., continuously fed with about 1 kg biomass/h. Gasification has been
made with air and with steam (without oxygen). Gasifying with air, the
facility has three different reactors in series: gasifier + guard bed with
dolomite + catalytic bed of 4 cm i.d. with a nickel catalyst. Gasifying with
pure steam, the facility had two reactors in series: gasifier + bed of dolomite
(of 4 cm i.d.). In the first case the steam content (ymo) in the catalytic
reactor is between 8-12 vol%. In the second case y^o was between 40 and
52 vol%.
Several commercial steam reforming catalysts have been used till date in
this facility, but the research on the effect of dp was made only with the
BASF catalyst Gl-25 S. This catalyst which is available in big rings (of
about 2 cm external diameter) was crushed and screened to get the
following fractions: -5.0 + 2.0 ; -4.0 + 3.0 ; -3.0 + 2.0 ; -2.0 +1.6 and -1.6
+1.0 mm. Smaller particle diameters were not used because in the catalytic
reactor the gas flows upwards with superficial gas velocities of 30-60 cm/s,
which can fluidize small particles causing erosion and loss of active
material by carry over. Crushing can also lead to other errors because these
catalysts are impregnated: Crushed particles can represent different nickel
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content between themselves. Thus a relatively large amount of ca. 100 g of
the catalyst is used per experiment to eliminate this effect is statistically.
The BASF catalyst was tested gasifying with air with an equivalence ratio
(ER) = 0.30 ± 0.04, gasifier temperature (Tl b) = 800 ± 20°C , gasifier
freeboard (T1-f) = 550 ± 50°C, H/C ratio fed to the gasifier = 1.6-2.2. The
secondary or guard bed of dolomite had a temperature (T2>b) = 850 ± 50°C.
The catalytic bed worked at:
T3o = 750 ± 20°C
space time, x3 = 0.06 seconds
The dolomite used in the 2-stage facility, gasifying with pure steam, was
from Cantabria (Norte 1). Details of it and on the experimentation with it
have previously given (3). The sizes used ranged from 1.0 to 4.0 mm. The
investigation of the effect of size of the dolomite was carried out mainly at
800°C but other temperatures were also used (3).

3 RESULTS AND DISCUSSION
The apparent kinetic constant for tar disappearance (Lp) was calculated for
the different dp used, according to the method detailed in a simultaneous
paper presented in this Symposium (2). k,p is shown in figure 1 for the
different particles sizes used. It is clearly deduced from it how all
experiments were made under strong internal diffusion control.
The effectiveness factor (r|) and the Thiele modulus (<j>) were calculated for
all dp used according to the well established methods indicated in the
Satterfield’s book (4). Supposing that the main reaction for tar
disappearance is steam reforming (2) and that particles are close to spheres:
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dp (mm)
Figure 1 Effect of the particle diameter on the apparent kinetic constantfor
tar conversion. Cat. BASF Gl-25 S; ER=0.30±0.04;
H/C=1.6±2.2; x3—0.06s
& Qlr ynH2o P _ dp_
A

= constant, dp

1.

6

and
kap.mthout ext.dif.

1
$ v tK3<t>)

1 = T

1

2.

byextrapollatlon

Having got
values for 5 different dp, <j) and r\ were evaluated according
to the Satterfield’s norms (4). They are shown in Table 1.
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Table 1. Thiele modulus and effectiveness factor for different sizes of the

BASF Gl-25 S catalyst downstream the biomass gasifier.
dp

kap

mm

Nm3 dry/ kg cat h

<!>

n

750 °C

800 °C

750 °C

800 °C

750 °C

1.3

41.3

53.1

1.19

1.22

0.60

1.8

35.3

-

1.60

-

0.50

2.5

-

40.0

-

2.35

-

3.2

18.9

-

2.65

-

0.32

3.4

13.2

-

3.02

-

0.28

The same was made for the Norte dolomite at 800°C after the biomass
gasifier (at 750°C) with steam. Since we know the variation of kaP with the
temperature (1,3) for both the BASF Gl-25 S catalyst and the Norte
dolomite we can calculate now the Thiele modulus at different
temperatures. The values obtained for eqn. 1 were for the BASF Gl-25 S
catalyst
at 750°C (exp)
<j> = 0.91 dp (dp always in mm)
3.
at 800°C (exp)
$ = 0.96 dp
4.
for the ‘Norte ’ calcined dolomite and high steam-content in the gas:
at 800°C (exp)
(j> = 0.806 dp
at 850°C (estimated)
4* = 0.905 dp

5.
6.

To get r|=l, 4>< 1/3. To avoid internal diffusion control thus, from eqns 3-6,
for the BASF catalyst:
at 750°C dp <0.36 mm
at 800°C dp < 0.34 mm
and for the Norte dolomite and high steam-content in the gas:
at 800°C
dp < 0.41 mm
at 850°C
dp < 0.37 mm
Above dp > 0.5 mm the internal diffusion affects the results. This should be
taken into account for further comparison of results.
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Simell and Bredenberg (5), for instance, worked with particles of 2-5 nun,
under strong divisional control then. A partial solution to avoid this could
be the use of monoliths or honeycombs, using nickel impregnated supports.
This type of catalysts are already studied by some research groups.
Finally, the typical and well-known r]-(j) curve for spherical particles and
pseudo-first order reactions is shown in figure 2 for the BASF catalyst at
750°C and 800°C.

750 °C

Figure 2. Effectiveness factors for the sizes used of the BASF catalyst in tar
elimination after a biomass gasifier (with air, bubbling fluidized bed type,
atmospheric pressure).
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AN INVESTIGATION OF THE ZDRCONOCENE/
ALUMOXANE SYSTEM
J. Enqvist, J. Yli-Kauhaluoma, L. Ahjopalo, L.-O. Pietila and O. Orama
VTT Chemical Technology
P.O. Box 1401
FIN-02044 VTT, (Espoo) Finland
Abstract
Structural and mechanistic aspects of the metallocene-alumoxane catalyzed
polymerization of olefins are addressed. The basic model system,
polymerization of ethylene with dimethyl dicyclopentadienyl zirconium and
alkyl alumoxane, was studied by variable temperature 600 MHz NMR
spectroscopy and using computational methods. The composition of methyl
alumoxane (MAO) was further elucidated by analyzing the products obtained
on addition of various amounts of water and methanol. The conformations,
stabilities and charge distributions of different alkyl aluminium and alkyl
alumoxane species are studied and compared to each other in order to prepare
the prerequisites required for experimental and theoretical testing of different
views expressed for the role of alumoxanes in the catalytic system.

1 INTRODUCTION
Research on metallocene-catalyzed polymerizations involves the role of the co
catalyst, of which methylalumoxane is the most commonly utilized. Structural
and mechanistic studies have confirmed that cationic metallocene complexes
are the active species in the polymerization. However, the exact composition
and structure have not yet been adequately clarified. Recently, structures
resulting from the interaction of (^-Cg^zZrXz (X=Me,Cl) with Al(Z-Bu)3 and
alumoxanes,

e.g.

[(t-Bu)Al(p3-0)]n

(n=6,7,9)

have

been

thoroughly

investigated. Based on the findings, a new concept of "latent Lewis acidity" has
been proposed [1], The present work studies the postulated structures and
mechanisms using as well experimental as theoretical methods.
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2 COMPUTATIONS
The geometry of the proposed cage structure for the alumoxane compound [(/Bu)AI(p3-0)]6 [1] was fully optimized using the semiempirical AMI method
implemented into the MOPAC software package [2], The optimized geometry
is shown in Figure 1. The calculated enthalpy of formation (-708 kcal mol"1)
indicates that the compound is stable. Experimental work is, however, needed
to determine the reactivity. In order to study the influence of the alkyl
substituent the corresponding cage structure having R=CH3 was studied as was
the open-chain structure of MAO and trimethylaluminum. The Al-0 bond
lengths between the hexamer rings were found to be longer than the
corresponding bond lengths in MAO. The steric hindrance and the charge
distribution for the various compounds was compared. Due to the approximate
nature of the semiempirical methods, some DFT calculations have been
performed with the B-LYP functional [3],

Figure 1. AMI optimized geometry of [(t-Bu)Al(p3-0)f.
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3 EXPERIMENTS
3.1 SYNTHESIS
The tight ion pair compound of cationic methyl zirconocene with the molecular
formula [ ^5-(C5H5)2ZrMe] [(Z-Bu)6Al6(0)6Me] is prepared according to the
modified published procedure [1], tert-Butyllithium is reacted with aluminium
tribromide to afford the starting material tri-tert-butylaluminium in moderate
yield [4], The low-temperature hydrolysis of tri-te/Y-butylaluminium with 1.1
equiv. of water in n-pentane at -78 °C gives the trimeric hydroxide [(/Bu)2Al(p-OH)]3 in 20-55 % yield [5] . The subsequent thermal decomposition
of [(/-Bu)2AI(p-OH)]3 provides the

co-ordinatively saturated hexameric

alumoxane [(Z-Bu)Al(g3-0)]6 in the form of long colourless needles [5],
Finally, the exothermic reaction between 775-(C5Hs)2ZrMe2 and the hexameric
alumoxane [(7-Bu)Al(p3-0)]<5 in toluene gives the structurally interesting
complex [^5-(CsH5)2ZrMe][(Z-Bu)6Al6(0)6Me] for NMR studies.

H20, pentane

n-pentane

AlBrs + t-BuLi

[(tBu)2Al(pi-OH)]3

(t-BujsAl

hexane,A
[(tBu)Al(g3-0)]6
[1] '

r
[(Tl5-C5H5)2ZrMe][(tBu)6Al6(0)6Me]

Figure 2. Synthesis of [Tf-(C^is)2'Z.rMe][(t-Bu)6Al6(0)Me]
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3.2 NMR INVESTIGATION

In order to receive a better resolution compared to earlier studies carried out at
lower fields, the composition of MAO was studied by variable temperature
hydrogen-1 NMR measurements at 600 MHz. The signals appear between -0.5
and 4 ppm in toluene-deuterobenzene (50/50) solution. Unambiguous
assignment of the signals is not possible without model compounds and
specific modification of the sample by derivatization reactions and other
treatments. Measurements on samples with addition of various amounts of
water and methanol, respectively, were performed. The assumption is that
trimethyl aluminium is more reactive than alumoxane structures. The spectra
produced by these modifications recorded at different temperatures are
discussed and the chemical shifts are compared to the calculated charge
distributions and structural parameters obtained by molecular modelling. The
spectra of dimethyl dicyclopentadienyl zirconium complex with MAO is
thereafter compared with the corresponding spectra of MAO.

Finally, the spectra of the cage alumoxane and its zirconocene complex are
recorded at different temperatures and compared to the corresponding spectra
of the MAO complex. Chemical shifts of zirconocene species are assigned and
considered as probes for characterization interactions between different
alumoxanes the zirconocene. The results are compared to the earlier published
information."
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SELECTIVE CATALYTIC REDUCTION OF NITRIC
OXIDE BY ETHYLENE OVER METAL-MODIFIED
ZSM-5- AND y-A1203-CATALYSTS
Kari Eranen, Narendra Kumar and Lars-Eric Lindfors
Laboratory of Industrial Chemistry, Abo Akademi University
Biskopsgatan 8
FiN-20500 Abo, Finland

Metal-modified ZSM-5 and y-Al203 catalysts were tested in reduction of
nitric oxide by ethylene. Different metals were introduced into the ZSM-5
catalyst by ion-exchange and by introduction of metals during the zeolite
synthesis. To prepare bimetallic catalysts a combination of these methods
was used. The y-A1203 was impregnated with different metals by the
incipient wetness technique and by adsorption. Activity measurements
showed that the ZSM-5 based catalysts were more active than the y-Al203
based catalysts. The highest conversion was obtained over a ZSM-5 catalyst
prepared by introduction of Pd during synthesis of the zeolite and
subsequently ion-exchanged with copper.

INTRODUCTION
Increasing concerns about the environment have led to more stringent
regulations for the NOx-emissions from stationary and mobile sources.
Because of this, there is a need for new technical solutions for reducing
NOx-emissions in combustion processes where fuel-lean conditions are
utilised, for example in power plants or diesel engines.

A method already in use is the selective catalytic reduction (SCR) of NOx
with ammonia. Recently, a new application using hydrocarbons as reducing
agents instead of ammonia in the SCR process has attained a lot of interest.
The main advantage of this method is that unreacted hydrocarbon can easily
be oxidised using a conventional oxidation catalyst placed after the SCRreactor. The main problems are, as in the SCR process using ammonia, to
control the amount of reducing agent introduced into the exhaust gas, and
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difficulties when using the method in mobile sources.

Metal modified zeolites and y-Al203 have proved to be very active catalysts
for this reaction. Several hydrocarbons as reducing agents have been studied,
such as methane, ethylene, propane, propylene and water soluble oxygen
containing organic compounds such as ethanol and acetaldehyde.

In this study, different metal modified ZSM-5 and y-Al203 catalysts were
tested in the reduction of nitric oxide by ethylene. The tests were performed
in a micro-reactor system at atmospheric pressure and at steady state.

RESULTS

The activities of the ZSM-5 catalysts were measured at temperatures from
250 °C to 550 °C and the results are listed in Table 1. The catalysts are
identified in the following way: (i) = ion-exchanged, e.g., Cu(i)-ZSM-5, (s)
= introduced during the zeolite synthesis, e.g., Cu(s)-ZSM-5. The amount of
copper introduced by ion-exchange was 2.2-2.9 weight-% and the amount
of metal introduced during the zeolite synthesis was about 0.1-0.2 weight-%.
The Si/Al molar ratio of the catalysts was 39.

Introduction of Pd, Co, Ga and Cu during the synthesis of the zeolite
combined with copper ion-exchange increases the conversion compared to
only copper ion-exchanged ZSM-5, i.e., Cu(i)-ZSM-5. As shown in Table
1, the activity pattern for the metals tested depends on the temperature and
is at 300 "C, 350 °C and 400 °C as follows:

300 °C Pd = Ga = Cu > Co > Ag > Pt

350 °C Pd > Ga = Cu = Co >Pt > Ag
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400 °C Pd > Ga > Cu > Co > Pt > Ag

The Cu(i)-Pd(s)-ZSM-5 (39) showed the highest activity at temperatures
over 300 °C.

The conversion of NO to N2 and of C2H4 over different metal impregnated
y-Al203 is listed in Table 2. The catalysts are identified in the following
way: (inc) = impregnated by the incipient wetness technique (3.0 weight-%
metal), (ads) = impregnated by adsorption (0.81 weight-% metal). Because
of the low activity of these catalysts the catalyst weight had to be increased
from 0.2 g to 0.5 g.

Among all the metals tested, Ag showed the highest conversion in this group
of catalaysts, but the conversion was still much lower than the most active
metal-ZSM-5 catalysts. The pure y-Al203 did not show any activity below
450 °C, but by impregnation with Ni or Ag some conversion could also be
obtained below this temperature. The catalysts impregnated with Zn or Cu
exhibited the same conversion as pure y-Al203, i.e., these metals had no
effect on the conversion. Mg, La, Fe and Co decreased the conversion
compared to pure y-Al203.

A comparison of the two preparation methods reveals, that the Ag/y-Al203
prepared by the incipient wetness method exhibit higher activity at
temperatures below 450 °C, but above this temperature the Ag/y-Al203
prepared by adsorption shows higher activity.

CONCLUSIONS
A comparision of ZSM-5 and y-Al203 based catalysts for catalytic reduction
of NO with ethylene reveals, that the ZSM-5 based catalysts are more active,
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and that they have their maximum conversion at a lower temperature. On the
other hand, because it seems difficult to prepare a ZSM-5 based catalyst
with high activity also at higher tempearatures, the Ag/y-Al203 prepared by
adsorption could be used as a complement Thus, a mix of these catalysts
would provide a high activity over a wider temperature range.
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Table 1. Comparison of activities of metal-modified ZSM-5 catalysts.
Conversion of NO to N2 (%), conversion of qn4
(%), (in parenthesis)
Temperature °C

250

300

350

400

450

500

550

Catalyst
Cu(i)-ZSM-5

16.0 31.1 30.0 25.8 24.3 18.6 13.7
(53.3) (89.3) (96.8) (98.6) (100) (100) (100)

Cu(i)-Cu(s)-ZSM-5

12.2 35.6 35.4 30.5 26.0 21.0 15.7
(29.2) (90.8) (100) (100) (100) (100) (100)

Cu(i)-Ag(s)-ZSM-5

19.3 28.8 26.9 23.8 19.7 14.6 9.9
(45.6) (87.1) (100) (100) (100) (100) (100)

Cu(i)-Ga(s)-ZSM-5

15.0 36.7 35.9 35.2 27.5 20.3 16.9
(28.3) (88.7) (100) (100) (100) (100) (100)

Cu(i)-Co(s)-ZSM-5

5.4
31.1 34.1 27.8 25.0 18.6 15.5
(34,1) (79.5) (96.8) (100) (100) (100) (100)

Cu(i)-Pt(s)-ZSM-5

8.3
25.6 29.1 24.0 20.4 16.6 12.3
(48.0) (95.4) (100) (100) (100) (100) (100)

Cu(i)-Pd(s)-ZSM-5

11.2 36.8 41.1 36.1 34.3 28.9 20.7
(34.8) (79.1) (100) (100) (100) (100) (100)

Catalyst weight: 0.2 g.
Total flowrate:
75.8 ml/min.
NO-concentration: 0.54 vol-%.

Cy^-concentration: 0.28 vol.-%.
02-concentration:
5.4 vol.-%
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Table 2.

Activities of different metal impregnated Y-Al203-catalysts. The
values in parenthesis represent the conversion of C2H4.
Conversion of NO to N2(%) and conversion of
(%), (in parenthesis)

Temperature °C

500

550

250

300

350

400

450

ai2o3

0.0
(0.0)

0.0
(0.0)

0.0
(0.0)

0.0
(4.0)

2.5
9.3
19.8
(14.2) (47.1) (90.9)

Ni(inc)-Al203

0.0
(5.4)

4.6
2.0
6.0
10.1 8.3
6.7
(20.0) (50.5) (83.9) (100) (100) (100)

Zn(inc)-Al203

0.0
(0.0)

0.0
(0.0)

0.0
(0.0)

Co(inc)-Al203

0.0
(1.5)

0.0
(4.9)

0.0
0.0
0.0
0.0
0.0
(22.2) (63.2) (91.8) (100) (100)

Ag(inc)-Al203

1.2
(1.8)

3.5
7.3
11.0 13.4 12.1 9.0
(13.9) (51.0) (94.9) (100) (100) (100)

Cu(inc)-Al203

0.0
(0.0)

0.0
(5.6)

Mn(inc)-Al203

0.0
(8.0)

0.0
1.4
2.2
2.3
0.0
1.1
(23.6) (54.7) (87.5) (100) (100) (100)

Fe(inc)-Al203

0.0
(0.0)

0.0
3.4
0.0
0.0
2.6
3.5
(11.3) (18.3) (32.4) (72.5) (98.7) (100)

La(inc)-Al203

0.0
(0.0)

0.0
(0.0)

0.0
(0.0)

0.0
(8.9)

2.5
11.5
8.3
(22.0) (55.7) (86.5)

Mg(inc)-Al203

0.0
(0.0)

0.0
(0.0)

0.0
(0.0)

0.0
(0.2)

6.4
1.6
13.7
(14.5) (46.9) (89.7)

Ag(ads)-Al203

0.0
(0.0)

0.0
(0.0)

0.0
(3.6)

10.4 30.6 42.6
3.3
(10.2) (32.7) (76.7) (98.4)

Catalyst

0.8
(7.8)

Catalyst weight:
0.5 g.
Total flowrate:
75.8 ml/min
NO-concentration:
0.54 vol-%.
C2H4-concentration: 0.28 vol-%.
02-concentration:
5.4 vol-%.
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0.0
(0.0)

2.3
(2.4)

19.1
9.3
(55.8) (95.1)

11.2 20.3
5.11
0.0
(16.6) (30.4) (57.9) (91.3)

PROGRESS-CURVE ANALYSIS OF CELLOOLIGOSACCHARIDE HYDROLYSIS BY
CELLOBIOHYDROLASEII FROM
TRICHODERMA REESEI

Vesa Harjunpaa1, Anita Teleman1, Ann Koivula2, Tuula T. Teeri2, Olle
Teleman2 and Torbjom Drakenberg1
'VTT, Chemical Technology, P. O. Box 1401, FIN-02044 VTT, Finland
2VTT, Biotechnology and Food Research, P. O. Box 1503, FIN-02044
VTT, Finland

Abstract
*H NMR spectroscopy and HPLC were used to study the hydrolysis of small
cello-oligosaccharides having a degree of polymerisation of 4-6 by
cellobiohydrolase II (CBH II) from Trichoderma reesei. Progress-curve
analysis was used to evaluate the experimental kinetic data. Cleavage
patterns and kinetic rates were determined. The hydrolysis rate of these
cello-oligosaccharides is considerably faster than that of cellotriose, which
shows that all four binding subsites need to be occupied for efficient
hydrolysis.

1 INTRODUCTION
Cellulose is the most abundant organic molecule on earth and an important
raw material for different industrial processes. In nature cellulose is
degraded by families of enzymes, each having a slightly different role in the
hydrolysis process. The filamentous fungus T. reesei produces a set of
efficient cellulolytic enzymes and CBH II is one of the key enzymes in the
degradation of cellulose. Since cellulose is an insoluble and very
heterogenous substrate, small soluble cello-oligosaccharides have been used
as model substrates. Most of the earlier studies of CBH II have been
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performed using unnatural substrates and the kinetic data of the natural
substrates have been obtained by means of competition experiments (1,2).
In the present study

cello-oligosaccharides

from cellotetraose to

cellohexaose were used and the enzymatic hydrolysis reactions were
followed by NMR spectroscopy and HPLC.

2 MATERIALS AND METHODS
The cello-oligosaccharides were purchased from Merck. CBH n was
obtained and purified as earlier reported (3). *H NMR spectra were obtained
at 599.86 MHz on a Varian Unity 600 using 5 mm NMR tubes containing
0.73 ml solution at 27 °C. Typical acquisition parameters were a 8 (is pulse
(70°), a spectral width of 3000 Hz, an acquisition time of 2 s and a
repetition time of 22 s. The HPLC equipment consisted of a Waters 600 E
pump, a 700 WISP autoinjector and an RI detector. The column was an HC40 cation exchange column (8x300 mm, Hamilton) with Ca2+ as counterion.
All enzymatic experiments were performed at pH 5 and 27 °C.

3 RESULTS AND DISCUSSION
3.1 RESONANCES IN THE XH NMR SPECTRA. In the proton
NMR spectra of different oligosaccharides the resonances that lie outside
the crowded region between 3-4 ppm can be used as structural reporter
signals. These are the resonances for the anomeric protons which can be
divided into three categories; reducing end, internal and terminal, i.e. non
reducing end protons. Fig. 1 shows the anomeric region of the cellotetraose
*H NMR spectrum.
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Internal

Reducing end

Terminal

Reducing end
HDO

Fig. 1. The anomeric region of the cellotetraose proton NMR spectrum.

3.2 CLEAVAGE PATTERN. The enzymatic reaction can be performed
directly in the NMR tube and thus followed in real time. It is known that
CBH II is working with the inverting mechanism (4), i.e. every cleavage
will result in a new reducing end with the a-anomeric form. Therefore the
cleavage pattern can be determined if the hydrolysis is performed faster
than the mutarotation occurs. No glucose was detected in the initial phase of
the hydrolysis of each cello-oligosaccharide. The products cleaved off from
the non-reducing end of the substrate are the a-cellobiose or a-cellotriose as
shown in Table 1. Almost no cellotetraose was detected in the cellohexaose
hydrolysis. Progress-curve analysis shows that the formed cellotetraose is
cleaved to two cellobioses before it is liberated from the active site of the
enzyme.
Table 1. Cleavage pattern of cellotetraose, cellopentaose and cellohexaose
hydrolysis catalysed by CBH H
Substrate
Cellotetraose
Cellopentaose
Cellohexaose

Products
a-cellobiose + cellobiose
a-cellobiose + cellotriose I
a-cellotriose + cellobiose H
2 a-cellobiose + cellobiose I
a-cellotriose + cellotriose H
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Ratio I/n
0.9
0.9

3.3 HYDROLYSIS RATES. Full kinetic equations were used and
solved by direct forward numerical integration. The solutions were fitted to
the experimental progress curves by varying the kinetic and equilibrium
constants. No initial rate approximation was used in the treatment of the
experimental kinetic data. Kinetic rates determined in this study and values
reported in the literature are gathered in Table 2.
Table 2. Rate constants for different substrates catalysed by CBH n.
Substrate
G1c3
G1c4
G1c5
Glc6
Me(Glc)4
MeUmb(Glc)3
MeUmb(Glc)4
MeUmb(Glc)5

Rate (s'1)
NMR
0.08 (5)
4.1
1
12

HPLC
0.08 (5)
4.1
1
12

Literature
0.014 (2)
3.3 (6)
2(7)
0.014 (1)
0.15 (1)
0.28, 0.35 (1)

The catalytic rates for the natural sugars are much higher than for the 4methyl-umbelliferyl substituted substrates. The hydrolysis rate for the cellooligosaccharides increases by two orders of magnitude when the chain
length increases from timer to tetramer, which shows that all four subsites
in the active site of the enzyme need to be occupied for efficient hydrolysis.
The calculated and experimental progress curves for the cellotetraose
hydrolysis followed by NMR spectroscopy are shown as an example in Fig.
2.
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Hydrolysis time (min)
Fig. 2. Cellotetraose (4.8 rnM) hydrolysis by CBH 11(0.12 |iM) at 27 °C.
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EFFECT OF H2S ON THE CATALYTIC DECOM
POSITION OF TAR AND AMMONIA WITH
DOLOMITE AND SINTERED IRON ORE IN SYN
THETIC GASIFICATION GAS
Jouko Hepola, Research Scientist
VTT Energy
P.O. Box 1601
FIN-02044 VTT, (Espoo) Finland

Abstract
The toluene-decomposing activity of calcined dolomite was not affected by
the H%S content of synthetic gasification gas. Iron was active with respect to
toluene and ammonia at metallic state. The increase of the H2S content of
synthetic gasification gas (0 - 500 ppmv) decreased the tar-decomposing
activity but not the ammonia-decomposing activity of sintered iron ore.

1 INTRODUCTION
Catalytic high-temperature gas cleaning is a promising alternative to solve
potential operational problems caused by tars in gas filtration. Simultaneous
removal of ammonia and other nitrogen compounds from the biomass gasi
fication gas before burning it prevents NOx formation in combustion. In
addition, the use of catalysts could dramatically increase the yield of syn
thesis gas (H2+CO).

Biomass gasification gas from a fluidized-bed gasifier is a mixture of differ
ent gas compouds. In addition to main gas components, N2, H20, H2, CO,
CO2, CH4, tar, ammonia and particulates, the biomass-derived gas contains
minor impurities like H2S, halogens (Cl, etc.) alkali metals (Na, K) and
metals (Fe, As, Zn, Pb, Hg, etc.) that can deactivate the used catalyst mate
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rials. Fouling with coke and carbon can also deactivate the catalyst in cer
tain operation conditions. Sintering and phase-transformation effects of
catalyst materials and attrition may cause difficulties at least over long-term
operation at high temperature.

Research on the development of catalytic high-temperature cleaning has
been carried on at VTT Energy. The tests indicated that calcium-containing
materials and commercial nickel catalysts were most effective in tar decom
posing. Ammonia was decomposed in the presence of nickel catalysts and
also iron-containing materials, in particular, in the product gas of the up
draft gasifier [1, 2, 3, 4, 5]. Dolomite and limestone proved to be effective
tar decomposers only in calcinated form. Hence, limestones are best suited
for atmospheric processes [6], Sulphur-poisoning studies with nickel cata
lysts showed that the operation temperature, pressure and gas atmosphere
strongly contributed to the poisoning effect of sulphur to tar, methane and
ammonia decomposition [7, 8, 9].

The effect of H2S in the synthetic gasification gas on the catalytic decompo
sition of toluene (tar model) and ammonia with a dolomite and a sintered
iron ore is presented and discussed in this paper.

2 EXPERIMENTAL
The tests were carried out in a fixed-bed quartz reactor using synthetic
gasification gas at temperatures of 900 - 1 000 °C and pressures of 5 and
20 bar. The test procedure and the apparatus is described in detail in [6, 8].
Two kinds of synthetic gas mixtures were used in the experiments: gas
mixture I, with a composition typical of fluid-bed gasification of biomass;
N2 = 48 %, H2=10%, CO = 11 %, C02 = 14 %, CH4 = 5 %, H20 = 12 %,
NH3 = 4 400 ppmv, toluene = 3 200 ppmv, H2S= 0 - 440 ppmv ), and gas
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mixture n, with a composition being more reducing than a typical biomass
gasification gas; N2= 31 %, H2= 24%, CO = 24 %, C02= 9 %, Ctt, = 6 %,
H20 = 6 %, NH3 = 4 700 ppmv, toluene = 3 000 ppmv, H2S = 0 - 440 ppmv.
Gas mixture II can only be produced by special arrangements in fluid-bed
gasification. Sampling and analytical methods are described in [8]. The
catalyst materials used in the testes were dolomite (Kalkkimaa; Ca = 19 %,
Mg = 11%) and sintered iron ore (Fe = 59 %). The chemical analysis of
these materials is given in [2],

3 THERMODYNAMICS
To be an efficient tar decomposer, calcium in dolomite should be in cal
cined form [8]. In the tests conditions, the partial pressure of C02 deter
mined the temperature and total pressure at which the dolomite was in the
form of CaO. According to thermodynamic calculations (Gibbs free energy
minimizing principle) at 5 bar pressure the temperature should be above
880 °C and at 20 bar pressure above 980 °C to be sure that CaO is present
when gas mixture I is used in the experiments.

Based on equilibrium calculations using the same Gibbs free enegy mini
mizing principle as earlier, the iron in sintered iron ore will be in the form
of FeO at the test temperatures of 900 - 1 000 °C and at 20 bar pressure
when gas mixture I is used. On the other hand, when using gas mixture II in
the tests the iron will be in the form of metallic iron at equlibrium. To be an
efficient ammonia decomposer in gasification gas the iron must be in me
tallic state [10].

Figures 1 shows the activity (activity coefficient) of calcium and iron sul
phide formation as a function of H2S concentration at the test temperatures
and pressures. The bulk sulphide formation will occur as soon as the activ
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ity coefficient of sulphide formation reaches the level 1. However, below
this level, where the H2S concentration is too low for bulk sulphide forma
tion, the poisoning effect of sulphur must be interpreted in terms of sulphur
adsorption on the surface of the metal (surface sulphide formation). It has
been concluded, based on comparing the free energies of formation of sur
face sulphides and bulk sulphides, that surface sulphides are more stable
than bulk sulphides [11].

4 RESULTS
Figures 2 and 3 show the conversion of toluene and ammonia as a function
of the H2S concentration in simulated gasification gas at different tempera
tures and pressures with dolomite and sintered iron ore.

Figure 2 shows that toluene was decomposed with dolomite at the both
temperatures and pressures studied. The decomposition was more efficient
in higher temperature and pressure conditions. Figure 1 shows that the
content of H2S in the experiments was both below and above the thermody
namic bulk calcium sulphide formation limit. The sulphur content of the bed
material after a test performed below the bulk sulphide formation limit was
analysed to be as high as 2.3 wt%. Nevertheless, the H2S content in the gas
seemed to have no effect on the decomposition behaviour of toluene.

As expected on the basis of earlier studies [3, 5], ammonia was not decom
posed markedly with calcined dolomite in gasification gas. This is ex
plained by the presence of hydrocarbons and water in gas [12]. In addition,
the H2S content of the gas had no effect on ammonia decomposition.

In the case of sintered iron ore (Figure 3), tar and ammonia were decom
posed when the gasification gas was sufficiently reducing (according to
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thermodynamics, gas mixture II) to reduce the iron ore into metallic iron. In
oxide form the iron was inefficient in decomposing tar or ammonia. In the
former case, when the H%S content of the gas increased, the decomposition
of toluene was decreased as shown in Figure 3. On the other hand, the de
composition of ammonia was not affected by sulphur content in the gas.
The ammonia content of the gas at the exit of the reactor was nearly at the
equilibrium level.

The results obtained with nickel catalysts [7, 8, 9] in the similar conditions
were rather different from those with the iron sinter. With the nickel cata
lysts sulphur affected less the toluene-decomposing activity than the am
monia decomposing activity. The difference can most probably be ex
plained by the totally different chemical and physical structure of the cata
lyst materials. For example, the metal content of the iron sinter was much
higher than that of the nickel catalysts.
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Figure 1. Activity of calcium and iron sulphides, synthetic gasification gas.
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Figure 2. Effect of H2S on toluene & ammonia conversion with dolomite,
SV = 4 000 & 15 000 l!h, synthetic gasification gas I.
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Figure 3. Effect ofH2S on toluene & ammonia conversion with iron sinter,
P=20 bar, SV=15000 llh, synthetic gasification gas.
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METHANE ACTIVATION ON PALLADIUM AND
MERCURY LOADED SOLID SUPPORTS
Kirsi Kataja, Matti Huuska, Kimmo Karinto, Aila Maijanen, Matti Reinikainen,
Jari Kiviaho and Anneli Hase
VTT Chemical Technology
P.O.Box 1400
FIN-02044 VTT, (Espoo) Finland

Abstract
Methane activation by non-radical method and especially possibilities to
heterogenize the homogeneous non-radical system of Periana et al. [1] was
studied. Varied loadings of Pd and Hg were ion exchanged to acidic ZSM-5
zeolites with two different Si/Al ratios. Activation was tested in tubular flow
reactor and the outcoming gas was analyzed with quadrupole mass
spectrometer. Catalysts, fresh and used, were characterized by XRF and XRD
spectroscopies. The methane activation was observed on tested catalysts.
However, the activation was concluded to occur mainly through radical
reaction and only to some extent by the expected non-radical mechanism.

1 INTRODUCTION
Conventional catalytic methods for methane activation are based on radical
mechanism [2,3]. However, the result is limited by further reactions or higher
production costs.
Periana et al. [1] published in September 1992 a high-yield non-radical
catalytic system for the conversion of methane to methanol. Homogeneous
reaction takes place in concentrated sulfuric acid and is catalyzed by mercuric
sulfate, HgS04. Both sulfuric acid and dissolved mercury compounds are
demanding in industrial use.
We have studied the possibilities to replace homogeneous sulfuric acid/HgS04
system by convenient solid catalyst and gaseous oxidant. The work is
continuing in the MSc. thesis of Kimmo Karinto. In this paper preliminary
results of the investigation are reported. We also have studied modification of
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the homogeneous mercury-catalyzed system by supercritical reaction conditions

[4].

2 EXPERIMENTAL
The preparation method was adapted with some modifications from several
publications [5,6,7], Na-ZSM-5 zeolites with two different Si/Al ratios were
used as support materials. To get acidic character for the support the zeolite
was first ion exchanged with NH4NO3 and calcined with air at 500°C. The HZSM-5 zeolite was then ion exchanged with the solution containing certain
amount of Pd2+ or Hg2+ ions, which are according to the patent of Periana et al.
[8], the most active cations in the suggested electrophilic substitution reaction
of methane in sulfuric acid solution. The dilute (0.01 M) aqueous solution for
the ion exchange of palladium was prepared using
tetraamminepalladiumdinitrate [Pd(NH3)4](N03)2 (Strem Chemicals). Respectively,
HgCla and Hg(CH3COO)2 were used for the ion exchange of mercury. After the
ion exchange, the catalyst was washed several times with water and finally
calcined in air at 500°C.
The metal loadings of the catalysts were analyzed with XRF (X-ray
fluorescence), and the XRD (X-ray diffraction) was used to clarify the
crystalline phases present. The acidity of some catalysts was checked with TPD
(temperature-programmed-desorption) of ammonia.
To monitor catalyst activity in methane activation, each catalyst was tested in
two reaction temperatures; 465°C and 250°C. The testing procedure was
selected as follows:
The charge of 300 mg of the catalyst was placed in tubular flow reactor and the
gas outlet of the reactor was connected to quadrupole mass spectrometer for on
line analyses of the outcoming gas. The catalyst was first flushed with argon
flow at 550°C for 30 minutes. Then the temperature was decreased to the
reaction temperature and the sample was subjected to methane flow for 20
minutes. After the exposure to methane the catalyst was flushed with argon and
finally the sample was treated with oxygen to remove hydrocarbon species
from the catalyst surface.
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The experiments using mercury were unsuccessful. The ion exchange of Hg2+
to H-ZSM-5 could be satisfactorily achieved at pH 3. Experiments at higher pH
were not successful. However, the elemental analyses revealed that mercury
vaporized from the catalyst during calcination at 500 °C. We excluded mercury
from further heterogenizing experiments.
The effect of Si02/Al203 ratio was studied by using ZSM-5 supports (Degussa
AG and Mobil Catalysts Corporation of Japan) with two different Si/Al ratios.
Four catalysts were prepared on a ZSM-5 with Si02/Al203 ratio of 37 (support
A). Target metal content was ca. 3 wt.% and in the repeated ion exchange
experiments the Pd loadings of 3.3, 3.7, and 3.2 wt.% were obtained. These
catalysts are denoted here as Al, A2, and A3, respectively. Also catalysts with
lower Pd loadings were prepared. One of these catalysts (A4) is included in this
report. The ion exchange time was 22 hours. Catalysts were prepared also on a
ZSM-5 with Si02/Al203 ratio of 24 (support B). The ion exchange time of Pd
was 72 hours. One of these catalysts denoted B1 (3 wt.% Pd) is presented here.
See Table 1.
Table 1. The catalysts used in the experiments.
Catalyst

Si02/Al203

Al
A2

37

Pd-loading
(wt.%)
3.3

37

3.7

A3

37

3.2

A4

37
24

0.5
3

B1

3 RESULTS AND DISCUSSION
3.1 CATALYSTS Al, A2 AND A3
In the testing procedure of the catalyst Al, the formation of hydrogen during
methane exposure at 465°C shows that methane is activated. (See Figure 1.)
Even at the temperature of 250°C, although no hydrogen is released, methane is
activated. This is obvious as hydrocarbon compounds are released from the
catalyst surface by oxygen or hydrogen flow at 500°C. Later studies suggest
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that hydrogen is probably adsorbed on metallic palladium formed on the zeolite
surface during ion exchange.
Reference catalyst Pd/Si02, prepared by impregnation, also turned out to be
very active, which was to be expected on the basis of the work of Pareja et al.
[9], However, the activation mechanisms in the systems of Periana and Pareja
differ essentially from each other. The question was raised, whether the
observed activation phenomena in the experiments is due to the desired non
radical electrophilic substitution mechanism, radical mechanism or to the noncatalydc mechanism clarified by Pareja.
The color after calcination of the catalyst A2 was not white like Al but reddish
brown. Catalyst A3 behaved similarly and was brown. The color and the XRD
studies revealed that, as suggested above, metallic Pd actually exists on the
zeolite after reduction of the catalyst.
Based on the results of the experiments with the catalysts Al, A2 and A3, it
was not possible to conclude whether the heterogenizing of the homogeneous
sulfuric acid/HgS04 system with Pd-HZSM-5 was successful or not.
100.000

Pd-HZSM5

10.000

Pd-HZSM5
28

H-ZSM5

10.000

H-ZSM5

Figure 1.
The intensities of the mass numbers 2 and 28 of the catalyst Al
and the pure support H-ZSM-5.
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3.2 CATALYST A4
Catalyst A4 (0.5 wt.% of Pd) was prepared by reducing the amount of added
Pd-solution in ion exchange. The aim was to avoid the formation of metallic Pd
sites on the catalyst during the ion exchange. The color of the catalyst after
calcination was white; this indicates the absence of metallic palladium, which
was also confirmed by the XRD analysis.
Some activation of methane was observed in the testing procedure. However, it
was obvious, that the activity of the catalyst was decreased when the ratio of
ion exchanged Pd to metallic Pd (or PdO%) was increased These results
indicate that electrophilic substitution is not taking place in significant amount
with the catalyst system Pd-HZSM-5 (Si02/Al203 = 37); at least not with the
metal loadings used in this work.
Finally, some experiments with the catalyst A4 were done to find out the
relevance of the oxidation/reduction of the catalyst surface. The experiments
showed that the oxidation of the surface before the testing procedure increased
the activation of methane, compared to the reduction of the catalyst surface
with hydrogen before exposure to methane.

3.3 CATALYST B1
The color of the catalyst after calcination was white, which means that there is
no Pd° or PdOx present in the zeolite. The testing procedure revealed that the
catalyst was activating methane. However, during the procedure, already after
first argon flush, it was noticed that the catalyst color changed from white to
black. Pd was not any more as Pd2+ in the zeolite structure, but as metallic Pd°
on the surface. The initial flush was repeated with fresh catalyst and by using
02/Ar mixture instead of pure Ar; the color of the catalyst changed to light
brown. Presence of oxygen in the catalyst system prevents the rearrangement of
the ionic bond of palladium to metallic Pd in some extend, but not totally.
The conclusion is, that the increase of the amount of H+ in the H-ZSM-5
(attained by decreasing the ratio Si/Al) results to reduced stability of ion
exchanged Pd in the catalyst.
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4 CONCLUSIONS
The catalyst system Pd/Hg-HZSM-5 (Si02/Al203 = 24-37) seems not to be
suitable for heterogenizing the homogenous sulfuric atid/HgS04 system; at
least not without further development of the system. Metallic Pd and PdOx on
zeolite are activating methane efficiently, but not with the electrophilic
substitution mechanism. Ion exchanged Pd on acidic zeolites used in this work,
is dramatically less active in methane activation than metallic Pd and PdOx.
The role of oxygen was noticed to be important and worth further studies.
Oxygen stabilized to some extend the ion exchanged Pd and enhanced the
activity of the catalyst.
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Abstract
Trichoderma reesei cellobiohydrolase II (CBHII) is an exocellulase
cleaving primarily cellobiose units from the non-reducing end of cellulose
chains. We have used site-directed mutagenesis to study the importance of a
number of amino acid residues on the binding and catalysis of a cellulose
chain. Binding and catalytic constants of these mutants have been measured
on small soluble substrates. The crystal structures of most of these enzyme
mutants have also been determined.

1 THE ACTIVE SITE OF CBHII
The cellobiohydrolase II (CBHII) enzyme produced by the filamentous
fungus Trichoderma reesei is one of the two exocellulases important in the
enzymatic degradation of crystalline cellulose. CBHII is composed of two
protein domains: a large catalytic domain and a small cellulose-binding
domain (CBD), which are joined by a linker peptide. The three-dimensional
structure of CBHII catalytic domain has been solved by X-ray
crystallography (1). The catalytic domain has an a/p barrel fold where two
stable surface loops generate a 20A long tunnel for substrate binding and
catalysis. The active site tunnel contains four clear binding sites for glycosyl
units (noted as sites A-D) (Fig. 1). Two types of interactions to glucose rings
have been identified from the complex structures of CBHII. Several
hydrogen bonds either directly or through water molecules are found and
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stacking of tryptophan residues against the glucose rings occurs at sites A,
C and D. Both of these interactions seem to be common in most of the
carbohydrate degrading or binding proteins.

Fig 1. A cellulose chain binding to the active site tunnel of T.reesei
cellobiohydrolase II (CBHII). The non-reducing end of the cellulose chain
(shown in light grey) binds to the subsite A and the bond cleavage happens
between sites B and C. Some of the important amino acid side chains
involved in substrate binding and catalysis are shown in dark grey. The
figure was kindly provided by JMinkkinen.

2 THE REACTION MECHANISM OF CBHH
The CBHII, like all glycosidases, catalyze transfer of a glycosyl group to
water utilizing general acid catalysis. Proton NMR studies have shown that
CBHII acts by inverting the configuration of the anomeric carbon during
the reaction (2, 3). Therefore the hydrolysis probably proceeds through a
single-displacement reaction mechanism involving a general acid and a
base. In this mechanism, a general acid, which donates a proton, is situated
at one side of the glycosidic linkage and a general base, which assists the
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nucleophilic attact of water, is situated on the opposite side of the
glycosidic linkage. Kinetic and structural studies of CBHII have shown that
the bond cleavage takes place between the second and the third glucose
units from the nonreducing end of the glucose polymer (1, 4). The crystal
structure of CBHII revealed that near the scissile bond there are two
aspartic acids (Fig. 1) the first of which (D221), is likely to be protonated
and the second (D175) charged (1). Our site-directed mutagenesis studies
show that removal of the side chain of D221 abolishes practically all of the
catalytic activity of CBHII without affecting its Kasg values on small
soluble oligosaccharides (Table 1). Mutation of D175 (Table 1) severely
impairs the catalytic activity of CBHII but also slightly alters its binding
behaviour (Tables 1). It thus seems that D221 indeed acts as the proton
donor and that D175 has a role either in ensuring the protonation of D221,
stabilizing a reaction intermediate or both. A candidate for the general base
has been more difficult to address. In CBHII there is an aspartic acid, D401,
located on the opposite side of D221 with respect to the glycosidic linkage.
However, this residue is salt linked to two other residues, R353 and K395,
and these interactions would be expected to reduce its capacity to extract a
proton from the attacking water molecule. Furthermore, results from kinetic
studies on cellobiosylfluorides (5, 6) have cast doubt on a typical single
displacement mechanism for CBHII.

A tyrosine residue, Y169, which is located at site B proceeding the scissile
bond may also be involved in the catalytic mechanism of CBHII (Fig.l).
Based on the CBHII structure this residue seems close enough to interact
with both D175, and the sugar hydroxyl at site B. It has been earlier
suggested that a distorted conformation of the sugar ring at site B may be
involved in the reaction mechanism of CBHII (7). Interestingly, Y169F
mutant shows increased binding but lowered catalytic rate on small soluble
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cellooligosaccharides (Table 1). The most pronounced effect on K%gg was
observed upon binding of methylumbelliferyl-cellobioside (MeUmb(Glc)2)
where the Y169F mutant enzyme shows over 100-fold bigger affinity as
compared to the wild type CBHII. Earlier a significant increase in affinity
(Table 1) has been observed upon binding of a MeUmbGlcXyl ligand to the
CBHII wild type (7). This ligand is missing a methylhydroxyl group on the
sugar while the Y169F mutant is lacking a hydroxyl group in the
corresponding position on the enzyme. One plausible explanation for these
results is that the Y169 residue promotes the distorted sugar conformation
at site B possibly by forming an hydrogen bond and that this conformation
is essential for efficient catalysis by CBHII. The existence of a strained
sugar conformation at the subsite preceding the scissile bond gains support
from structural studies of other inverting enzymes (8).

Table 1. Catalytic constants and association constants for the CBHII wild
type and mutants. Hydrolysis experiments were performed in lOmM sodium
acetate buffer, pH 5.0 at 27°C. Samples were taken at different time points
and analyzed with HPLC as earlier described (4). Kinetic constants were
calculated by a non-linear regression analysis (Enzftt). Binding constants of
native CBHII and mutants on MeUmb-glycosides were performed in 50mM
NaAc buffer, pH 5.0 at 16°C unless otherwise stated.
Protein

kcat (min-1)

CBHII wild type
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<0.2
D221A
D175A
<0.2
Y169F
57
75
W135F
W135L
1
*nd = hot determined

KassCM-1)
MeUmb(Glc)?
3 x 10>
2x
9x
200 x
0.5 x
0.2 x

105
105
105
iq5 (8°C)
105 (8°C)

K-ass (M-1)
MeUmbGlcXyl
490 x 10>
(25°C)
nd*
nd*
nd*
nd*
nd*

CBHII crystal structures with different ligands have shown that site A is the
tightest binding site. This subsite has to be occupied for hydrolysis to occur,
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as demonstrated by NMR studies failing to detect a-glucose among the
hydrolysis products of CBHII (4). Binding studies have further revealed that
site A is very spesific for an intact D-glucopyranose configuration.
Mutations of W135, at the site A, show decreased binding and subsequent
reduction in the catalytic efficiency of CBHH (Table 1). This result
confirms that tight binding of the substrate in the subsite A is crucial for
efficient hydrolysis and is in part dictated by W135.
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HIGH QUALITY FLAX PULP. AN OPPORTUNITY FOR NON-FOOD
AGROINDUSTRIAL PRODUCTION
Anja Leminen1^ Allan Johansson2), Kai Sipila!)
1) VTT Energy
2) VTT Non-Waste Technology

1 INTRODUCTION
This work is a part of a prestudy aiming at the development of an integrated production
scheme of energy and high value non-food -gro products. The objectives of this scheme are
to develop a process that [1]:
- is adaptable to local agricultural conditions and to the excisting energy infrastructure
- has potential for substantial decrease (zero) of farmers subsidies
- is adaptable to common cereals and annual set-aside crops (flax, rapeseed, etc.)
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Biomass liquefaction allows wider energy use of biomass. Recent development in the area
of flash pyrolysis offers interesting possibilities for economic conversion of biomass
feedstocks into liquid biofuels.

2 OBJECTIVES
The objectives of this work were to study the processing and papertechnical potential of flax
based on cooking with the light fraction of the flash pyrolysis [2], The experimental part of
the project has been carried out in the laboratory using the existing equipment and adapting
standard working methods.

3 EXPERIMENTAL AND RESULTS
3.1 RAW MATERIAL
Flax is an annual herbaceous plant grown for fiber used in the production of linen and for
seed used in the production of linseed oil. There are mainly two types of flax, fibre flax and
oilseed flax. The fibre flax has longer (0,6-1,3 m) thinner (2-4 mm), less branched stems and
little seeds whereas oilseed flax has shorter (0,3-0,6 m) and thicker (5-6 mm) stems but
yields more seeds [3], The flax fibers are situated in the stem as the bark in the tree. Inner
part of the stem is woody core which constitutes about 70% of the plant and which is
removed during the mechanical decortication.
The treatment to separate the flaxfibers from the inner woody core is complicated and
special equipment is needed for that. Mechanical decortication of the stems of retted,
harvested and baled flax straw is made in two stages. Firstly the stems pass between a
number of pairs of crushing rollers designed to fracture the brittle inner woody core of the
stem, secondly the fibrous ribbons pass from the rollers into the path of a high speed pinned
rotor. The latter stage achieves final separation of the fibers from non-fibrous material still
attached to them.
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3.2 EXPERIMENTAL AND RESULTS
In this study mechanically decorticated finnish textile flax was used as raw material. Flax
fibers were cut to 12 mm length before cooking.
The light fraction of pyrolysis oil consists mainly of acetic acid and formic acid. There is
also a little amount of esters and ketons. Acidic cookings were performed at 120 °C
temperature and the total dosage of chemicals in the cooking liquor was 50 volmne-%.
Formic acid ratio was 25 % and the straw to liquor ratio 1/6. The cooking liquor is drawn
off as a sidestream to a pyrolysis unit to which the spent cooking liquor is returned
rendering further chemicals recovery unnecessary.
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PULPING
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/PULP
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WASTE LIQUORTO
PYROLYSISFEED

Figure 2. A new process of combined energy andpulp production from agricultural plants.

Cooked pulp contains about 5-10% rejects which are from the woody core of the flax stem.
Screening as well as mixing of the fiaxpulp are still unsolved problems because of the long
fibers which knot and form tight ropes. At least the use of standard laboratory equipment
proved difficult. Reducing the initial cutting length to 6 mm, helps the screening somewhat
but it also has a negative influence on pulp yield.
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After cooking the pulp was bleached with hydrogen peroxide in three stages. The total
peroxide dosage was 9 % of pulp. With this a pulp brightness of 80 % was achieved. The
huge consumption of bleaching chemical is probably due to unremoved shives and does not
reflect the actual consumption of the bleaching stage in a real process.
The bleached pulp was beaten in the PFI-mill. Beating could not be carried out according to
standard method because of the long fibers. The distance between beater housing and roll
was kept at 2 mm. Knotting and ropeforming were the main problems during beating and the
beating was also very uneven. The strength properties of bleached pulp were poorer than
those of unbleached pulp.
Flax pulp does not contain very much lignin. So the next step towards better strength
properties of bleached pulp was to lighten the severe cooking conditions. The amount of
acid solution and the temperature were reduced. It was found out that the cooking can be
performed at 80-100 °C using considerably less acid. This pulp was also bleached with
peroxide to 80 % brightness with the dosage of 9 % of pulp. As the earlier tests showed that
beating could not be perfomed properly in a PFI-mill a Valley-beater was tested. Although
the beating of two different pulps simultaneously is not recommended, it was the only
possibility to do the laboratory beating according to standard conditions. If flax pulp is
beaten alone in Valley-hollander according to standard conditions the fibers are cut and
good long fibrillized fibers can not be achieved.
Valley-beating results of a birch-flax mixture are presented in table 1. Especially the
tear strength values of flax fibers are superior compared to those of wood fibers. As a
result from this flax pulp has excellent reinforcement ability even with the ratio as long
as 10 % flax. This phenomenon is presently under further investigation.

232

Table 1. Valley-beating results offlax-birch mixture. (flax 10 %, birch 90 %)
Beating time

Density

Tensile index

Tear index

min

kg/m3

Nm/g

mNm2/g

0

484

21,8

18

10

571

41,6

15

20

626

58,7

12

30

696

74,4

10

40

743

84,1

9,2
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Cellulose-binding domains (CBD) form distinct functional units of most cellulose
degrading enzymes. In the intact enzymes, the CBDs and the catalytic domains are
connected by distinct linker regions. If the CBD of a cellulase is removed, most of
its activity on crystalline cellulose is lost, but the activity on soluble substrates
remains intact. Earlier we have identified the residues responsible for the cellulose
binding affinity of CBDs from the fungus Trichoderma reesei (1,2). Here we have
constructed a recombinant dimeric cellulose-binding domain, consisting of the
CBDs from T. reesei cellobiohydrolases I and n. The CBDs were linked by a 24
aa linker. The 98 aa dimer was then expressed in

E. coli

and purified to

homogeneity by reversed-phase chromatography. Its monomeric components were
obtained by proteolysis of the dimer. It was found that the dimer had a 5-10 times
higher affinity towards cellulose than its monomeric components had. By use of a
two step model, we were able to rationalize the binding behavior. The results
indicated that there exists an interplay between the two domains during the
binding. Comparison of the model with earlier published data on the two domains
of the wild type enzymes suggests that a similar interaction could dictate the
binding of the intact enzymes.
One promising area of application for CBDs is the immobilization of recombinant
proteins onto cellulose supports. This approach can also be used for affinity
purification. Obtaining a higher binding CBD has clear implications for its use in
these applications.
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Yu-Yen Linko,1 Zhuo-Lin Wang,1 Esa Uosukainen,1 Jukka Seppala,1 and
Merja Lamsa2
department of Chemical Engineering, Helsinki University of Technology
FIN-02150 Espoo, Finland
2Raisio Group Oil Milling Industry, FIN-21200 Raisio, Finland

Abstract
It was shown that lipases can be used as biocatalysts in the production of
useful biodegradable compounds such as 1-butyl oleate by direct
esterification of butanol and oleic acid to decrease viscosity of biodiesel in
winter use. By enzymic transesterification, a mixture of 2-ethyl-1-hexyl
esters from rapeseed oil fatty acids can be obtained in good yields for useas a
solvent, and of trimethylolpropane esters for use as a lubricant. Finally, it was
demonstrated that polyesters with a mass average molar mass in excess of
75,000 g mol-1 can be obtained by esterification or transesterification by
using lipase as biocatalyst.

1 INTRODUCTION
The interest in the applications of biocatalysis in organic syntheses has
rapidly increased. In this context, lipases have recently become one of the
most studied groups of enzymes. Lipases (triacylglycerol acylhydrolase, EC
3.1.1.3) are enzymes which normally catalyze the hydrolysis of glycerol
esters at lipid/water interfaces. In organic solvent systems, however, lipases
have also been shown to catalyze ester synthesis, and they have been
employed in the modification of fats and oils both to provide novel materials
of improved characteristics and to upgrade inexpensive raw-materials to
valuable products

by transesterification

[1]. Nevertheless,

enzymic

alcoholysis of vegetable oils without additional organic solvent has been little
investigated. Further, the discovery that lipases can also catalyze ester
syntheses and transesterification reations in organic solvent systems has also
opened up the possibility of enzyme catalyzed synthesis of biodegradable
237

polyesters [2], The present paper discusses the lipase catalyzed synthesis of
1-butyl oleate as an additive in biodiesel during winter use, the synthesis of
rapeseed oil fatty acid esters, 2-ethyl-1 -hexanol by enzymic alcoholysis as a
solvent in car shampoos, and of trimethylolpropane (TMP) as a
biodegradable hydraulic oil and lubricant. Finally, the synthesis of high molar
mass biodegrable polyesters is described.

2

LIPASE IN 1 -BUTYL OLEATE SYNTHESIS

Commercial lipases are sold on the basis of their hydrolytic activity, and
there is no guarantee regarding their esterification activity. There does not
appear to be any correlation between the hydrolytic and synthetic activity
and, as has been recently shown, even lipases from different fermentation
batches of a similar hydrolytic activity may vary widely in their esterification
activities. Consequently, it is necessary to screen lipases for their desired
synthetic activity under various processing conditions. Upon screening of a
large number of commercially available lipases, the lipase from
rugosa

Candida

was found to give high ester yields and a superior cost/benefit ratio in

direct biocatalytic synthesis of n-butyl oleate, without the addition of a
solvent.
1-Butyl oleate syntheses were carried out in 8 mL screw-capped flasks
equipped with a magnetic stirrer. The yield, in %, was calculated from oleic
acid consumed on the basis of the limiting substrate. Higher than 90% yields
of 1-butyl oleate were obtained with 3.2% added water with C.

rugosa

lipase

in 12 h. Both with an 1-butanol to oleic acid molar ratio of 0.5 and of 2.0,
high butyl oleate yields were obtained with the C.
the

Chromobacterium viscosum

and

rugosa

lipase. Also both

Pseudomonas fluorescens

lipases gave

an ester yield in excess of 90%, but only with a 2 x molar excess of 1butanol.
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3 2-ETHYL-1 -HEXYL ESTERS FROM RAPESEED OIL
On screening, C. rugosa lipase was found to be the best biocatalyst also in
the transesterification of 2-ethyl-1 -hexanol and rapeseed oil fatty acids,
resulting in a 98% conversion of rapeseed oil in 24 h with no residual
rapeseed oil and little byproducts detectable by TLC. P. fluorescens and Ch.
viscosum lipases also resulted in high ester production, with an about 96%
conversion in 24 h, and 97% conversion or higher in 48 h. On the basis of the
screening results and costs, C. rugosa lipase was chosen for further studies.
As could be expected, an increase in lipase quantity markedly increased both
1-butyl oleate synthesis and the rapeseed oil conversion during the first few
hours, but in about 7 to 12 hours the differences were almost levelled off.
The importance of the control of water content (and of water activity) in
lipase catalyzed esterifications has been emphasized. Although a minimum
quantity of water is necessary for enzyme catalysis to take place, ester
synthesis is favored under restricted water availability (low water activity).
Ester synthesis and hydrolysis are reversible processes, and the equilibrium
may be shifted towards synthesis either by an excess of one of the substrates
or by controlling of the water content of the reaction system. The water
present in the lipase preparation (ca. 5%) was insufficient, and only an about
25% conversion was reached in 7 hours without any added water. With a
minimum of about 1.0% of added water, about 50% conversion was reached
in one hour, and a nearly complete conversion in 5 hours. Higher water levels
did not result in a further imporvement and, surprisingly, did not cause
adverse effects, either.
One of our aims in rapeseed oil fatty acid ester transesterification was to
obtain a maximum rapeseed oil conversion with no or little residual 2-ethyl1-hexanol. Unlike in the butyl oleate synthesis, rapeseed oil conversion was
always low when an alcohol excess was used. The product mixture
containedlarge quantities of residual alcohol and, in some cases, also residual
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oil. The best results were obtained with a alcohol to rapeseed oil molar ratio
of 2.8.
There was little difference in conversion within the temperature range of
37° C to 55°C. In all cases, the conversion reached to about 90% in 2 to 3
hours, and a nearly complete conversion was usually obtained in 7 hours. At
60°C the lipase was clearly inactivated under the experimental conditions.
Most previous papers on lipase catalyzed esterification and transesterification
have involved immobilized lipase. In this case the carrier was also thought to
help in keeping the enzyme more evenly dispersed. No improvement was
found with the addition of glass beads, polyurethane foam or Amberlite
XAD-2 resin. However, when we studied the effect of the relative quantity
of Amberlite XAD-7 resin as a carrier on the conversion, we found that about
95% (approximately 100% of theoretical) rapeseed oil (50 g) conversion was
achieved in 5 h with 7.5 g of resin per 2.5 g of lipase. The optimal conditions
for a 2 kg batch operation were: 1 L (829 g) of 2-ethyl- 1-hexanol, 3% added
water, 100 g lipase with 300 g XAD-7 resin, 170 rpm, and 37°C. In this case,
an about 90% conversion (97% of theoretical) was obtained in 8 h, equal to
22.4 g of ester per g lipase or 112 g ester per 100 g rapeseed oil. Although the
total reaction time increased somewhat in the presence of the carrier, the final
conversion increased at least by 20%, to nearly theoretical.

4 TRIMETHYLOLPROPANE ESTERS
Trimethylolpropane (TMP) esters of rapeseed oil fatty acids were produced
by lipase catalyzed transesterification between TMP and rapeseed oil methyl
ester (RME). In test tube scale preliminary trials C. rugosa lipase appeared
again to be superior to the other lipases tested, although all conversions
obtained were low at 37°C. When the temperature was increased to 47°C and
the relative lipase quantity to 20%, the rapeseed oil conversion was increased
to about 95% in 68 hours, when the substrate molar ratio was 3.5. With

240

I

substrate molar ratios of less than 3.5 or higher than 4.5 considerable
quantities of unreacted RME remained in the mixture. Interestingly, high
conversions were obtained with as much as 15% of added water, although the
highest yield of 98% was obtained when vacuum was applied during the
transesterification.

5

BIODEGRADABLE POLYESTERS

Typical lipase catalyzed polymerization reaction was carried out as follows:
Crude lipase powder was added to a reaction mixture of equimolar quantities
of a dicarboxylic acid or its derivative and an aliphatic diol in an organic
solvent. The mixture was stirred by a magnetic stirrer at 37°C to 45°C. After
the first 20 hours, the polymerization was completed in a 0.15 mmHg (20 Pa)
vacuum, for the removal of the byproduct. In order to obtain a high average
molar mass polyester it was very important that the water or alcohol formed
was removed by vacuum. When the reaction was completed in about 3 days,
lipase was filtered off, and a white solid polyester was obtained upon
precipitation from methanol. Blank tests, without lipase, resulted in no
observable polymerization.
With equimolar quantities of te(2,2,2-trifluoroethyl) sebacate and 1,4butanediol, and of'dry' powdered R. miehei lipase a polyester mass average
molar mass (Mw) of higher than 40,000 g mol"1 was obtained in 3 days in
diphenyl ether. The Mw of the polyester increased with an increase in the
substrate concentration up to about 0.83 M.
The type of organic solvent appeared to be a very important factor in the
lipase catalyzed polyester synthesis, and diphenyl ether was found to be a
superior solvent, and was used in most subsequent experiments. There
seemed to be no correlation between the log P value of the solvent and the
synthetic activity of lipase [3].
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In general, at least a four-fold increase in Mw was obtained with the
polyesterification of underivatized diacids and diols in vacuum in comparison
to the polyesterification at atmospheric pressure. The molar masses obtained
in vacuum were of the same order of magnitude than those obtained in the
polytransesterification of the activated, derivatized acid. Even with the
underivatized sebacic acid and 1,4-butanediol in vacuum at 37°C a Mw of
46,130 g mol"* (DP = 183) and, for example, with hexanedioic acid and
hexanediol a Mw of up to 70,430 g mol-1 (DP = 279) were obtained. When
the temperature was increased to 45 °C, and the product was reprecipitated
from methanol in an 82% yield, the Mw of the partially purified poly(l,4butyl sebacate) increased further to 77,440 g mol-1 [DP = 340, Pd (Mw/Mn)
= 4.4, and a melting temperature of 66.8°C as determined by DSC], with the
maximum molar mass of 131,190 g mol-1 (DP = 520). This is believed to be
the highest Mw reported by lipase catalyzed polyesterification between a
diacid and a diol. I3C NMR studies showed that the partially purified white
solid was a linear poly( 1,4-butyl sebacate).
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Abstract
There is over a million hand fired small heating appliances in Finland
where about 5,4 million cubic meters of wood fuel is used. Combustion in
such heating appliances is a batch-type process. In early stages of
combustion when volatiles are burned, the formation of carbon monoxide
(CO) and other combustible gases are difficult to avoid when using fuels
that have high volatile matter content. Harmful emissions are formed
mostly after each fuel adding but also during char burnout period.
When the CO-content in flue gases is, say over 0.5 %, also other Harmful
emissions will be formed. Methane (CH4) and other hydrocarbons are
released and the amount of polycyclic aromatic hydrocarbons (PAH) com
pounds can be remarkable. Some PAH-compounds are very carcinogenic.
It has been estimated that in Finland even more than 90% of hydrocarbon
and PAH emissions are due to small scale wood combustion. Emissions
from transportation is excluded from these figures. That is why wood
combustion has a net effect on greenhouse gas phenomena. For example
carbon monoxide emissions from small scale wood combustion are two fold
compared to that of energy production in power plants. Methane emission
is of the same order as emission from transportation and seven fold
compared with those of energy production.
Emissions from small heating appliances can be reduced by developing the
combustion techniques, but also by using other means, for example
catalytic converters. In certain stages of the batch combustion, temperature
is not high enough, gas mixing is not good enough and residence time is too
short for complete combustion. When placed to a suitable place inside a
heating appliance, a catalytic converter can oxidize unbumed gases in the
flue gas into compounds that are not harmful to the environment.
A catalyst augments the rate of chemical reactions without itself being
consumed. It helps chemical reactions to go through other path where the
activation energy of the reactions is lower. If the frequency factor(A) that
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describes the rate of reaction in the Arrhenius equation can be assumed to
be constant, the activation energy determines essentially the reaction rate.
With the aid of a catalyst, reactions go through an other way were the
activation energy is lower.

1 INTRODUCTION
In many small heating appliances combustion is a batch-type process.
Kitchen ovens, baking ovens, open fireplaces, heating ovens or stoves are
typical examples of this kind of appliances.
Fuel is added according to heat demand as large amounts as possible at a
time. This way the time used for heating is minimized. The amount of
combustion air introduced and the draught in flue control the heat output.
This type of control system works well with fuels having low amount of
volatiles. Then combustion is mainly heterogeneous combustion of solid
carbon that is quite easy to control. Batch-type combustion of fuels having
large amount of volatiles leads often to incomplete combustion and high
emissions because mixing of combustion air and combustible gases is not
sufficient and temperature is not high enough.
Combustion process changes a lot when the share of volatile matter content
changes for example from the value of wood (75 - 85%) to the value of
coke (max. 5%). When burning fuels having high volatile matter content,
combustion is quite unsteady-state process. It goes through following pha
ses: drying of fuel, pyrolysis of fuel that means release of volatile matter
from solid to gas phase, combustion of volatile gases and combustion of
residual char. In early stages of combustion emissions of carbon monoxide
(CO) and other combustible gases are difficult to avoid.
To illustrate batch-type combustion process of wood, CO2- and CO concentrations versus time are plotted in the figure 1. In this experiment
birch-wood having moisture content of 13% were used. Unsteady-state
combustion can be seen well from the figure. Fuel was added several times.
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Fig 1. Batch-type wood combustion.
Higher CO-content appears after fuel adding. Because of difficulties in
preventing smoke and harmful emissions in batch-type appliances, there are
restrictions for their use on many densely populated regions. It is only
permitted to use so called "smokeless fuels" like coke having very low
volatile matter content.
When the CO-content is flue gases reach a certain limit, which is of the
order of 0.2 -0.5%, also other harmful emissions will be formed. Methane
(CH4) and higher hydrocarbons are released and the amount of polycyclic
aromatic hydrocarbons (PAH) can also be remarkable. Many PAHcompounds are carcinogenic. The way heating is done effects essentially on
emission formation.

2 EMISSIONS FROM SMALL HEATING APPLIANCES
It has been estimated that in Finland 2/3 of carbon monoxide emissions and
even more than 90% of hydrocarbon and PAH emissions in stationary
combustion processes (transportation excluded) are due to small scale wood
combustion. This is why small scale wood combustion has a net
contribution to greenhouse gas effect. It is of the same order as if CO%
released from combustion could not be recycled to natural circulation [1].
5.4 million cubic meters of wood are used in domestic heating in small
heating appliances annually in Finland.
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An idea of the carbon monoxide and methane emissions from small heating
appliances can be got from figures 2 and 3 where they are compared with
emissions from other sources. CO emissions of transportation are clearly
greatest. Next one is space heating. Emissions are two fold compared with
those of energy production. Methane emissions from space heating are
almost equal to emissions of transportation and seven fold compared with
energy production [2].
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Fig 2. Carbon monoxide emissions in Finland.

3 CATALYTIC OXIDATION OF UNBURNT FLUE
GASES
In a batch-type combustion part of the reactions are endothermic and absorb
energy. It can happen that inside the combustion chamber there are not
enough temperature, enough mixing and enough time for oxidation
reactions of pyrolysis products. Better designing of combustion chamber
and combustion air inlet in different stages can reduce emissions. However,
in heating appliances that use natural draught, optimal combustion air inlet
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is quite difficult to achieve. The need of primary and secondary air changes
all the time when a batch of fuel is burning.
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Fig 3. Methane emissions in Finland.
Emissions from small heating appliances can be reduced also using
secondary measures like using catalytic oxidation of combustible gases.
When placed to a suitable place inside a heating appliance, a catalytic
converter promotes the oxidation of unbumed gases into compounds that
are not harmful to the environment.
A catalyst augments the rate of chemical reactions without itself being
consumed. It helps reactions to go through other path where the activation
energy of the reactions is lower. If the frequency factor A that describes the
rate of reaction in the Arrhenius equation can be assumed to be constant,
the activation energy determines essentially the reaction rate. With the aid
of a catalyst, reactions go through an other way were the activation energy
is lower.
Activation energy is lower because an intermediate compound is formed
which has lower activation energy than the reaction without a catalyst
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When the intermediate compound is decomposed, a catalyst is recovered
unaltered. Besides chemical composition the quality of the catalyst surface
has an important meaning. The whole surface is not chemically active, only
certain parts of it, active sites [3],
The production process of Kemira Metalkat Oy is based on a use of a metal
foil. The width of a band determines the length of a catalyst. Metal foil is
coated with aluminium oxide coating which acts as a washcoat for precious
metals, normally platinum (Pt), rhodium (Rh) and palladium (Pd).

Fig 4. The construction ofKemira Metalkat Oy's metal catalytic converter.

4 THE SETUP FOR THE MEASUREMENTS
The Kemira Metalkat Oy, catalytic converter plant manufactured the
catalysts that were used in the experiments. The catalyst contributes to the
oxidation of unbumed hydrocarbons (HC) and carbon monoxide (CO) to
harmless water vapor (H2O) and carbon dioxide (CO2). Their chemical
composition differs from 3-way catalysts that are used to lower the car
exhaust gas emissions but the mechanical structure is quite the same.
First experiments were made with a wood stove. The catalytic converter
was placed inside the chimney pipe after the stove to make experiments
easier. Flue gas emissions were measured from both sides of the catalyst,
before and after it. The setup of the measurements is illustrated in figure 5.
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Measurements after catalyst
chimney
- temperature
- C02, CO, 02, NOx, S02
- hydrocarbons using FTIR:lla
- PAH- and tar sampling

A

stove
catalyst
Measurements before catalyst
— - temperature
- C02, CO, 02, NOx, S02
- hydrocarbons using FTIR:lla
- PAH- and tar sampling

Fig 5. The setup for the measurements.
Measured catalysts had a diameter of 100 mm and length of 28 and 40 mm.
It was necessary to use forced draught because pressure drop in the
catalysts were too high for natural draught. Results given in this paper are
from tests made by using the shorter, 28 mm catalyst.
Two other catalysts were made for testing an other, cast iron stove. In these
experiments, catalyst was placed inside the stove. A bypass flue pipe was
build and it was used when starting up the fire. Natural draught in this
phase is too small for flue gases to flow through the catalyst The setup for
these experiments is shown in figure 6.
Third series of tests were made by using a heat storing heating appliance.
This type of room heater is widely used in Finland. The mass of a heater is
normally over 600 kg. It is fired with a high heating rate (20 - 40 kW), but
only about 2 hours at a time. Heat is accumulated to a mass around the
combustion chamber and is released slowly to room by convection and
radiation. Normally heat storing heating appliance is fired only once a day
but gives heat all around a day. Hue gases flow from a combustion chamber
into secondary combustion chamber and after their through two flue ducts
downwards ending to the chimney. Catalysts were placed inside the flue
ducts after the secondary combustion chamber. Hue gas temperature in this
place is 500 - 600 °C. The test arrangement is shown in figure 7.
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catalyst

Fig 6. The setup for the experiments made by a cast iron stove.

5 RESULTS
5.1 PRELIMINARY TESTS
Birch wood having moisture content of 13% and 18% and peat briquettes
having moisture content of 13% were burned. Fuel consumption was
measured. Fuel was added when CO2 concentration of the flue gas lowered
below 4%. This simulates the Swedish SP Metod 1071 that is used for
measuring tar emission of stoves. The stove heat output was high, about 15
kW.
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Fig 7. Test setup for a heat storing heating appliance.

5.1.1 Oxidation of carbon monoxide
Oxidation of carbon monoxide into carbon dioxide is presented in table 1.
Table 1. Mean values of the CO-concentration
catalyst.
Fuel

Moisture
content
%

before and after the

CO-concentr. CO-concentr. Conversion
the
before
the after
catalyst
catalyst
%
ppm
ppm

birch

13

2400

177

93

birch

18.5

1834

242

87

peat
briquette

13

1397

420

70

5.1.2 Oxidation of hydrocarbons
Oxidation of some hydrocarbons into carbon dioxide and water is presented
in table 2. Measurements were done with an FHR measuring device.
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Table 2. Oxidation of hydrocarbons.
Experiment

Concentration
before the catalyst

Concentration
after the catalyst

Conversion

ppm

ppm

%

methane, CH4

214

59

72

acetylene, C2H2

56

0

100

ethene, C2H4

94

0

100

ethane, C2H6

32

0

100

methane, CH4

89

63

29

acetylene, C2H2

15

1

93

ethene, C2H4

20

4

80

ethane, C2H6

6

0

100
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55

77

acetylene, C2H2

80

0

100

ethene, C2H4

69

10

86

ethane, C2H6

58

3

95

Birch
w = 13 %

Birch
w = 18,5 %

Peat briquette
w = 13 %
methane, CH4

5.1.3 Effect of the catalyst on PAH-emissions
Results of the PAH-emission measurements are presented in figure 8.
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0 before cats after cat

Fig 8. Effect of the catalyst on PAH-emissions.
5.1.4 Effect of the catalyst on tar emissions
Results of the tar emission measurements are presented in figure 9.

■ before catBS after cat

Fig 9. Effect of the catalyst on tar emissions.
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5.1.5 Correlation between carbon monoxide and methane
The appearance of carbon monoxide in flue gases is the first sign of
incomplete combustion. The correlation between carbon monoxide and
methane is presented in figure 10. It is almost linear. F1‘lR-measuring
techniques were used for measuring methane and other hydrocarbons. Fuel
was birch wood having moisture content of 13%.
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Fig 10. The correlation between carbon monoxide and methane in wood
stove combustion.
5.2 CAST IRON STOVE TESTS
Experiments were done using two different catalysts. The chemical
compositions of both catalysts were the same, catalytic surface area
changed. In this paper results of the tighter catalyst are given. This catalyst
had more reactive surface area per volume. The other catalyst did not have
great effect on oxidation of unbumt gases because the surface area was too
small. Test parameters were chimney draught, wood log size, wood
moisture and fuel load. Lowest emissions are reached using dry wood and
small fuel load, about 1/3 of the combustion chamber volume, at a time.
A typical result is shown in figure 11. Flue gas carbon monoxide
concentration was measured simultaneously before and after the catalyst.
The stove was fired with birch wood logs. Fuel moisture was 15%. Fuel
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consumption was about 1.76 kg/h representing heat output of about 7 kW.
CO2 concentration was on the average 7.3% and flue gas temperature 320
°C. Hue gas temperature just before the catalyst was 311 °C.

•V

CO before cat, average =

. %

0 44

CO after cat, average =

Time(minutes)
Fig. 11. Flue gas carbon monoxide concentration before and after the
catalyst in cast iron stove experiments.
CO-concentration in the flue gas before the catalyst was on the average
0.44 % and after the catalyst 0.06 %. The conversion of carbon monoxide
was 86%.
5.3 TESTS WITH A HEAT STORING HEATING APPLIANCE
The catalysts made for these tests were made to have quite small surface
area because natural draught was used. Experiments were made using same
principle as in the cast iron experiments. The appliance was fired different
ways changing fuel load, wood log size and draught in the chimney. A
typical result of the experiments is shown in figure 12. The appliance was
fired with birch wood logs. Fuel moisture was 13%. Fuel consumption was
about 5 kg/h representing heat output of 20 kW. CO% concentration was on
the average 9.4 % and flue gas temperature 230 °C. Hue gas temperature
just before the catalyst was 468 °C.
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CO before cat., average =

0.51%

CO after cat., average =

Time
Fig. 12. Flue gas carbon monoxide concentration before and after the
catalyst in heat storing heating appliance experiments.
CO-concentration in the flue gas before the catalyst was on the average 0.5
% and after the catalyst 0.35 %. The conversion of carbon monoxide was
30.4 %.

6 AGEING AND DIRTYING OF THE CATALYST
Ageing and dirtying of the catalysts was not studied. For commercial stove
catalysts sold in the USA, the lifetime of 10 000 hours is guaranteed. It is
worth mentioning that the catalyst as such does not wear out due to
catalytic reactions. The ageing is due to catalyst poisons such as sulphur
that reacts with the precious metals used in a catalytic converter.

7 CONCLUSIONS
Prototype catalysts made by Kemira Metalkat Oy promoted well the
oxidation of carbon monoxide and hydrocarbons if the surface area per
volume in the catalyst was of the right order. If the surface are is too small,
conversion is small or oxidation does not happen at all.
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In the first experiments the conversion of carbon monoxide was 70 - 93%,
methane 29 - 77% and other measured hydrocarbons 80 - 100%. It was
worth notice that carbon monoxide conversion was quite stable in spite of
great variations in the flue gas CO-content coming to the catalyst The
catalytic reactions started at the temperature of about 250 °C.
The catalyst lowered PAH-emission 43 - 80% and tar emission 56 - 60% in
wood combustion but only 14% in peat briquette combustion. This can be
due to different type of tar forming in peat combustion. Tar compounds that
are high molecule weight hydrocarbons were not qualitatively analyzed. In
first experiments a catalyst was placed in the chimney pipe after a stove.
Forced draught was used because of high pressure drop over the catalyst.
Next experiments were made with a cast iron stove. The catalyst was now
placed inside the stove just after the combustion chamber. Few minutes
after the ignition flue gases were lead to the bypass flue pipe and after
heating up through the catalyst. Natural draught was enough for flue gas
flow. In the experiment shown in figure 11 the average CO-concentration of
the flue gas before the catalyst was 0.44 % having quite great variations
versus time. Carbon monoxide oxidized very well when flowing through
the catalyst. An average CO-concentration after the catalyst was only 0.06
% and no variations in the concentration is found. This means that when a
catalyst surface area is large enough, oxidation reactions happen very
quickly. The length of the catalysts used in these experiments were 28 mm.
Catalyst tests made by a heat storing heating appliance showed a COconversion of about 30%. Even if the catalysts were placed in a quite hot
place, conversion rate was quite small. The surface area of the catalyst was
not large enough.
Combustion tests have showed that catalytic converters can reduce
emissions from hand fired heating appliances remarkably provided that a
catalyst has enough surface area for catalytic reactions. In practise a
compromise must be made between the surface area and cleaning efficiency
if natural draught is set as a demand. Tighter catalysts can be used in stoves
and CO-conversion roughly 90% is easily achieved. Methane and other
lighter hydrocarbons oxides well due to a catalyst and it can reduce also
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PAH and tar emissions very effectively. Cleaning of catalysts placed in
stoves is easy. Using of catalytic converters in heat storing heating
appliances is more difficult. Pressure drop over a catalyst must be very low.
That is why the surface area cannot be very large and cleaning efficiency is
not so good. In practise 50 - 70% reduction in CO-concentration can be
achieved. Cleaning of the catalysts is more complicated to arrange in heat
storing heating appliances.
Optimization of the catalyst structure and chemical composition is the next
step before these catalysts can be used in practice. Some modifications must
be made to present stoves and other heating appliances. However, a small,
simple, inexpensive catalyst can be the easiest solution to lower emissions
of hand fired heating appliance that use batch-type combustion process.
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Abstract
Heterogeneous catalysts prepared from an inexpensive cobalt precursor
Co2(CO)g were found to be active for vapor phase hydroformylation of
ethene and propene. Alkaline earth oxides such as Ca, Sr and Ba were
efficient promoters for these reactions: Oxo-selectivity increased and the
formation of propanoic acid and aldol condensates were remarkably
increased. Alkali and alkaline earth oxides clearly strengthen the interaction
of CO on cobalt which is considered to promote CO insertion to the surface
alkyl species. It seems most likely that linearly adsorbed-CO plays a major
role in the CO insertion step. Metal dispersion is an important factor
controlling CO insertion with small metal particles favoring this reaction.

1 Introduction
Hydroformylation is an industrial process for the manufacture of aldehydes
from olefins, carbon monoxide and hydrogen. These aldehydes are
important reactive intermediates for the production of alcohols, carboxylic
acids and products formed by aldol condensation. At the present time
important final "oxo"-products are propanoic acid, n-butanol and 2ethylhexanol. Current industrial processes use only homogeneous rhodium
and cobalt catalysts. Heterogeneous hydroformylation in vapor phase is a
promising alternative for the present homogeneous processes because of the
following advantages: (1) it is a solvent-free process, (2) it is easy to
separate and recover the catalyst from the products and (3) it is possible to
reduce the reaction pressure [1]. Success in developing an efficient process
for vapor phase hydroformylation would thus lead to a great economical
benefit. Vapor phase hydroformylation is also a good test reaction for the
CO insertion step in the formation of oxygenates from synthesis gas [2].The
great majority of the studies on heterogeneous hydroformylation have been
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done with rhodium catalysts and only few reports on the use of other metals
have been published. Heterogeneous cobalt and other non-rhodium catalysts
have usually shown poor performance in this reaction the main reason for
this being their high activity for olefin hydrogenation [3]. The catalysts
presented in this work are still the only examples of non-noble metal
containing cobalt catalysts possessing activity which is comparable to
rhodium in vapor phase hydroformylation of ethene.

2 Experimental
Catalysts were prepared by an impregnation method using Si02 (Davison
#57) as the support and dicobalt-octacarbonyl Co2(CO)8 as the cobalt
source. For comparison, catalysts containing rhodium, iridium and
palladium as well as conventional cobalt catalysts prepared from Co-nitrate,
-chloride and -acetate were studied. Alkaline earth acetates were used as the
source of promoters. All catalysts were treated with hydrogen at 673 K for 3
h just prior to use. Hydroformylation was carried out by using a fixed-bed
type flow reactor with a gas mixture of Ar(intemal standard): CO : olefin:
H2= 1:3:3:3 as the reagent. All products were analyzed by an on-line GCsystem. In addition to reaction test the catalysts were characterized by
several techniques including TPD, FT-IR and EXAFS. The experimental
methods have been described earlier in more detail [4].

3 Results and discussion
3.1 Hydroformylation of ethene and propene
The primary reaction products in vapor phase hydroformylation of ethene
were ethane, propanal, n-propanol, propanoic acid, 2-methyl-2-pentenal, 2methyl pentanal and 2-methyl-l-pentanol. Propanal, n-propanol and
propanoic acid are typical hydroformylated products of ethene. C6oxygenates were formed from propanal by aldol condensation in a
secondary reaction step. Only minor amounts of CO hydrogenation
products, such as methane, methanol or ethanol were formed under these
conditions over any of the studied catalysts. Figure 1 summarizes the
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activities and selectivities of primary products in ethene hydroformylation
on the studied catalysts.

Rh(CI) Pd(CI)

lr(CI)

Co(A)

Co(N) Co(CI) Co(CO)

propanal n-propanol propionic acid C6-0 ethene conv.

Figure 1. Vapor phase hydroformylation of ethene on M/SiC>2■ Metal
loading 5 w-%, Ar:CO:C2H4:H2=l:3:3:3, P-1.1 MPa, T=463 K,
GHSV=600hrl.

The catalyst prepared from Co%(CO)g exhibited high activity for ethene
conversion and gave hydroformylated products in a selectivity of about 36
%. At 463 K ethene conversion and total oxo-selectivity on Rh(Cl)/SiC>2
were almost identical to those on Co(CO)/SiC>2.- However, the composition
of the oxo-product on Rh/SiC>2 was remarkably different from that on
Co(CO)/Si02. Large amounts of n-propanol were formed on Co(CO)/SiC>2
whereas on Rh(Cl)/SiC>2 the formation of n-propanol remained very low
compared with the formation of propanal even at higher reaction
temperatures. As n-propanol is formed from propanal by hydrogenation, the
ratio of n-propanol to propanal can be used as a measure of the
hydrogenation activity of the catalyst. Co(CO)/SiC>2 showed much higher
activity than Rh(Cl)/Si02 for the hydrogenation of aldehydes to alcohols.
However, it should be noted that at the same time the hydrogenation of
ethene to ethane took place on Rh(Cl)/SiC>2 even more readily than on
Co(CO)/SiC>2. According to these results two kinds of independent
hydrogenation activities can be distinguished: 1) the hydrogenation of
olefins to alkanes and 2) the hydrogenation of aldehydes to alcohols.
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Conventional cobalt catalysts prepared from cobalt nitrate, chloride
and acetate were clearly less active in ethene hydroformylation than
Co(CO)/Si02- The formation of aldehydes indicated that CO insertion to
the surface alkyl species took place to some extent also on conventional
cobalt catalysts. Because of their high hydrogenation activity of ethene the
oxo-selectivities remained low. The yield for hydroformylated products
decreased in the order Co(CO)» Co(N)> Co(Cl), i.e in the order of
increasing cobalt particle size. This result indicates that cobalt dispersion is
one of the important factors controlling CO insertion.
The reactivity of propene was very much lower than that of ethene.
For example, at 463 K the conversion of propene on Co(CO)/Si02 was only
2.1 % whereas a conversion of 49.1 % was obtained with ethene under
similar conditions (Ar:CO:olefin:H2=l:3:3:3, P=l.l MPa, GHSV=600 h'l).
The primary reaction products in the hydroformylation of propene were nbutanal, butanoic acid, n-butanol, isobutanal and isobutanol. In addition,
several branched C8-oxygenates formed by aldol condensation of butanals
could be identified by mass spectroscopy.
3.2 Effect of promoters
The oxo-selectivity on Co(CO)/SiC>2 was remarkably improved by the
modification with alkaline earth oxides. Moreover, there was a striking
change in the distribution of oxo-products: the formation of propanoic acid
was highly enhanced by the addition of alkaline earth promoters and in the
extreme case, selectivities as high as 47 % were achieved. The formation of
propanoic acid on Co(CO)/SiC>2 was the first example of pronounced
formation of a carboxylic acid in a single step in hydroformylation. Since
the reaction conditions in vapor phase hydroformylation are not oxidative,
propanoic acid is probably formed by the addition of a hydroxyl group to
the surface acyl-species.
In addition to propanoic acid, remarkably large amounts of C6oxygenates; 2-methyl-2-pentenal, 2-methyl-pentanal and 2-methyl-1pentanol, were formed. Aldol condensation of propanal seems to proceed on
the basic alkaline earth cation
The effect of alkaline earth oxides on hydroformylation of propene
was not as clear as in the case of ethene. Only calcium and strontium were
found to improve oxo-selectivity. However, all the studied alkaline earth
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additives remarkably promoted the formation of branched C8-oxygenates,
such as 2-ethylhexenal, via aldol condensation.
3.3 Characterization of the catalysts
XRD and EXAFS measurements verified that cobalt dispersion on
Co2(CO)8/Si02 catalysts is much higher than on conventional catalysts and
dispersion seems to be an important factor controlling CO insertion.
TPD (Temperature-Programmed-Desorption) studies were carried out
in order to study the strength of interaction of adsorbed CO on cobalt. By
the addition of alkaline earth promoters on Co(CO)/Si02 the peak for
maximum CO desorption rate shifted to a significantly higher temperature,
whereas, the temperature of methane formation remained practically
constant. Also a correlation between desorption temperature and oxoselectivity as well as catalyst activity was observed. The increase in CO
desorption temperature clearly indicated that alkaline earth oxides
strengthen the interaction between CO and cobalt, which is considered to
promote CO insertion to alkyl species .
According to in-situ FT-IR studies it seems most likely that linear-CO
adsorbed on isolated metal sites plays a major role in CO insertion and
formation of oxygenates. The existence of also bridged-CO on
Co(CO)/Si02 catalysts promoted by alkaline earth oxides may be a sign of
nonuniform cobalt dispersion. In that case, in addition to very fine isolated
Co-particles, larger clusters of cobalt atoms would be present on the
surface. Those larger clusters might be responsible for the high activity for
hydrogenation of acetaldehyde to ethanol observed on these catalysts.
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Abstract
Glucomannan, galactomannan and unbleached pine kraft pulp were
extensively hydrolysed with Trichoderma reesei endo-P-D-mannanase. The
carbohydrate composition and the type of structural elements were analysed
by JH NMR spectroscopy. The oligosaccharides in the hydrolysates of
galactomannan and pine kraft pulp were fractionated with size-exclusion
chromatography. The primary structure of the separated oligomers was
determined by NMR spectroscopy. The mannanase cleaves the glycosidic
linkage of D-mannosyl residues attached either to D-mannose or D-glucose.
The D-mannosyl residue can also be substituted by a D-galactosyl group.
The mode of action of T. reesei mannanase on glucomannan and
galactomannan is similar to the action pattern of Aspergillus niger
mannanase.

1 INTRODUCTION
The major softwood hemicellulose is an O-acetyl-galactoglucomannan
(10-15% of wood) with various structural variations [1,2]. In hardwood a
small proportion of glucomannan (2-5% of wood) is found. During pulping
like the kraft process the acetyl groups of the hemicelluloses are totally
removed. In alkali a large portion of the glucomannan is dissolved and then
degraded. However, utilisation of mannanases to remove the residual
glucomannan has been shown to enhance delignification and improve
bleachability of kraft pulp [3,4].

Hydrolysis of mannan-type polysaccharides by endo-P-D-mannanase
affords an array of oligomers, including the P-D-mannosaccharides and a
range of mixed oligosaccharides containing both D-mannose, D-glucose and
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D-galactose. The nature of the oligosaccharides produced by different
mannanases varies, indicating that there are differences in the action
patterns of the enzymes [5], Enzymes differ also in their action towards
fibre bound substrates. Trichoderma reesei mannanase was able to
hydrolyse glucomannan in pine kraft pulp whereas Bacillus subtilis
mannanase was not [6].

Moreover, even though an enzyme is able to

hydrolyse a fibre bound substrate, it does no necessary give good response
in delignification. In a comparative study of T. reesei, Aspergillus niger and
Caldocellulosiruptor saccharolyticus mannanase, the T. reesei mannanase
was found to be superior in bleach-boosting [4], T. reesei mannanase is a
retaining enzyme and has transglycosylation activity [7], In this work, the
mode of action of T. reesei mannanase on isolated gluco- and
galactomannans and unbleached pine kraft pulp was studied.

2 MATERIALS AND METHODS
The endo-p-mannanase with pi 5.4 from T. reesei was purified as described
by Stalbrand et al. [8]. Konnyaku glucomannan was a generous gift from
Tom Clark, Papro New Zealand. Locust bean gum (galactomannan) was
purchased from Sigma. The production and properties of unbleached
laboratory cooked pine kraft pulp with kappa number 25.8 have been
described previously [9].

The glucomannan (5 g/L), the galactomannan (20 g/L) and the pulp (20 g/L)
were hydrolysed for 48 h at 40 °C and pH 5.0 with T. reesei mannanase
(5000 nkat/g). The concentrated hydrolysates of galactomannan and pine
kraft pulp were desalted and fractionated with a column (5 x 86 cm) of P-2
(Pharmacia) using water as eluent. Fractions containing di-, tri- and longer
oligosaccharides were selected according to TLC, concentrated and freezedried.

266

For NMR analysis the dried samples were dissolved in D20 (99.8 atom%,
Fluka) and the pH was adjusted to 7. The

NMR spectra were obtained at

599.86 MHz on a Varian UNITY 600 MHz spectrometer. Typical
acquisition parameters were a 70° pulse of 14.8 ps, a spectral width of 8000
Hz and a repetition time of 22 s. Spectra were obtained at 70 °C. The
chemical shifts are relative to internal acetone at 2.225 ppm.

3 RESULTS AND DISCUSSION
3.1 HYDROLYSIS OF GLUCOMANNAN
The action of mannanase on glucomannan was studied by analysing the
hydrolysate by !H NMR spectroscopy (Fig. 1A). The glucomannan was
extensively hydrolysed to a degree of polymerisation of 2.4 (Table 1).
About 7 weight% of free mannose was detected. No free glucose was
observed. Almost all of the oligosaccharides produced have a mannose
residue at the reducing end. The non-reducing ends of the produced
oligomers consist of a glucosyl and mannosyl residue to ~ 2/3 and ~ 1/3,
respectively. Thus, the mannanase cleaves the glycosidic linkage of
mannosyl residues attached either to mannose or glucose. The amount of
reducing end glucose was low (~ 0.5 mol%). Most probably the reducing
end glucose originates from the reducing end of the polymer.

3.2 HYDROLYSIS OF GALACTOMANNAN
Incubation of galactomannan (Locust bean gum) with mannanase released a
wide variety of oligosaccharides containing mannose and/or galactose
(Fig. IB). Only a small amount of free mannose was produced, probably
due to that on average every fourth mannose has a galactose sidegroup
(Table 1). The oligosaccharides in the hydrolysates were fractionated with
size-exclusion chromatography. The primary structure of the separated
oligomers was determined by NMR spectroscopy. The only disaccharide
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present was P-D-mannobiose. Two trisaccharides (P-D-mannotriose and 6!-a
-D-galactosyl-P-D-mannobiose) were produced. The longer oligomers
consisted of mannosaccharides of a degree of polymerisation larger than
four with one to three galactosyl groups linked a-(l—>6) to an internal
mannosyl residue. The same oligosaccharides were produced on hydrolysis
of hot-water-soluble carob galactomannan by A. niger mannanase [10].
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Fig. 1. Anomeric proton region of 1HNMR spectra ofT. reesei mannanase
hydrolysates ofdifferent mannans. A) Glucomannan, B) galactomannan and
C) galactoglucomannan from pine kraftpulp.
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Table 1. Relative amount of sugar residues for T. reesei mannanase
hydrolysates ofdifferent mannans.
Substrate

Carbohydrate composition (mol%)
GIc
Gal
Unknowns
Man

DP

Glucomannan
Galactomannan
Pine kraft pulp

60.2
77.9
73.4

2.4
3.3
2.1

39.8
19.8
5.8

20.4

2.3
0.4

3.3 HYDROLYSIS OF GALACTOGLUCOMANNAN IN PULP
The surface galactoglucomannan of unbleached pine kraft pulp was
enzymatically peeled off. The carbohydrate composition of the hydrolysate
was determined by NMR spectroscopy (Fig. 1C and Table 1). The amount
of free mannose was about 6 weight%. The relative amount of solubilised
glucose (Man:Glc:Gal=3.6:1.0:0.3) was somewhat higher than earlier
reported (Man:Glc:Gal=5.0:1.0:0.5) [6]. The oligosaccharides in the
hydrolysate were fractionated with size-exclusion chromatography. The two
disaccharides produced were P-D-mannobiose and P-Glc-( 1 —>4)-Man. The
main trisaccharide was 6 La-D-galactosyl-p-D-mannobiose. The amount of
reducing end glucose was ~ 2 mol%. In softwood, degree of polymerisation
in the ranges of 40 to 100 and 61 to 126 have been reported for
glucomannan

with

high

(Man:Glc:Gal=3:1:1)

and

low

(Man:Glc:Gal=3:1:0.1) proportion of galactose, respectively [2], Thus, the
observed reducing end glucose most probably originates from the polymers
in the pulp.

4 CONCLUSIONS
T. reesei endo-P-mannanase hydrolyses the P-(l->4)-glycosidic linkage of
mannosyl residues attached either to mannose or glucose. The mannosyl
residue can also be substituted by an a-(l->6) linked galactosyl group. The
action pattern of T. reesei and A. niger mannanase on galactomannan is
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similar. Thus, the reason why T. reesei and A. niger mannanase differ in
enhancing the bleachability of softwood pulps remains to be clearified. The
galactose groups in the oligosaccharides solubilised from the pine pulp was
found to be attached to the mannose by an a-(l->6)-glycosidic linkage.
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Abstract
A method to screen the phage display library and the synthesis of
organophosphorus compounds for screening the library generated for ene
reaction is described.
Combinatorial libraries

are collections

of heavy- and light-chain

combinations of genes which arise from the randomised recombination
process of all the genes encoding antibodies that are being produced during
an immune response. Combinatorial libraries of the mouse antibody
repertoire utilise a bacteriophage A, vector system in expressing Fab
molecules on the surface of the phage. An antibody fragment Fab is a
heterodimer with a molecular weight of ca. 40 kDa and it retains the
properties of the antigen-binding pocket and contains the information for its
proper folding and assembly in Escherichia coli. The phage display libraries
allow rapid and convenient screening and selection of monoclonal Fab
fragments as putative catalysts for specific chemical reactions [1].
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We are presently developing a radioimmunoassay for screening of the
combinatorial libraries which have been constructed of the genes isolated
from mice that have been immunised with transition-state analogues for the
ene reaction [2]. Mechanistically, the pericyclic Diels-Alder reaction is
similar to the ene reaction. Therefore, we are also attempting to screen the
ene library for possible catalysts of the Diels-Alder reaction [3]. The
original ene and Diels-Alder reactions are presented in Figure 1 and the
analogous reactions for radiolabelling experiments are presented in Figure

2.

o

Figure 1. The ene (a) and Diels-Alder (b) reaction.

To screen the clones for catalytic activity, a method where one of the
reactants is bound to the magnetic bead and the other is labelled with
radioactive 32P is currently being developed [4]. The principle of screening
the combinatorial libraries is simple: tosylactivated magnetic beads are
coupled to the alkene through its amino linker for the ene reaction and to the
diene through a similar type of amino linker for the Diels-Alder reaction,
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respectively. The organophosphorus analogues of the enophile for the ene
reaction were synthesized by a convenient Mitsunobu coupling reaction and
will be radiolabelled subsequently by neutron activation. To select the
tentative antibody Fab catalysts, the 32P-labelled enophile and dienophile are
allowed to react with the alkene or diene coupled to the magnetic beads in
the combinatorial library. The preparation of these radiolabelled substrates
for the ene and Diels-Alder reactions will be discussed below.
a)

o
MHIlnkerjX/^

0

+

—
Mbflinker]

%

™

(1)

Figure 2. Screening reactions for

THE

SYNTHESIS

library: ene (a) and Diels-Alder (b).

OF

ORGANOPHOSPHORUS

COMPOUNDS

The synthesis of enophile (1) was accomplished in four steps (Figure 3). In
the first step, the hydroxyl group of 3-bromo-l-propanol was protected
with 3,4-dihydro-2i7-pyran using acidic catalyst (PPTS, dry CH2C12, RT)
to afford the tetrahydropyranyl ether in 93 % yield [5]. Alkylation of
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sodium diethyl phosphite with THP ether of 3-bromo-l-propanol (3) in dry
THF employing sodium hydride as a base afforded diethyl phosphonate (4)
as a colourless oil in 81 % yield (crude product) [6]. Deprotection of the
THP protected alcohol was accomplished by acid catalysis (PPTS, abs.
EtOH, 55 °C) giving diethyl 3-hydroxypropylphosphonate (5) as a
colourless oil in 56 % yield [5]. In the Mitsunobu alkylation reaction (dry
THF, Ph3P, DIAD, 0 °C -> RT), diethyl or dimethyl hydroxymethyl-, 2hydroxyethyl- and 3-hydroxypropylphosphonates were used as alkylating
agents [7]. In the case of diethyl hydroxymethylphosphonate, the product
could not be isolated. Using dimethyl 2-hydroxyethylphosphonate, the
desired product could be isolated and purified (yield 7 %) but
unfortunately, the compound was unstable even at room temperature
corresponding the screening conditions.

Diethyl 3-hydroxypropyl-

phosphonate (5) gave the desired diethyl 3-(l-pyrrole-2,5-dione)propylphosphonate (1) (yield 42 %) which is the compound to be used for
radiolabelling and screening the catalytic activity of Fab fragments in the
constructed phage display libraries.

OEt

(3)

,0

PPTS
HO/X'-/Xp_o Et
EtOH, 55 oC

OEt
(5)

NH

O

O

^N^\/^p-OEt

Ph3P, DIAD, THF
0 oC — RT

Figure 3. The synthesis ofenophile.
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(1)

The synthetic route for the dienophile (2) is presented in Figure 4. Diethyl
2-bromoethylphosphonate reacts quantitatively with excess of methylamine
(generated by dropping 40 % aqueous methylamine solution to NaOH
pellets and conducting the gas evolved through a drying tower containing
NaOH pellets to dry THF at 0 °C) (THF, 0 °C -> RT) giving diethyl 2methylaminoethylphosphonate (6) [8].

Rapid amide bond formation

between (6) and acryloyl chloride in slightly basic solution (Et3N, CH2CI2,
0 °C) afforded diethyl 2-(iV-methylacrylamide)ethylphosphonate (2) in 55
% yield.

The mild conditions employed in the final reaction left the

reactive terminal a,P-conjugated double bond untouched.
o

(2)

Figure 4. The synthesis ofdienophile.

ABBREVIATIONS: THF tetrahydrofuran, DIAD diisopropyl azodicarboxylate, PFTS pyridinium 4-toluenesulfonate, THP tetrahydropyranyl,
RT room temperature

ACKNOWLEDGEMENTS:

This work was supported by TEKES,

Technology Development Centre.

We thank professor Kim Janda (The

Scripps Research Institute, La Jolla, California) for helpful discussions on
the ene reaction and providing the Diels-Alder reaction for the studies.
Finally, we thank Tarja Nevanen and Tuula Teeri (VTT Biotechnology and
Food Research) for biochemical assistance and discussions.

275

REFERENCES
1.

(a) Huse, W. D.; Sastry, L.; Iverson, S. A.; Kang, A. S.; Alting-Mees,
M.; Burton, D. R.; Benkovic, S. J.; Lemer, R. A. Science 246 (1989)
1275. (b) Posner, B.; Smiley, J.; Lee, L; Benkovic, S. Trends
Biochem. Sci. 19 (1994) 145. (c) Barbas, C. F.; Burton, D. R.
Monoclonal Antibodies from Combinatorial Libraries', Cold Spring
Harbor Laboratory; New York, 1992.

2.

(a) Yliniemela, A.; Konschin, H.; Neagu, C.; Pajunen, A.; Hase, T.;
Brunow, G.; Teleman, O. J. Am. Chem. Soc. 117 (1995) 5120. (b)
Hoffmann, H. M. R. Angew. Chem. 81 (1969) 597. (c) Mikami, K.;
Shimizu, M. Chem. Rev. 92 (1992) 1021.

3.

(a) Gouvemeur, V. E.; de Pascual-Teresa, B.; Beno, B.; Janda, K. D.;
Lemer, R. A. Science 262 (1993) 204-208. (b) Yli-Kauhaluoma, J.
T.; Ashley, J. A.; Lo, C.-H.; Tucker, L.; Wolfe, M. M.; Janda, K. D.
J. Am. Chem. Soc. 117 (1995) 7041.

4.

Phosphorus-32 is a P" emitter (1.71 MeV) with a half-life of 14.3
days.

5.

Stille, J. K.; Simpson, J. H. J. Am. Chem. Soc. 109, (1987) 2138.

6.

Omstein, P. L. Org. Prep. Prod. Int. 20 (1988)371.

7.

Walker, M. A. Tetrahedron Lett. 35 (1994) 665.

8.

(a) Mozingo, R.; McCracken, J. H. Org. Syntheses Coll. Vol. 3,
(1955) 258. (b) Ohashi, K.; Kosai, S.; Arizuka, M.; Watanabe, T.;
Yamagiwa, Y.; Kamikawa, T. Tetrahedron 45 (1989) 2557.

276

TOWARDS RECOMBINANT CATALYTIC
ANTIBODIES FOR THE ENE REACTION

Ari Yliniemela’, Olle Teleman, Taija Nevanen, Kristiina Takkinen, Ari
Hemminki and Tuula T. Teeri
VTT Biotechnology and Food Research, P.O. Box 1500, FIN-02044 VTT,
Finland and *VTT Chemical Technology, P.O. Box 1400, FIN-02044 VTT,
Finland
Abstract
Antibodies traditionally bind to the ground states of molecules, whereas
enzymatic catalysis is based on stabilisation of the transition states of
chemical reactions. It has been shown that antibodies raised against stable
analogues of the transition states of chemical reactions may catalyse these
reactions. Due to the extreme specificity of antibodies this will facilitate the
development of completely novel catalysts for difficult chemical
transformations for which no natural enzymes have been found. We have
used computer-aided ab initio reaction modelling to predict the transition
state of an ene reaction and to design transition state analogues suitable for
immunisation. Several monoclonal antibodies have been screened for
catalytic activity, and antibody libraries have been constructed to enable the
screening of larger numbers of potential catalytic antibodies.

1 CATALYTIC ANTIBODIES

Antibodies can recognise practically unlimited numbers of different
molecules with uncompromising specificity and high affinity. Enzymatic
catalysis is based on equally specific interactions of enzymes and substrates.
Enzymes stabilise transition states of chemical reactions while antibodies
bind the ground states of molecules. However, some antibodies raised with
transition state analogues of given reactions have been shown to stabilize
the transition state and catalyse the reaction [1], Thus far catalytic
antibodies have been successfully generated for over 60 reactions resulting
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in rate accelerations of up to about 108 over uncatalyzed reactions. Catalytic
antibodies have already been shown to facilitate difficult chemical
transformations which have not been possible to carry out by any other
means [2], The future industrial potential of catalytic antibodies is
demonstrated by an example in which gram amounts of product was
successfully produced using a two phase reaction system [3].

2

TRANSITION STATE ANALOGUES OF THE ENE

REACTION
We have explored the possibility of generating catalytic antibodies for the
ene reaction i.e. the reaction between an alkene with an allylic hydrogen
(the "ene"), and a compound containing an electron-deficient multiple bond
(the "enophile"). The study was initialised by a quantum mechanical
evaluation of the reaction path, reaction energies and transition state
geometries for the ene reaction between propene and maleimide (Figure 1.).

o
N—H

o
Figure 1. The ene reaction between propene andmaleimide.
The calculations were.performed at three different levels of accuracy. The
highest of these, the still relatively inexpensive UMP2/6-31 G*//RHF/3-21G
level was fortunately able to reproduce the experimental activation energy.
The geometries of the two transition states (endo and exo) were optimised
and compared for the three different levels of precision showing that the
more favourable transition state (endo) can be calculated with good
precision also by semi-empirical methods (AMI). The transition states are
shown in Figure 2 and calculation details are given in [4].
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Figure 2. The transition states ofthe reaction, a) The endo (left) and the exo
transition states, b) The endo transition state optimised at the AMI (white,
3-21G (grey) and 6-31G* (darkgrey) levels ofaccuracy.
An analogue for the endo transition state was designed using drag-design
techniques [5]. In order to account for the linker to be used to couple the
analogue to a carrier protein in the immunisation, the reaction between 1butene and maleimide was used at this stage. A large number of candidate
molecules were suggested. Their geometries (all relevant conformers) were
optimised by semiempirical methods and compared to the endo transition
state both in term's of geometry and electrostatic properties. The best mimic
(which was evaluated also in terms of ease of synthesis) was synthesised. Its
conformation was determined by X-ray crystallography and found to agree
very well with the theoretically predicted structure.

Figure 3. The analogue (light grey) chosen for synthesis superimposed on the
endo transition state (darkgrey) ofthe reaction between 1-butene and maleimide.
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The main result of this study was that the use of more systematic drugdesign methods produced an analogue of excellent similarity to the
transition state, both sterically and electrostatically (Figure 3.). The finding
that analogues can be reliably optimised at semiempirical levels further
means that a large number of candidate molecules can be screened. In this
way cumbersome synthesis of unsuitable haptens can be avoided. For these
reasons the chosen method must be considered the most rigorous approach
to good transition state mimics. It is at present applied also to the Darzen's
reaction [6].

3 CONSTRUCTION OF ANTIBODY LIBRARIES

The transition state analogue of the ene reaction was coupled to a carrier
protein and used to immunise mice [7]. Although many monoclonals
specifically binding the hapten were obtained, none were found to catalyse
the ene reaction to a measurable degree (Tiainen and Yli-Kauhaluoma,
personal communications). Antibody libraries are constructed by cloning
the genes coding for, in principle, the whole antibody repertoire of an
immunised animal and expressing them in microbes [8]. The so called
phage display libraries contain millions of different potential antibodies
expressed on the outer surfaces of bacteriophage with the corresponding
genes within the phage particles (see Figure 4. below). Such libraries can be
easily screened to find specific binders of immobilised haptens, and they
have been used successfully to elicit antibodies for many different antigens.
In a search for catalytic antibodies, phage display libraries provide much
larger selection of potential catalysts than the hybridoma technology [9],

We have earlier constructed antibody libraries for a number of antigens
including the

steroid hormone testosterone. Although monoclonal
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antibodies with high affinity can be produced in mice, these antibodies often
lack the specificity needed in commercial diagnostic assays. In order to
construct phage display libraries, the genes coding for the antibody gene
fragments are cloned from the spleen cells of immunized mice. Thereafter
random combinations of the heavy and the light chains are assembled into
the cloning vectors (Figure 4.)

(W

) B-lymphocytes

mRNA
♦ Amplification of Vu- and V, genes with PCR

Displayed
antibody
fragment

Random combination of Vu- and
Vl-genes
,, Cloning into a phage or
phagemid vector

Z7~ Phage DNA

PHAGE-ANTIBODY LIBRARY

Figure 4. Construction principle of antibody phage display libraries. PCR,
Polymerase Chain Reaction.
The resulting phage display library, which contains a population of phage
displaying large numbers of different antibody variants, is then subjected to
affinity selection. In our search for improved anti-testosterone antibodies,
screening of a library of about 3x107 clones led to the identification of
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several novel Fab fragments which have as high affinities as earlier
monoclonals but exhibit significantly lower cross-reactivites with several
testosterone derivatives.

Using the vectors and methods developed above, we also constructed an
antibody Fab fragment library in order to screen for larger numbers of
potential catalysts of the ene reaction. The antibody genes were amplified
from spleens of mice immunised with the transition state analogue, and
collected in a phage display library as described above. The resulting
antibody library can now be used for screening for specific binders and
potential catalysts of the ene reaction.
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SYNERGISM AND ADSORPTION OF THREE MAJOR CELLULASES OF TRICHODERMA
REESEI DURING HYDROLYSIS OF CELLULOSE
Jdzsef Medve,1 Dora Lee,2 Jerry Stahlberg3 and Folke Tiemeld1
^Department of Biochemistry, University of Lund, P. O. Box 124, S-221 00, Lund, Sweden.
2Forest Products Biotechnology, Faculty of Forestry, University of British Columbia, #270-2357
Main Mall, Vancouver, Canada, V6T1Z4. ^Department of Molecular Biology, Biomedical Centre,
University of Uppsala, P. O. Box 590, S-751 24, Uppsala, Sweden.
Three major cellulases, cellobiohydrolase I and II and endoglucanase II (CBH I, n, and EG II),
of Trichoderma reesei were purified from a commercial cellulase (Celluclast from Novo) by means
of fast protein liquid chromatography (FPLC). The pure enzymes and their binary mixtures
(CBH I-CBHII and CBH I-EGII) were used to hydrolyse microcrystalline cellulose (Avicel).
Experiments were performed at different temperatures and enzyme/substrate ratios. The
hydrolysates were analysed by FPLC to follow the adsorption of the enzymes and by HPLC to
measure hydrolysis products. The adsorption characteristics of the enzymes and the synergism
during hydrolysis were investigated.
The adsorption process for the enzymes was slow. Depending on the enzyme/substrate ratio it
took 30-90 min to reach 95% of the equilibrium binding. The amount of bound enzyme decreased
with increasing temperature.
For CBH I and CBH II the hydrolysis was proportional with the amount of bound enzyme.
Synergism between CBH I and CBH H showed a maximum as a function of the total enzyme
concentration. When the synergism was calculated as a function of bound enzyme amount, an
increase was observed, indicating that higher surface coverage by CBH I and CBH II makes the
cooperative action between them more effective. The results on the synergism between CBH I and
EG II indicate a constant value for the synergism when this is calculated as a function of bound
enzymes.
The adsorption capacity of Avicel for the individual enzymes was highest for EG n, followed by
CBH I, and finally by CBH II. Adsorption of one cellobiohydrolase was negatively affected by the
presence of the other cellobiohydrolase except at low saturation. Adsorption of CBH I was not
affected by the presence of EG II, however, adsorption of EG II was affected by CBH I. It can be
concluded that competition for binding sites is the dominating factor when two cellulaseses are
acting together, but adsorption to sites that are specific for the enzymes contributes to the total
adsorption.
Reference: J. Medve, J. Stahlberg, F. Tjemeld, Biotechnol. Bioeng. 1994,44: 1064-1073.
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