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Abstract

Abstract

The project described in this document is concerned with an experimental study, at
laboratory scale, of the characteristics and behaviour of a range of biomass and waste
materials, relevant to their utilisation as fuels in gasification systems. The range of fuels
studied includes the biomass materials, cereal straw, short rotation coppice wood and pine

round wood, and refuse derived fuels (RDF). These materials are increasingly being

employed as renewable alternatives to fossil fuels in industrial energy conversion plants in

Europe and elsewhere.

‘ . . o]
Chars were prepared from all of the materials at a temperature increase rate of 10 K min

to a final temperature of 1173 K (900 °C), in a N, atmosphere. The biomass materials
gave yields of char in the range 22-29 % (dry, ash free) and relationships were found

which indicated that the char yield values increased linearly both with increasing carbon
content and also increasing ash content of the parent material. The isothermal reactivities
of these chars were measured in a flowing O, atmosphere over the temperature range 553-
713 K. A study of the influence of the ash on char reactivities indicated that the reactivity
increased linearly with increasing ash content, the straw char being the sole exception to

this. The reactivities of all the chars were found to increase linearly with increasing char

CaO concentration.

The results of a standard kinetic analysis of the biomass char oxidation data indicated that
the reaction is approximately first order with respect to the carbon concentration, and the
activation energy values of the chars, derived using the Arrhenius equation, were in the
range 91-137 kI mole™. These values are typical of these types of highly disordered and
impure carbonaceous materials. The influence of CaO content on char activation energy

was also investigated and an excellent non-linear relationship was found which indicated

that the char activation energy decreased with increasing CaO content.

The effects of mineral constituents on the behaviour of biomass materials was further
studied by subjecting cereal straw and pine wood samples to acid washing in both 1 M

HNOs and HCI solutions. The ash contents were reduced in all cases and the resultant

char yields and char reactivity were significantly lower than those of the parent materials.

page Xix



Abstract
When plotted on the char reactivity-CaO content curve, the acid washed material values

fitted the correlation for the untreated biomass materials.

An attempt was made to reproduce the behaviour of the RDF materials by preparing model
composites containing mixtures of cellulosic materials and poly(ethene), PVC and Saran.
The results indicated that char yields and char characteristics were influenced by
component interactions during the pyrolysis process, with the presence of chlorine having

a significant effect. The char yields of mixtures containing chlorinated polymers were
found to be higher than expected from simple additive behaviour. There was evidence
that the char yields and char reactivities were influenced by the behaviour of the polymers

during pyrolysis and also by ash components of the mixture.
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Chapter One

Introduction

1.1 Background

The potential benefits of the introduction of a higher level of renewable and

sustainable energy production in reducing the dependence on fossil fuels are clear
and obvious. The detrimental effects of fossil fuel use on the environment"™ and

on human health ©!? have been well documented. The use of biomass and waste
materials, in particular, is CO, neutral, and the conversion of these materials to

usable energy forms, making use of modern technologies, is normally associated

with lower levels of releases of environmentally-damaging species to air, land and

water than are conventional energy supply systems and the current approaches to

the disposal of wastes"”.  This is beginning to be recognised at the highest
political levels in most developed countries, and it is clear that, with some level of
government financial assistance, at least in the short term, biomass and waste-to-

energy projects will have an increasingly important role to play. Several estimates

of the exploitable biomass and waste resources in Europe and elsewhere have been

4,11,12,15)

published in recent years , and it is becoming clear that by the early years

of the next century, up to around 5 % or so of the total electricity supply 1n Europe
could be generated from biomass and waste, although the actual contribution will

vary enormously from region to region, and there is clearly a great deal of
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uncertainty about the level and the pace of the market development in specific

technologies.

The size and type of individual projects for energy production are likely to vary

widely, depending on local conditions and requirements, however a number of

generalised scenarios can be identified, viz;

(a) The development of small-scale farm-based projects providing local heat

and/or electricity at up to 1 MWe (1 MWe =1 x 10°J s, effective energy

value after all cycle losses) or so, based on waste materials or specific energy
Crops.

(b) The development of medium-sized projects in the range 1-10 MWe operated

by local farmer co-operatives or small local companies, providing electricity

and/or heat.

(c) Large projects up to S0 MWe based on purpose-built biomass or waste

energy conversion plants, generating electricity as the main product but also,

In some cases, with some heat production.

(d) The co-conversion of biomass and waste materials with conventional fuels in

large power plants.

The biomass and waste materials which are utilised in these projects will vary from

region to region, however, in Northern European countries the principal materials
will be;

* Wood wastes of various types, i.e. forestry, sawmill and demolition wastes,

e Dry agricultural wastes, principally cereal, oil seed rape and linseed straws,

e Domestic and industrial, non-hazardous dry wastes,

e Municipal, agricultural and industrial sludges, and
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e Specific energy crops.

In this document, the concern is with some of the more important biomass and

waste materials which are suitable as fuels for both combustion and gasification

based energy production processes.
(a) Wood
There are several possible sources of wood material which can be identified, viz;

(i) Forestry Residues and Sawmill Wastes">*'¥.

Forestry wastes arise from harvesting and thinning operations where the residue
materials can be collected and processed into a chipped form, suitable for
transportation. The material usually has a high moisture content, typically around
50%, and this can cause a deterioration in the physical quality of material, when it
Is stored for extended periods of time, with an accompanied release of pathogens
and loss of dry matter through respiration. The material has a low ash content 1if

clean, however it can be contaminated with tramp materials which may affect

processing.

Sawmill Waste. This is a relatively clean material, with variable moisture content

and low ash content. It is usually available in the form of sawdust and chipped

off-cuts.

(1) Demolition Waste!>

This material is generated from demolition activities and significant supplies are

available from the major centres of population. The wood is generally dry,
typically < 20 % moisture, however, it can contain significant quantities of tramp
material such as nails, staples, wire, and masonry, which can give rise to problems
in processing plant. The construction wood is normally treated with chemicals

and this 1s regarded as a significant issue when these materials are burned or
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gasified 1n energy generation plants. In a number of European countries

demolition wood is regarded as being a hazardous waste material.

(iii) Short Rotation Coppice"'®

SRC is a specific form of energy crop, normally of willow and poplar tree species,
harvested on a 3 year cycle. The harvesting operation, which yields 10-12 dry
tonnes per hectare per year, is performed in winter to minimise nutrient losses.

Normally 6-7 cycles are obtained from a single root stock. = The material

generated has high moisture content (40-60 %), and low ash content.

(b) Straw''®

Straw 18 generated during the harvesting of cereals and other arable crops. In

Britain around 14 million tonnes of straw are harvested each year of which, 6-7

million tonnes are currently used as components of animal feed, animal bedding,

mulch or compost.  Straw is a relatively dry material, containing 10-20 %
moisture. It also has low sulphur and ash contents. There is potential for the use
of surplus straw as a significant source of fuel in the short term, since there is an
established infrastructure for its collection and supply. The material has however,

a low bulk density and is difficult to handle and process.

() Municipal Solid Waste!!”

Municipal Solid Waste (MSW) is a heterogeneous material which is collected from
residential areas, commerce and industry, and there are current annual arisings of
around 30 million tonnes in the UK The major components of MSW are paper

and paperboard. It also has a relatively high moisture content of ~ 33 %, a high
ash content of ~28 %, with a low GCV of 9-10 MJ kg™ (as received)’®. In

Britain, more than 90 % of this material is sent directly to landfill disposal,
however this is becoming increasingly expensive and unpopular. An alternative

disposal process, which 1s practised in the UK, and can handle untreated MSW, is

mass burn incineration in purpose-built plant.  These plants are large robust
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installations incorporating specialised materials handling equipment and grate

combustion systems. They are relatively expensive to built and operate, and are

subject to increasingly stringent environmental control legislation.

One alternative to mass burn incineration is to pretreat the waste prior to

combustion to produce a Refuse Derived Fuel (RDF)"” which can be handled and

combusted using more conventional equipment.  The pre-treatment process
involves screening to remove fines (< 10 mm), putrescibles and miscellaneous
non-combustibles, and magnetic ferrous metal removal to produce a material
containing half the original mass, which can retain in excess of 80 % of the

original heat content, depending on the extent of processing. The reject material

from RDF processing is sent for landfill disposal.

Two basic types of RDF are produced(w):

(1) coarse (floc) RDF with a weight yield in excess of 50 %, produced by

screening, ferrous metal extraction and coarse shredding, and

(ii) pelletised (densified) and dried RDF with a weight yield of less than 50 %,

which involves a high degree of sorting and pre-treatment.

The pelletised form of RDF has a relatively low moisture content (~ 8 %), a
greatly reduced ash content of ~ 13 % and an enhanced calorific value of ~ 19

MJ kg™. This material can be combusted using relatively conventional equipment.

The principal energy conversion processes relevant to the utilisation of biomass

and waste materials are®":

(a) processes involving combusting the material either as a pulverised fuel, in a

fluidised bed or on a grate, depending on the physical characteristics of the

fuel and the scale of operation.

(b) gasification and pyrolysis processes.
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In this study, the emphasis is on the gasification of biomass and wastes to produce

a fuel gas for combustion in a furnace or kiln or in a modified gas turbine or

engine.

Gasification is the conversion by partial oxidation at temperatures 1n excess of 600
°C of a carbonaceous material to produce a fuel gas consisting of carbon
monoxide, some carbon dioxide, hydrogen, methane, trace amounts of higher

hydrocarbons such as ethane and ethene, water, and various contaminants such as
small char particles, ash, tars and oils. This process can be carried out using air,
oxygen, steam, or a mixture of these, as gaseous reactants. For biomass and
waste materials, the most conventional approach is air blown gasification at

atmospheric pressure or at pressures up to 2.5 MPa (25 bar)(21'23).

The choice of gasification technology is generally dictated by the scale of
operation. For small scale plants, below 1 tonne per hour throughput, fixed bed
gasifiers are more commonly used. For larger applications, systems based on

fluid bed gasification are employed. The fixed bed reactor systems tend to be
more restricted on the physical characteristics of the fuel because of the

requirement to maintain a stable bed structure. Fluid bed systems are much more
flexible 1n terms of feedstock quality. The operating conditions of the various

types of gasifiers, in air-blown applications, are presented in Table 1.1, and

diagrams of the gasifier types are presented in Figure 1.1.

Most of the commercially available gasification technologies, which are relevant to
the processing of biomass and waste materials, are based on fixed bed and fluidised

bed processes, which were originally developed for the gasification of coal. The
application of these technologies to the gasification of biomass and waste requires
both equipment and process modifications, depending on the physical and chemical
composition of the fuel. The work described in this document is concerned with
the fundamental study, at laboratory scale, of the characteristics and behaviour of a
range of biomass and waste materials, relevant to their utilisation as fuels in the

gasification processes. The basic fuel characteristics of the materials have been
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studied, and related to the char yields in pyrolysis processes and the characteristics

of the resultant chars.  The kinetics of the char oxidation reactions at low
temperatures and the influence of the ash components of the biomass materials
have been studied. The behaviour of the more complex waste and RDF materials
have been studied using simple models containing chlorinated and non-chlorinated

polymers.
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Min-Size
(th’)
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Reactor Reaction

Temp °C

Fast Fluid
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Entrained Bed* 1000

Reactor Reaction | Exit Gas Tars Particulates n- 1-
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(* denotes current maximum but capable of scaling to higher values)

Table 1.1 Operating Conditions of Air-Blown Gasification Reactor Systems
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Chapter Two

Literature

2.1 Introduction

The experimental work described in this document is concerned with the pyrolysis
and gasification of biomass and waste materials. = These reactions, i.e. the

conversion of solid fuels into a gaseous product and a char residue, have been of
significant importance for most of human history. The initial interest was in the

production of char products from wood and coal i.e. cokes and charcoals

principally for metallurgical and domestic uses. The earliest documented

description of the production of a useful gaseous product was reported by Felice

Fontana (1730-1805) who in 1780, noted that when a glowing coal was immersed

In water it produced an ignitable gash).

Both the coke and gaseous products from the gasification of coal became of central

importance during the 18th century. Charcoal was replaced by pit coal in blast

furnaces, and the production of cokes and fuel gases for industrial and domestic

utilisation became major industrial activities. For these reasons the pyrolysis and

gasification of fuels, and in particular coal, have been very extensively studied and

there 1s a substantial technical literature on these subjects.  The commercial

Interest 1n the pyrolysis and gasification of biomass and waste materials is
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relatively recent and 1s driven by environmental concerns about the over-

dependency on the utilisation of fossil fuels and about the disposal of solid waste

materials.

In this chapter the technical literature on the subject of pyrolysis and gasification is
reviewed. In the first section the gasification of char materials will be discussed.
These processes are common to all of the feed materials of interest, and there 1s
extensive literature based principally on the work done on coal char gasification
reactions. In the second section, the specific pyrolysis and thermal decomposition

mechanisms of the biomass, wastes and synthetic polymer materials will be

described in some detail.

The chapter will conclude with a review of the more important experimental
studies of the gasification reactions undergone by the char residues produced by the

thermal decomposition of a range of biomass and waste materials and synthetic

polymers.

2.2 Thermal Processing Reactions

2.2.1 Pyrolysis

As a carbonaceous fuel is heated to temperatures in excess of around 200 °C 1n an
inert atmosphere, it begins to decompose into gaseous and liquid species
(principally H,, CO, CO,, H,0 and CH,), tars, oils and a solid, carbonaceous char
@ These pyrolysis reactions are important elements of all gasification processes

but are also employed in the preparation of liquid fuels and cokes for industrial

use.

2.2.2 Gasification

Gasification occurs when a carbonaceous material is heated to high temperatures in

the presence of an oxidising agent such as air, steam or carbon dioxide, or a
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mixture of these, to yield a low to medium calorific fuel gas®>. The fuel gas

consists principally of carbon monoxide, hydrogen and a range of volatile

hydrocarbons.

The principal reactions involved in the gasification of carbonaceous char materials

are as follows®:

(1) Combustion Reactions

equ.2.1 C + %0,— CO AH = -123.1kJ mol”
equ.22 C+ 0,- CO, AH = -393.5kJ mol”

The reactions of carbon with oxygen are exothermic and thermodynamically
favoured up to 4000 K. Typically, the rates of these reactions are several orders

of magnitude greater than the reactions involving H,O or CO, with carbon, 1n the

absence of a catalyst.

(11) Boudouard Reaction

equ. 2.3 C + CO, < 2CO AH = 159.7 kJ mol”

The rate of this endothermic reaction can be enhanced by the use of a catalyst.

(111) Steam Reaction

equ. 24 C + H,0& CO + H, AH = 118.7 kJ mol’

The steam reaction is endothermic and is favoured by elevated temperatures and

reduced pressure. This reaction is faster than the reaction of carbon with CO,

under similar conditions.

(1v) Hydrogasification Reaction

equ. 2.5 C + 2H, & CH, AH = -87.4 kJ mol”
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These equations are concerned with the reaction of gaseous species with the char

surface, however, a number of gas phase reactions also occur during a gasification

process(3), and principally:

(v) Water-Gas Shift Reaction

equ. 2.6 CO + H,0 < CO, + H, AH = -40.9 kJ mol™

This reaction 1s exothermic and is an important secondary reaction process during

steam gasification, however it is not thermodynamically favoured at high

temperatures.

2.3 The Kinetics of Chs 1sification Reaction

The rate of the gas-char reactions described above is a complex function of the

following key parameters:

(a) the properties of the char parent material,
(b) the physical conditions under which the char was prepared, and

(c) the gasification conditions.

For a given set of gasification conditions the conventional kinetic theory of gas-

char reactions predicts that the rate of reaction is directly proportional to the total
active site concentration. The concept of active surface sites, i.e. that the char-gas

reaction proceeds by the formation of a C-O complex on active sites, was

introduced in the 1960's"”, and has proved to be useful in providing an insight into

the kinetics of the gasification processes.

The gas-char reaction scheme involves:

(1) adsorption of oxygen, or oxygen-containing species at the surface active
sites,
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(ii) reaction at the surface sites involving the C-O complexes, and

(iii) desorption of the products from the surface.

The desorption of carbon monoxide and carbon dioxide from active surface sites is

an important step in most kinetic schemes for char gasification and, 1n many

instances it is the rate controlling step.

For char materials, it is possible to attribute the location of the active surface sites

to specific structural features on the surface of the char particle, i.e.

¢ defects in carbon planes and edge carbon atoms at dislocations,

¢ disordered carbon atoms and voids,
¢ heteroatoms, commonly O, N and S, and

¢ mineral matter occurrences.

The active surface areas of chars can be estimated experimentally by measurement

of their oxygen chemisorption capacity. The key steps in this procedure are:
(@) outgassing of the carbon surface to remove pre-adsorbed surface complexes,

(b) formation of chemisorbed surface complexes by controlled exposure to

oxygen, preferably at a temperature low enough to avoid gasification, and

(c) removal of the chemisorbed oxygen as CO and CO, by heat treatment of the

carbon.

The active surface area measurements can be estimated either by measurement of
the chemisorbed oxygen by gravimetric means® ® or by quantitative analysis of the

evolved gases, as in the original volumetric technique developed by Laine et al'®.

It 1s important to note that adsorption experiments for the measurement of the total

surface area are commonly conducted under conditions where gasification does not
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occur. These are usually at low temperature and high partial pressures of the

reacting gas. The gasification reactions that are of industrial interest, however,
usually occur at relatively high temperatures and low partial pressures of the
reacting gas. This has led to the definition of the concept of the reactive surface
area, i.e. the concentration of active sites which participate in the gasification

reaction as opposed to the total active surface area as measured by the adsorption

experiments described above.

Reactive site concentrations can be measured using two basic experimental

techniques.

(@) Gas Switching experiments in which the progress of the gasification reaction
1s perturbed by rapid replacement of the reacting gas with an inert gas, and
measurements of the decay in concentration of the product gases with time are
made. This can provide an estimate of the concentration of surface species which
are thermally stable in the inert gas flow. Simple kinetic analysis can be applied

to derive the reactive surface area at the time of perturbation of the systemo'").

(b) Temperature Switching experiments in which the gasification reaction 1s
"frozen” by rapid quenching to a temperature at which gasification ceases. The
reactive surface area is measured by conventional temperature programmed

desorption either in an inert gas or in vacuum" 4.,

2.3.1 The Carbon-Molecular Oxygen Reaction

The reaction between carbon and molecular oxygen relevant to industrial
combustion and gasification reactions is not well understood in detail. = Most
experimental studies have been performed under conditions of very low oxygen
partial pressures and low temperatures. Under these conditions, the reaction rates

are thermally controlled, whereas in most industrial processes, the reaction is

subject to heat and mass transfer limitations.

The following reaction scheme has been proposed:
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cqul. 2.2 C + 02 —> C(Oz)

equ.2.8  C(O,) - 2C(0)

equ.29  C(0) — CO,

equ. 2.10  C(0) -» CO

equ. 2.11 2C(O) > C + CO,

equ, 2.12 CO + C(0) -» C + CO,
equ.2.13 O, + 2C(0) -» 2 CO,

The principal products of the reaction are CO and CO, with the ratio of CO/CO;

increasing with increasing temperature and decreasing pressure'’”.

The kinetics of the carbon-molecular oxygen gasifiction reaction at low oxygen

partial pressures and high temperatures were studied in a series of experiments by
P L Walker and his co-workers, mainly during the 1960's* '*'?_ In these studies

it was shown that the rate of reaction is given by the following equation:

equ. 2.14 "dEiPt"sz [Po,][(ASA).(1 - 6)]
where, k = rate constant,

Po, = partial pressure of oxygen,

ASA = active surface area,

6@ = fraction of ASA occupied by the C(O) complex.

In these experiments, the rate of reaction was measured using a gas switching
technique, and at the end of the experiment, the occupied ASA was determined by

Temperature Programmed Desorption (TPD) methods. Two major findings were

made;

(a) the rate of reaction is proportional to the unoccupied ASA, and
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(b) the contribution of C(O) complexes to the production of gaseous CO and

CO, is negligible.

These results imply that there are three products of the reaction of C with O,, 1.e.

CO, CO, and a stable C(O) surface complex.

The gaseous CO and CO, are produced by two reaction pathways, 1.€.;

(1 via an unstable C(O) surface intermediate, and
(11) via the breakdown of a stable C(O) surface complex.

The first route is by far the most important i.e. the formation of the stable C(O)
surface complex results in a decrease in the reaction rate. The unstable C(O)

intermediate has a very short life and the surface concentrations of this species at

any time are very small.

A more general equation has been proposed, viz'®;

~d[Cg] _ ke [Po,I"[(4S4)(1- 6)]

Cqu, 2, 15
dt [1-x(6)]
where 9[%'1]- = rate of total carbon gasified = rate of oxygen depletion
kc = rate constant,
Po, = partial pressure of oxygen,
6 = fraction of ASA covered with complex,
x(6) = participating factor reflecting the contribution of complex in
producing CO and CO,’
n = order of reaction with respect to oxygen.

The studies by Walker and his co-workers reported reaction order values of 1,

however, subsequent studies report values for the order of reaction in the range 0.5

to 0.6 at pressures of up to 0.1 MPa and temperatures of up to 1023 K4 ),

Since the measured order relates to the extent of coverage of the active surface,
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and therefore 1s a sensitive function of surface structure and carbon origin, a close

agreement between unrelated studies is not anticipated.

aracteristics on the Kinetics of Gasificatic

In general terms, it has been found that the reactivity of char in gasification

reactions depends upon:
(a) the nature of the parent material,

(b) the conditions of the pyrolysis process employed to produce the char,

(c) the catalytic effects of the mineral material, and

(d) the char gasification conditions.

The results of a number of comparative experimental studies have shown that
biomass and low rank coal materials tend to produce chars with higher intrinsic

reactivities than do higher rank coals and pitches. The reason for this is that the
reactive surface areas of the chars produced from high volatile materials tend to be
relatively high. There is considerable scatter in the data, which is generally

attributed to the catalytic effects of the mineral matter constituents of the chars®”
22)

For instance, the relationship between the reactive surface area and the volatile
matter contents of coal char and other materials was studied by Wang and

McEnaney®”. They found that there was positive a linear relationship between

the reactive surface areas and the volatile matter contents of five coals ranging

from an anthracite to a lignite. This correlation is illustrated in Figure 2.1.

The relationship between the reactivity and reactive surface area for a series of

demineralised coal chars, a PVDC char and an electrode carbon, which were also
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studied by by Wang and McEnaney“? is illustrated in Figure 2.2. This graph

clearly indicates a positive linear relationship between the measured reactivity

values of the materials and the measured RSA data. The experiments were

performed using CO, as reactant gas and employed a TPD technique for the

measurement of the reactive surface areas.

The temperature dependence of the gasification reaction rates of a range of char
materials 1n steam i1s illustrated in Figure 2,3, which is reproduced from Van Heek

and Miihlen (1991)(21). In all cases, the reaction rate increased exponentially with
Increasing temperature, and the chars produced from the high volatile lignite
materials were significantly more reactive than those of the coal and coke
materials, at any given temperature. Coke and pitch char materials which had
been treated at temperatures in excess of 1200 °C had very low reaction rates at
temperatures up to 900 °C. It was considered that the principal factors which

influence the intrinsic reaction rates of the different materials were:

(a) the physical structure of the chars and hence the reactive surface areas, and

(b) the catalytic influence of the ash materials.

The intrinsic reactivities of a wide range of carbon and char materials to oxygen
were studied by Smith®’. Making use of published data from a number of
sources, the measured kinetics were corrected for system effects, i.e. the extent to
which external mass transfer effects influenced the reactivities, and then the effects
of pore diffusion and chemical reaction on the surface were separated. Using data
where there was sufficient information on mass transfer, pore structure and

reaction temperature, the intrinsic reaction rates for 32 porous and 17 non-porous

carbons and chars were derived, corrected to a common oxygen pressure of 101
kPa.

The data are summarised 1n Figure 2.4, which shows the intrinsic reaction rate as a

function of reaction temperature in an Arrhenius form.  The overall average

activation energy of 179.4 kJ mol" indicates a strong temperature dependence for
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the reaction of carbon with oxygen. At any given temperature, the intrinsic

reactivities of different carbons and chars varied by up to 4 orders of magnitude.

This reflects the influence of atomic structure of the carbon and the presence of

impurities.

Of particular interest in this regard are the results reported by Lang, Magnier and
May®”’. The intrinsic reactivities of a wide range of carbons and char materials

were measured after pre-treatment by heating at temperatures in excess of 2700 °C
(2973 K). Some of the carbons were also exposed to chlorine at these
temperatures in an attempt to remove inorganic impurities. =~ The iIntrinsic
reactivities of these materials to oxygen were measured at 600 °C (873 K). They
were found to be very low and varied only by a factor of 3, despite the wide range
of parent materials. @ These results indicate that after extreme pre-treatment
conditions, and the removal of inorganic impurities, the intrinsic reactivities of a

wide range of materials were very similar. It was considered that the high
temperature pre-treatment, in addition to the removal of catalytic impurities, also

caused re-arrangement of the carbon atoms to a more uniform structure, with low

active surface areas.

_24_5 Inhibitic AN atalvsis ¢ 1€ arbon-G:¢ Reg u

el e

The reaction rates of carbonaceous material during gasification reactions are

Influenced by a nuber of factors, viz:

a. the porosity of the material and hence the surface area available for reaction,

b. the degree of crystaline order within the carbon structure, and hence the

concentration of reactive surface sites,

c. the presence of chemical species, which can act to inhibit or to catalyse the

gasification reaction, and
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d. the formation of a glossy layer on the carbon surface, which can represent a

barrier between the carbon and the reactant gas.

In highly ordered carbons, two principal types of active site have been identified,

VIZ:
1.  zig-zag sites, and

il. armchair structures.

These are illustrated in Figure 2.5. The relative reactivities of these sites has

proved difficult to measure, and are considered to vary depending on the reactant

gas specles, the reaction temperature and on steric effects®,

2.5.1 Inhibition of the Carbon-Gas Reaction

A range of chemical species have been found to inhibit the carbon-gas reaction.
These are mainly compounds of phosphorus, boron, and the halogens. Specific

chemical species which have been identified as inhibitors include®*%®
e organophosphorus compounds,

e phosphonyl and sulphonyl chloride,

* halogen gases and organohalogens,

¢ Dboron and boron oxiﬂe,

e organo-boron compounds, and

e some transition metal compounds.

It 1s thought that these species act as inhibitors of the carbon-gas reactions by

competing for or masking active sites on the surface of the carbon. These

compunds are commonly used in flame retardent materials.
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2.5.2 Catalysis of the Carbon-Gas Reaction

It is known that the presence of alkali and alkaline earth metals and some of the
transition metals can catalyse the gasifications reaction of carbonaceous materials.

This i1s a very important and generally desirable effect in that it enhances the
reaction rates 1n gasification reactions. It can also be undesirable however, when
these metals are present as impurities and lead to the reduction of the lifetimes of

important industrial equipment such as carbon electrodes. For these reasons the
subject of gasification catalysis has been studied extensively(31'35). These
processes are very complex and difficult to study since most industrially important
gasification reactions are rapid and are performed at high temperatures. The

result is that although there has been a steady increase in the level of fundamental

knowledge of the reaction mechanisms, there is still much to be resolved.

In the mvestigation of catalytic reactions of this type, the attractions of employing
techniques which can study the process 'in-situ’ are obvious. The most useful
technique has been controlled atmosphere microsc0py(31' s especially electron
microscopy, (CAEM), and most of the more important recent work has been done
using this approach®”., It is possible to provide back-scattered or secondary
electron images of the surface morphology, to perform Selected Area Diffraction
(SAD) measurements, which provide information on the crystal structure of the

material and to provide chemical analysis of selected areas using EDAX

techniques(33) ..

The results of studies using the CAEM have been conducted with graphitic carbons
and only a few studies of disordered carbons have been reported®”. A number of

mechanism schemes have been suggested however in the majority of systems it is

considered that the carbon-gas reaction occurs at the catalyst-carbon interface.

One of the key parameters which controls the nature of the morphological changes

In the carbon surface during catalytic gasification reactions is the physical nature of
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the catalyst and its distribution on the carbon surface. This is illustrated in Figure

2.6.

At one extreme, the catalyst can be in the form of a discrete particle, which does
not wet the carbon material and the catalysed carbon loss tends to be in the form of
channels and pits in the carbon's substrate. At the other extreme, where the

catalyst 1s more evenly dispersed across the surface or in the form of a surface

film, carbon loss is in the form of accelerated edge recession.

2.5.3 Summary of Literature on the Gasification of Carbonaceous Char

Materials

It 1s clear from the material presented above that the kinetics of char gasification

reactions are controlled by a number of factors, viz;

(a) The physical structure of the carbonaceous char which is dependant on the
nature of the parent material and on the pyrolysis conditions. The char structure,
1.e. the open porosity and char area, and the degree of order within the char, have

a major influence on the concentration of reactive sites on the char surface which

are availlable for reaction.

(b) The presence of other chemical species in the impure carbonaceous chars can
act as both inhibitors of the gasification reaction, by competing for or masking
reactive sites, or as catalysts. The mechanisms of the inhibition and catalysis
processes are not well understood, however, the results of experimental studies
have indicated that the progress of catalysed gasification is strongly influenced by

the physical nature of the catalyst species and its distribution within the char.

Discrete catalyst material occurrences can lead to channelling and pitting on the

char surface, whereas catalyst species which are more uniformly dispersed within

the char lead to reaction at the char surface by an edge recession mechanism.
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(c) The results of analysis by the kinetics of the char gasification reactions, and

principally the reactions of carbon with oxygen, indicate a strong temperature
dependance, with the measured activation energies of the char-oxygen reaction in

the range 100-200 kJ mol™. The carbon-oxygen reaction is generally considered

to be first order or less, with respect to the carbon concentration.

These general observations refer to the results of experimental studies which have

been concerned, 1n the main, with relatively pure carbonaceous chars and carbons.
The more specific technical literature, concerned with the pyrolysis and

gasification reactions of biomass and waste materials, will be discussed in more

detail later in this chapter.

2,6 he N¢ > of Biomass and We

The principal types of biomass and wastes materials which are used as fuels are:

(1) Wood wastes of various types, i.e. forestry, sawmill and demolition wastes,

(11) Dry agricultural wastes, principally cereal, oil seed, rape and linseed straws,

(1) Domestic and industrial, non-hazardous dry wastes,

(iv) Municipal, agricultural and industrial sludges, and

(v) Specific energy crops.

The most important constituent of most biomass and waste materials is plant

matter, which comprises three principal organic constituents, viz®®:

o cellulose (40-50 %),
e hemicellulose (25-40 %), and

e lignin (15-30 %).
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Most plant materials also contain inorganic components, generally in small

quantities, typically < 10% w/w. A general composition assay for a variety of

biomass types is presented in Table 2,174V,

2.6.1 Cellulose

Cellulose 1s the principal cell wall component in plant tissues. It 1s a linear

condensation polymer consisting of D-anhydroglucopyranose units linked by f8 1,4

(38)

glycosidic bonds The anhydroglucose units form cellulosic strands which are

interlinked by hydrogen bonding and Van der Waals forces. The structure of
cellulose is illustrated in Figure 2,.7%.

2.6.2 Hemicellulose

Hemicellulose is a complex heteropolymer which has a branched molecular

structure. It can show significant variation in composition among plant species
and can contain two, four, five or six different sugar units such as D-xylose, D-
mannose, D-galactose and L-araboise. In the case of hardwoods, xylon is the
predominant hemicellulose and is a polymer of the pentosan sugar xylose. In
softwoods, glucomannans (mannans) are the principal hemicellulose component(”).
The structures of the hemicellulose materials in softwood and hardwood are

presented 1n Figures 2.8 and 2.9, rf:spectivel),r(43 )

2.6.3 Lignin

Lignin 1s a macromolecule which consist of an irregular array of hydroxy and

methoxy phenylpropane units, bonded in a variety of ways. The precursors of

lignin biosynthesis are presented in Figure 2.10.

'A' 18 a minor precursor of softwood and hardwood lignins. 'B' is the
predominant precursor of softwood lignin and both 'B' and 'C' are precursors of
hardwood lignin. These alcohols are linked in lignin by ether and carbon-carbon

bonds®®. In woody materials, lignin acts as a binder for cellulose and
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hemicellulose fibres, however there is no single chemical structure as it varies

between different plant species™”. An example of a particular lignin structure,

that of normal conifer wood, is presented in Figure 2.11.

2.0.4 The Mineral Matter in Plant Materials

All plant materials contain mineral matter in quantities which vary up to around

20%, but more commonly less than 5 %“?. The ash contents of various types of
biomass are presented in Table 22 The major constituents of the mineral
materials are S10, either as quartz or in an amorphous form, and simple salts of

Ca, Mg, Na or K, principally as oxides, hydroxides, phosphates, carbonates and

oxalates“®.

The chemical compositions of a number of wood ash and straw ash materials are
listed in Tables 2.3 and 2.4“" *®.  These ash materials were prepared by
combustion of the biomass materials in a muffle furnace at temperatures up to 600-

800 °C, to a constant weight.

The major constituents of biomass ashes are generally very similar, although the
concentrations of particular constituents, and particularly the SiO,, K,0, Ca0O and

P,0; can vary widely “°?.

2.7 The Nature of RDF

Municipal solid waste (MSW) is a heterogeneous material which consists of
residential, general industrial and institutional waste. = The estimated annual
arisings in Britain are of the order of 25 million tonnes of which about 90 % is

currently landfilled and the remainder is disposed of at specially designed mass

burn incinerators®.

The composition of MSW is highly variable, depending on factors such as season

and location and therefore there is no exact composition. An average category
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assay is presented in Table 2.5°”. The major constituents are, cellulose-based

materials including paper, newsprint, packaging materials and food wastes which

collectively account for over 50 % w/w of MSW. The remainder is a mixture of

mineral fines, glass and plastics, the majority of which reduce the overall bulk

calorific value and significantly increase the ash content.

An alternative to landfill and mass burn incineration is to pretreat the waste prior
to combustion to produce a waste derived fuel which can be combusted in more
conventional equipment.  This pre-treatment involves the recovery of metals,

glass, plastics and fines to produce a relatively homogenous fuel with an improved
calorific value and reduced ash content. There are two basic types of refuse

derived fuel which are commonly produced:

(i) coarse ('floc') RDF with a yield weight in excess of 50 % produced by

screening, ferrous metal extraction and coarse shredding and,

(ii) densified or pelletised RDF with a yield weight of less than 50 % which

involves a high degree of sorting and pre-treatment.

An average composition of densified and dried RDF 1s presented in Table 2.6

The treated material has a high concentration of paper/board and sheet plastic
which can account for ~ 85 % of the total weight composition. RDF also has a

reduced ash and moisture content and a significantly improved Gross Calorific

Value (GCV) of 16-19 MJ kg as received (20-25 MJ kg'l, dry ash free).

The plastic fraction of RDF is important as it is present in significant quantity and
has a calorific value of ~ 37 MJ kg", almost double that of cellulose-based
materials.  The average distribution of plastic material is presented in Table

2.7°%.  An important aspect of the plastic fraction is the significant quantity of

poly(vinyl chloride) as this is one of the principal forms of chlorine in the fuel.

The combustible component of RDF can be treated as a composite of cellulosic

(natural polymers) and plastic (synthetic polymer) fractions. Various components
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