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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.
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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
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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

page 29



Chapter 2
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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of the cellulosic fraction, paper, food and garden waste etc. decompose over the

temperature range 300-400 °C. The non-chlorinated plastic fraction decompose at

higher temperatures, 400-500 °C while the chlorinated polymers decompose at
lower temperatures of 250-400 °C®>,

2.7.1 Ash Material in RDF

The average composition of RDF ash is presented in Table 2.8°”. RDF ashes
have levels of SiO, and Al,0, similar to those of coal ashes, but they have
relatively high CaO, MgO and Na,O and relatively low K,0 and Fe,O; contents.
The RDF also have relatively low and short fusion temperature ranges, initial
deformation to complete fusion occurs between about 1100-1250 °C. This is fairly

typical of ashes with relatively high levels of alkali and alkaline earth metals®”,

The alkali metals can be present in the RDF in two forms

e as simple organic salts or in ion-exchangeable form associated with the organic

material, or

e as a constituent of clay minerals, glass or other silicate based materials.

The alkali metals in simple inorganic salts or in ion-exchangeable form are likely
to be more readily available for volatilisation during a combustion or gasification

process than that present in the silicate systems®”.

2.8 Pvyrolvsi

echani or Biomass and Bioma ymponent

Pyrolysis processes involve the thermal degradation of carbonaceous materials at
temperatures in the range 400-1000 °C, in the absence of an oxidising agent or
with such a limited supply that gasification does not readily occur to an appreciable
extent. The products of the pyrolysis processes are a solid carbonaceous char, a

combustible gas and a range of liquid and tar products. The relative proportions
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of these products depend on the feed material and the pyrolysis conditions.

Pyrolysis processes of industrial interest can be divided into the following three

categories:

1. Slow Pyrolysis or carbonisation processes involve very low heating rates and

low maximum temperatures, and are generally employed to provide solid
carbonaceous char material as the primary product. The gaseous and liquid by-

products are burned to provide energy for process heating or are recovered as

feedstocks for the production of chemicals.

2. Conventional Pyrolysis processes employ moderate heating rates and maximum

temperatures and generate solid, liquid and gaseous products in roughly equal

proportions.

3. Fast Pyrolysis processes are employed to maximise the yields of gaseous and
liquid products. Flash pyrolysis involves treatment at very high heating rates at
moderate maximum temperatures, usually up to 600 °C or so, followed by rapid
quenching to induce condensation of the liquid products. Fast pyrolysis at higher

temperatures can be employed to maximise the yields of combustible gaseous

products.

The results of numerous experimental studies of the pyrolysis of biomass materials

have been published. In the main, these are of three types, viz;

a. fundamental studies of the pyrolysis mechanisms of major components of

biomass material, i.e. cellulose, hemicellulose and lignin,

b. laboratory studies of the pyrolysis of biomass materials, principally of wood,
and

c.  Investigations of the influence of inorganic species on the pyrolysis of

biomass materials and their constituents.

page 32



Chapter 2
The pyrolysis reactions of biomass materials are complex and involve a wide range

of solid, liquid and gaseous products, the yields and nature of which are dependent

on the pyrolysis conditions, and principally on the heating rate and the maximum

temperature.

2.8.1 Cellulose Pyrolysis

A number of reaction schemes which describe the pyrolysis of cellulose have been

suggested. Shafizadeh proposed two general pathways of cellulose decomposition

which are presented in Figure 2.12°%.

Heating at low temperatures, below 280 °C, results in pathway (a), with gradual

decomposition and the charring of cellulose occurring. When higher temperatures

are employed, (b) and (c) are the dominant reaction pathways, where rapid

volatilisation of cellulose occurs leading to the formation of levoglucosan and

combustible volatiles. It was suggested that these two reaction pathways are

competitive with the pyrolysis conditions employed dictating which reaction path

will dominate.

A more detailed model for cellulose pyrolysis was subsequently proposed by

Shafizadeh and Fu®”. This was based on the previously described global reaction
mechanism which incorporates a route for the formation of tar and volatile matter
from the cellulose by a depolymerisation reaction. It was suggested that cleavage

of the glycosidic groups proceeds through a transglycosylation mechanism with the

participation of one of the free hydroxyl groups in the cellulose polymer. This
model is presented in Figure 2.13°".

An additional scheme for cellulose pyrolysis at low temperatures was proposed by

Kilzer and Broido®®. This scheme which is based on three reaction processes 1S
presented in Figure 2.14. [Initially, dehydration reactions occur at approximately
220 °C, leading to pure cellulose losing water to yield dihydrocellulose i.e. "active

cellulose”.  Following this, depolymerisation of the cellulose occurs at around

280°C with tar and volatile materials produced. This reaction competes with the
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dehydration reaction. ° The third and final reaction is the decomposition of

dihydrocellulose into gaseous products and char.

A modified reaction scheme based on the Kilzer and Broido model was proposed
by Agrawel®” who suggested that the formation of char and gas are not linked and

that they are produced from two competitive first order reactions. This model is

presented in Figure 2.15.

2.8.2 Hemicellulose Pyrolysis

The thermal decomposition of hemilcellulose has been reported to start at
temperatures as low as 120 °C and 1s completed by 325 oC® A reaction pathway
comparable to that for cellulose is generally accepted with dehydration reactions
predominant at the low temperatures. Dehydration is characterised by random
cleavage of the C-O bonds which produces branched chain anhydride fragments,

water soluble acids, char and light gases™. During high temperature
depolymerisation, a characteristic tarry intermediate (analogous to levoglucosan 1n

cellulose pyrolysis) is considered to exist. It is thought to be a furan or furfural

for hemicellulosic pentosans, but has not been clearly defined”®. These furan

derivatives are difficult to isolate due to their extremely rapid formation and

decomposition.
2.8.3 Lignin Pyrolysis

The study of lignin pyrolysis is extremely complex since it varies between different

biomass materials and is affected by the nature of the extraction technique. Mass

spectroscopy results have shown a series of methoxy phenols are the predominant
pyrolysis products®®. In general, lignin is more thermally stable than the other
plant components, and tends to give higher yields of carbonaceous residue and a
higher fraction of aromatics in the liquid pyrolysis product compared with both
cellulose and hemicellulose®®.  Antal® proposed that primary pyrolysis occurs
with the cleavage of the straight carbon chains which connect the aromatic units.

In addition, it was suggested that rapid pyrolysis may initially result in the
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formation of monomeric phenylpropane units, with increased pyrolysis producing a

number of phenolic compounds including phenols, cresols, catechols, xylenols and

char from the aromatic monomers.

2.9 Biomass Pyrolysis

There are a number of procedures employed for the study of biomass pyrolysis,

many of which have been reviewed in publications by Bridgewater(“' N

Maschio et al®® carried out slow pyrolysis of wood with a final temperature of 500

°C. The yields of pyrolysis products are presented in Table 2,.9. They found

that the char was a carbonaceous residue with an elemental composition of carbon

72 %, hydrogen 3 % and oxygen 17.4 %. The tar fraction comprised insoluble

organics, mainly high molecular weight aromatics. The gaseous products were

mainly carbon oxides, hydrogen, methane and relatively small quantities of higher

molecular weight hydrocarbon species.

The published details of the influence of carbonisation conditions on biomass char
yields and their properties are limited, and there are relatively few detailed
studies”.  Figueiredo et al”®, for instance published the results of studies of the
effects of temperature and particle size on the pyrolysis of holm-oak wood. They
found that the pyrolysis process was practically complete at 400 °C and that only a

minimal quantity of further volatile matter and gas were produced when the
temperature was increased to 700 °C. The carbon content of the residual char did
not significantly change above 700 °C, however the nitrogen concentration,
although small, did increase slightly with increasing temperature.  When the
product distributions were studied the optimum yield of liquid product was
obtained with a final temperature of 500 °C, and an optimum yield of gas product

was obtained with a final temperature of 600 °C. It was demonstrated that the
particle size of the wood did not significantly affect the product yields.
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Kumar and Guptam) studied the influence of carbonisation conditions on the

physical properties of wood chars. They found that for a range of chars prepared
by slow pyrolysis over a range of temperatures up to 1000 °C, the porosity
increased with increasing final temperature. However, if the chars were subjected
to a prolonged soaking time between 800-1000 °C, their porosity was reduced. In
agreement with Figueiredo”” they also found that the char carbon content
increased with increasing temperature, however, in addition they concluded that

the specific density of the char also increased with carbon content and increasing

final temperature.

These results and conclusions were similar to published data for pitchm). coals™,

(74) (75)

, petroleum coke

cokes and polymer carbons’® which suggested that the

specific density of chars prepared from these materials was a function of

temperature and elemental composition.

2:9.1 Influence of Inorganic Constituents on Biomass and Biomass

Components During Pyrolysis

It has been shown by many experimentalists, that the presence of inorganic
additives or impurities has an effect on the behaviour of cellulosic materials during
pyrolysis. These effects were summarised by Shafizadeh®, who stated that their
presence produces increases in the yields of CO, CO,, H,0 and char and decreases
in the yield of tars and oils. Kinetic studies by Shafizadeh have also indicated that
the activation energy of the overall pyrolysis process is substantially lowered by

the presence of inorganic materials.

The majority of the experimental work reported in the literature is concerned with
the effects of individual metal ions, principally as carbonates and chlorides on the

pyrolysis of cellulose and wood materials.

The effect of metal cations, calcium and potassium, on cellulose pyrolysis was
studied by DeGroot and Shafizadeh®. They found that the presence of calcium

lons increased the decomposition temperature of cellulose but had only a slight
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effect on the char yield, while potassium ions reduced the decomposition

temperature and also significantly increased the char yield.

The effects of calcium and potassium which were added by an i1on-exchange
method, as well as the effect of other individual metal ions on the pyrolysis of
wood were studied by Richards and Zheng"” and their results were in general
agreement with those of DeGroot and Shafizadeh®. They found that potassium

ions acted as a catalyst in wood pyrolysis reactions while calcium ions did not.
The results of this study also showed that potassium ions in wood produce an
increase in char yield accompanied with a corresponding decrease in tar formation.
This was also found to occur for the calcium ions which is opposite to their effect

in cellulose. This effect was found to occur for all alkali metal ions in wood.

Richards and Zheng!"” also impregnated wood samples with the transition metals
Fe, Zn, Cu and Ni, all in the 2* oxidation state. During pyrolysis, all of the
samples which were impregnated yielded similar products to those of the untreated
wood. However, for ion exchanged samples, an increase in levoglucosan was
observed which contradicted the decrease in levoglucosan which was found for
cellulose with metal ions. It was suggested that the catalysis of levoglucosan

formation in wood with metal ions may involve some interaction of lignin. They
tentatively suggested that the presence of transition metal ions in particular,

decrease interference by lignin on levoglucosan formation from cellulose. They

state that transition metal ions are noted for their ability to form complexes with

phenols, which are polymeric units of lignin.

The effects of carbonate addition on cellulose pyrolysis was studied by DeGroot
and Shafizadeh® and also Mardorsky®”. DeGroot and Shafizadeh®” studied the
effects of K,CO;, and found it promoted an increase in the decomposition
temperature and also produced a significant increase in char yield. The difference
between the potassium ion catalysis and potassium carbonate salt was suggested to

be attributable to counter ion effects occurring with the salt treated sample which

are not present with the 1on exchanged sample.
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The conclusions of work by Mardorsky®" et al on Na,CO, and NaCl addition in

cellulose was that the activation energy and thermal decomposition temperature
were lowered. These occurences were attributed to the catalysis of the
dehydration of cellulose by the cleavage of the C-O bonds, resulting in the

destruction of the hexose units and an increase in the yield of water at the expense
of tar.

Zaror” also investigated the effect of sodium and potassium carbonates on the
pyrolysis of both wood and cellulose. He suggested that the impregnation of the
sample with the salts has an influence on the pyrolysis products. He proposed that
the impregnation of cellulose with Na,CO,; weakens the less resistant glycosidic
bonds by hydrolytic action of the base, C02'3. He observed that there was a size
increase in the cellulose fibres due to adsorption of water during impregnation
leading to inter-crystalline swelling.  The higher the polarity of the liquid, the
greater the extent of swelling, which leads to a weakening of the hydrogen bonds
between the hydroxyl groups in the inter-crystalline region of cellulose. Zaror
further suggested that the weakening of the cellulose structure through both
chemical attack and swelling leads to char formation being impaired. On the other
hand, he observed that in the presence of carbonate salts, char yields were
increased.  This was attributed to the possible catalytic effects of the alkali
carbonates overcoming the changes induced by impregnation so that catalysis of the

dehydration reaction dominated.

The effects of chloride addition to cellulose were studied by Oren et al®?,  They
added potassium chloride (KCI) to cellulose samples prior to pyrolysis in N, at
atmospheric pressure between 300 and 325 °C. The addition of KCl produced an
Increase in the char yields, from 15-20 % for the untreated cellulose to 30-35 %
for the pre-treated material.  This was attributed to the salt catalysing the

dehydration reaction and char formation reactions at the expense of the

depolymerisation reaction.
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Shafizadeh et al® studied the effect of zinc chloride (ZnCl,) on the pyrolysis of

cellulose. They found that as the concentration of ZnCl, was increased, the peak
decomposition temperature was lowered, and the decomposition temperature range
was broadened, from 280-330 °C to 200-358 °C. They also observed an increase
in char and gas formation as the salt concentration was increased. The broadening

of the decomposition temperature range and increase in char and gas yields was

thought to be due to the presence of ZnCl,, which is a Lewis acid. The acidic
material suppresses the production of the combustible volatiles, and catalyses the
transglycosylation, dehydration and condensation reactions which lead to char
formation. Levoglucosone was also found in the condensate which Shafizadeh had
previously shown to be a product of the acid catalysed pyrolysis of cellulose®.
Shafizadeh® suggested that the increase in char and gas formation was due to the

formation of hydrochloric acid (HCl). They proposed that HCI could initiate the

acid catalysed dehydration reactions and could also catalyse the condensation
reactions of the intermediate products. The condensation reactions would give

rise to products which can no longer escape from the heated zone by evaporation

and thus remain to be roasted and form char.

Zaror"® compared the effects of carbonate addition and chloride addition in both
cellulose and wood. He observed that an increase in concentration of carbonate
salts in both cellulose and wood lead to a reduction in decomposition temperature.
In the instances of sodium and potassium chloride salts, the decomposition
temperature was only reduced by 10 °C, and was not affected by the salt
concentration. The results also showed a decrease in dehydration efficiency with
increasing amounts of alkali chloride salt added (> 2 %), which was attributed to
the chloride anions. He proposed that the increasing chloride concentration may
catalyse competing reactions to the dehydration reactions. It was concluded that
for both carbonate and chloride salts, the sodium salt appeared to be the most

effective catalyst which indicates that the cation must have an important role 1n the

catalytic action of a salt.
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Overall, it is clear that the presence of inorganic consituents, and particularly the

salts of the alkali and alkaline earth metals can have a significant effect on the
pyrolysis of cellulose and biomass materials. In general, the effect of the presence
of the alkali metal salts was to increase the char yield and decrease the yield of tar

materials.  The precise mechanisms responsible for these effects are not well
understood and the effects are dependent on the experimental details, i.e. whether
the inorganic salts were introduced by ion exchange or by simple additive mixture.
However, in a publication concerning the effects of ion exchange (Na*, K*, Ca**,
or Ba**) on low rank coal, Britt et al have suggested some reaction mechanisms
which may be applicable to biomass pyrolysis'™. They suggested that the
presence of these ions, in the form of carboxylate salts, had an effect on the
reaction pathways which lead to decarboxylation and subsequent cross-Inking.
The presence of chloride in biomass pyrolysis has also been found to have a
significant effect on the yields of char and tars, and on the decomposition

temperatures. Again, the precise mechanism is not well understood.

2.10 Pyrolyvsis Reactions of hetic Polvme

In addition to ligno-cellulose materials, most municipal waste and refuse derived
fuel materials contain synthetic polymers in sheet and lump form. It is instructive
therefore to consider the information in the technical literature about the pyrolysis

of these materials.

2.10.1 Pyrolysis of Poly(vinylchloride)

The pyrolysis of PVC has been the subject of a number of experimental studies and
is relevant to the current discussion since it is present in significant quantities in
municipal waste and refuse derived fuel, and was one of the synthetic polymers

selected for the experimental work.
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PVC i1s inherently stable at ambient temperatures, however an increase in

temperature ab;)ve 100 °C (373 K) leads to decomposition with the evolution of
hydrogen chloride and the development of colouration. The intensity of this
colour is a function of the degree of degradation, varying from yellow imtially, to
reddish brown and finally to black as the decomposition proceeds. The
dehydrochlorination is practically complete after 30 minutes at 300 °C (573 K)

when small amounts of aliphatic, unsaturated and aromatic hydrocarbons have been
formed. Free chlorine and hydrogen have not been detected®”. The rates of
decomposition and colour formation are temperature dependent, both increasing
with increasing temperature. It is believed that the colouring of the polymer is the
result of the formation of conjugated double bonds. Abbas and Sorvick®” have
suggested that the most probable sequence length is below 10 units, and this 1s In

(82)

agreement statements in earlier publications The presence of such a sequence

implies that the removal of HCl occurs sytematically.

The exact mechanism for the dehydrochlorination of PVC remains uncertain,
however, several mechanisms for the formation of polyene structures in non-
oxygenated atmospheres have been proposed such as the radical chain, ionic and
unimolecular elimination mechanisms. The only mechanism of relevance is in this
study is the radical chain mechanism since it is the only one which can occur under

(80)

pyrolysis conditions This is described below;

e Radical Chain Mechanism

Studies have indicated that polymer degradation proceeds by a free radical process,
with the initial loss of hydrogen chloride initiated by the attack of radicals which

are produced by the decomposition of residual catalyst or peroxide structures in the

polymer chain. Winkler proposed a free radical chain reaction which consists of

(83)

three basic steps™ ™, the generation of a halide atom, the abstraction of a hydrogen

atom from PVC by the halide atom, and the rearrangement of the generated radical

to give an alkene and another halide atom to continue the process. This reaction

mechanism is outlined below in equations 2.16 to 2.18:
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equ. 2.16

R* + ANACH—CHAMAA —B= RH + AN C H-CHAAAN

| ;
Cl Cl

equ, 2.17

NN NN CH-CH\ NN\ —P AN NNCH=CH—CHs—~CH AN+ CI*

| l
Cl Cl

Cqtl, 2,13

/\/\/\/\CH=CH—CH2—?H/\/\/\—> /\/\/\CH=CH—C*H—?H/\/\/\ + HCI

Ci Cl

The main evidence supporting this mechanism was the detection of free radicals

during polymer degradation by electron spin resonance techniques(34)

2.10.2 Pyrolysis of Poly(ethene)

Poly(ethene) is the most abundant synthetic polymer found in municipal waste and

refuse derived fuel materials and can account for up to around 60 % of the total

plastic fraction®?.

When it is heated, poly(ethene) begins to decompose at around 300 °C to give a
range of products which mainly consist of lower molecular mass hydrocarbons.

At temperatures above 350 °C, gaseous products are evolved with butene being the

main component. Depolymerisation to ethene does not occur.

The main conclusion from kinetic studies is that poly(ethene) degradation is a
random process of inter-carbon bond ruptures, however there is some evidence to

support the theory that initial points of attack are the tertiary carbon atoms which
occur in branched structures®
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2.11

luence ¢

1organic Constituents on Biomass and Waste Gasification

The presence of certain alkali and alkaline earth metals are known to influence coal

gasification reactions in a variety of atmospheres®”.  This effect has been

extensively studied for chars prepared from coals. Of most relevance in the

current context i1s the work on low rank coals and on wood materials.

The effects of Ca, Mg, K and Na on the reactivity of Zap Indian Head Lignite
were studied by Serio et al®®. Samples were prepared by HCI-HF
demineralisation and then loaded with up to 2.0 wt % of metal by ion-exchange.
The chars were prepared by heating at 30 °C min™ to 900 °C, and the reactivity
was measured non-isothermally in air.  Increasing the Ca and Mg loadings
increased the reactivity of the demineralised Zap lignite char, until a saturation
point was reached. The reactivity of the Na and K loaded chars increased sharply
at low concentrations, up to around 0.5 wt % and then decreased sharply to a value
less than that of the untreated demineralised char. The CO, BET surface areas of
the Na-char were found to decrease from 274 m’ g for the demineralised char to

0.5m’ g’ at 2.0 wt % loading. It was therefore concluded that at high loadings

of Na and K, the inhibition of char reactivity was related to a reduction of the

surface area during pyrolysis.

Fung et al®” and Morales®” studied the effect of a wider range of alkali and alkali
earth metals on the reactivity of low rank coal gasification in oxygen. The authors

concluded that char reactivity was influenced by the presence of Ca, Mg, Na, K,
Cu and Cr.

It 1s clear from published studies, that calcium and calcium salts and oxides are

important in the gasification of low rank coals in various atmospheres(gl' ) This

(91)

was shown by Hippo et al” by an investigation of the reactivity in steam of 12

Texas lignite chars, which had been loaded with various concentrations of Ca.

They found that there was a linear increase in the reactivity of the char as the Ca
loading increased from 1.1 to 12.9 wt %.
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This work was extended by Linares-Solano®?, who investigated the reactivity of

the 12 Ca-loaded lignite chars in both air and CO,. They reported that the

reactivity of the chars increased with Ca-loading in both atmospheres.

The influence of the char preparation procedure and the nature of the catalyst
material on the gasification of lignite chars was studied by Radovic et al®.  The

chars were prepared from North Dakota lignite, and lignite samples which had

been demineralised and loaded with 2.9 % w/w Ca.  The char preparation
involved heating to 1002 °C (1275 K), and holding for residence times up to an

hour. The reactivity of the chars under gasification conditions was found to
increase with decreasing residence time.  For chars prepared with the same
residence time, the reactivity increased with increasing Ca loading. Analysis of

the chars using X-ray diffraction techniques indicated that the decrease in the char

reactivity with the increase in residence time may have been due to the sintering of
the Ca0.

There have been a number of studies of the catalytic effects of alkali and alkaline

earth metals on the gasification of biomass and wastes in various atmospheres. De

Groot et al®¥ gasified chars prepared from sphagnum peat, wheat straw, sugar

beet, and potato pulp, in a CO, atmosphere and found that the reactivities increased

with increasing concentrations of inherent K and Ca. The wheat straw did not

conform to the char reactivity-Ca concentration curve. This was considered to be

a consequence of the relatively high S10, content of the straw.

De Groot et al® also studied the gasification of chars prepared from wood which

had been 1on-exchanged with Co, Ca, Na, K or Mg, or had been treated with

acetate salt of Co, Ca or K to incorporate a higher concentration of alkali metal

than 1s attainable via ion exchange. The results showed that the reaction rates of
the chars prepared from all of the treated wood samples were increased. The Co
and Ca ion-exchanged sample char gasified at a faster rate than the Na, K or Mg

sample chars, while the chars prepared from the wood loaded with acetate salts of
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K, Ca or Co gasified at a rate faster than their corresponding ion-exchanged

samples.

It 1s evident from the available literature that those alkali and alkaline earth metals

which are more catalytically active in the gasification of low rank coals are also the
most effective catalysts for the gasification of biomass. A study completed by

Kannan and Richards® indicated that the CO, gasification of biomass chars was
affected by the concentrations of K and Ca, in the instances where the

concentrations of all other metals were relatively low. The authors found that the

molar catalytic activity of Ca and K was almost identical, and this was a similar
finding to that by Walker®” concerning the gasification of Texas lignite chars in
CO,. Kannan and Richards® also found that chars prepared from samples with

high concentrations of Si, namely wheat straws and coir dust, deviated from the

linear correlation. The authors concluded that the effect of K was reduced by Si.
This finding was confirmed when the reactivity of chars prepared from potato

pulp, the most reactive biomass char which also contained the highest

concentration of K, was reduced when Si was added in increasing amounts.

A number of general conclusions can be made from the experimental studies of the
influences of the presence of inorganic species on the gasification of chars prepared
from low rank coals and biomass materials. In those studies where the parent
materials and chars were artificially loaded with Ca and K compounds, an increase
In the reactivity of the char under gasification conditions was measured. The
reactivity of the chars was also influenced by the char preparation and inorganic
material loading procedures. In a number of studies, it was found that the

presence of significant quantities of SiO, in the char had the effect of suppressing

the catalytic effect of the Ca and K compounds.
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Softwood
Hardwood 39.0 35.0 19.5 0.3

Wheat Straw 39.9 28.2 16.7 6.6

Rice Straw 30.2 24 .5 11.9 16.1

(39-41)

Table 2.1 Composition of selected plant types

PlantType | A%

Brazil Nut Husk 6.0 Palm Nut Shell 3.0
Clove Stalk 7.5 Peanut Shell 2.0

Coconut Shell 5.0 Straw Cereal 6.0
Cotton Seeds 3.0 Straw Rape 3.4

Cotton Pods | 7.0 Wood 1.0

Table 2.2 Typical Ash Contents of Various Plants"*”
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Soil Type

Table 2.3  Ash Composition of Various Tree Types

0-2

1-2

30-60

5-10

10-30

2-15

1-5

5-15

4.7

1.5

32.0

4.4

8.5

2.3

1.8

0.3

)7

4.8

Coastal Sand

0.9

0.5

65.0

8.3

9.9

0.8

0.9

0.1

2.2

£

Brown
Earth

(47, 48)

1.4

0.7

45.0

10.8

11.4

1.3

5.6

0.1

2.2

17.0

Peat
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8.5-12.5

0.1-2.8

0.6-4.4

40.0-46.6

4.5-5.4

8.0-16.9

1.0-2.7

3.8-5.9

2.6-3.4

Ash wt, %)| 3.3-3.5 2.9-6.1 4.0-7.4

S10, 26.7-69.4 25.6-53.6 14.8-65.5  40.3-47.1

Al,0; 0.1-1.1 0.1-5.6 0.3-5.3 1.4-5.9

Fe,0, 0.4-09  0.4-2.8 0.2-2.5 1.4-2.5
CaO 8.4-15.1 5.9-11.8 3.8-8.9 8.1-15.8
MgO 1.8-5.4 1.9-4.3 2.1-6.6 4.1-5.5
K,O 12.3-51.0 9.2-40.6 10.8-41.0 13.9-18.4
Na,O 0.3-1.7 0.8-0.9 0.7-2.0 1.0-1.6
P,0x 3.19.7  4.1-73  3.0-8.7 6.4-9.0
SO, 1.5-2.9 1.62.9  0.7-2.1 1.0-1.2

Table 2.4  Ash Composition of Various Straw Types'*”

page 48



Paper
Plastic film
Dense Plastic
Texule
Misc. combustible

Misc. non-combustible

(Glass

Ferrous Metal
Non-Ferrous

Putrescible

< 10mm Fraction

Unseparated

Table 2.5

20

10

100

15

25

25

15

10

15

10

65

40

33

Average Category Assay of Typical British Refuse'

85

90

85

950

40

29

52)
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30

15

12

8.4
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Paper/board

Plastic sheet 9-16 11
Glass 1.5

Wood 3.4

Textile | 1.0

Tinfoil | 0.5

Others 1.0

Ash (as analysed) 12-15 %

Moisture (as analysed) 7-9 %

GCV (as received) 16-19 MJ kg™’

Table 2.6 Category Assay and Gross Calorific Value of Pelletised RDF®”
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Table 2.7 Average Distribution of Plastic Material 1n RDF®™

Table 2.8

et SE 58
Poly(styrene) 20
Poly(vinylchloride) 8
Poly(propylene) 3
Others 6

Si0, 45.9-48.2

Al,0, 15.0-18.9
Fe,0; | 4.7-6.3
Ca0O 14.3-16.2
MgO 2.5-3.1
Na,O 4.4-6.1
K,0 2.0-2.2
Ti0, 2.0-3.6
P,04 0.5-1.1
SO, 1.0-1.8

Typical Components of RDF Ash

Chapter 2
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Char 22.9
Tar 10.1
Aqueous 33.3
Gas 32.1

Product Distribution from Slow Biomass Pyrolysis
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Figure 2.1 Linear Relationship Between the Reactive Surface Area and the
Volatile Matter Contents of Five Coals Ranging from Anthracite to
Lignite (after Wang and McEnaney)”"”
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Figure 2.2  Relationship Between the Reactivity and Reactive Surface Area for a

Series of Demineralised Coal Chars, a PVDC Char and an Electrode
Carbon (after Wang and McEnaney)*”
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Figure 2.3 Temperature Dependence of the Gasification Reaction Rates of a
Range of Char Materials in Steam (after Van Heek and Miihlen)”"
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Figure 2.4  Intrinsic Reaction Rate as a Function of Reaction Temperature in an
Arrhenius Form (after Smith)(zz)
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Figure 2.5 Illustration of Zig-Zag and Armchair Lamella Edge Structures

INTERFACIAL ATTRACTION
Weak --for—-v-v-— B Stong

8 a

MODE OF CATALYTIC ATTACK
> > Accelerated

(edge recession)

223 2w o o uf

Channeling
(some pitting)

[llustration of the Relationship Between the Wetting Tendency of a
Catalyst and the Mode of Catalytic Attack

page 55



Chapter 2

CH,OH CH,OH CH,OH
O O O
O
OH O OH O I\ oH
H OH H
n

Figure 2.7  Structure of Cellulose (Haworth Projection)
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Figure 2.8  Structure of Hemicellulose in Softwoods
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Figure 2,10 Precursors of Lignin Biosynthesis
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Figure 2.11 An Example of a Particular Lignin Structure, that of Normal Conifer
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Figure 2,12 Reaction Pathway for Cellulose Pyrolysis/Combustion
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Figure 2.14 Kilzer and Broido Proposed Model for Cellulose Pyrolysis

Anhydrocellulose —® Char and Gases
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Figure 2.15 Agrawel Proposed Model for Cellulose Pyrolysis
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Chapter Three

Objectives

3.1 Obiecti

The thermo-chemical processing of biomass and solid waste materials has been the

subject of significant research and development efforts in North America, Japan
and on continental Europe for over three decades. However, it is only in recent

years that the subject has been given any serious consideration in Britain.

Most biomass and waste gasification systems are based on established technologies
designed for the gasification of coal, which is now a fully commercial process. A
number of integrated gasification combined cycle plant of reasonable size and
which 1nvolve the gasification of coal at pressures up to 10 MPa (100 bar) are in
operation around the world. There is therefore, a requirement for an improved
understanding of how the design and operating parameters of coal gasification plant

can be adapted to operate reliably and efficiently with a biomass and/or waste feed

stock.  This will require an improved knowledge of the characteristics and
behaviour of the feedstock constituents, both organic and inorganic, in gasification

systems. This forms the basis of the objectives for this study.

The principal objectives of this study can be stated as follows;
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(1) To provide data on the basic characteristics, relevant to gasification systems,

of a range of biomass and waste materials in order to make direct comparisons

with coal. The selected materials are listed below:
e (ereal straw
e Wood - short rotation coppice (SRC)

- waste wood (sawmill)
e Municipal solid waste - RDF

(1) To provide information, at laboratory scale, on the behaviour of these
materials during gasification by investigating relevant reactions, i.e. their

behaviour during pyrolysis reactions and the reactivity of the resulting chars in

oxygen.

(111) To provide information about the behaviour of the inorganic constituents of

the biomass and waste feedstocks.

(iv) To provide information about the interactions of the components of municipal

waste by studying the behaviour of mixtures of these components during

relevant thermal processes.

These objectives were established in order to provide a basic understanding of the

behaviour during gasification, of the most commonly available biomass and waste

resources in Britain.
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Chapter Four

Experimental

4.1 Samples

4.1.1 Biomass Samples

In Britain, and in most northern European countries, the most important biomass

materials which are relevant for use as fuels in combustion and gasification

processes are;
()  Surplus cereal straws, and

(1) Wood materials, principally forestry and sawmill wastes, short rotation

coppice wood crops, and industrial wood wastes.

In the course of the project, a number of samples of biomass materials were
collected and these are listed below:

1. Cereal straw, obtained from Mitsui Babcock Technology Centre in Renfrew,

who have been involved in the assessment of straw as a fuel for a number of

years.

Wood Materials, including;
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2.  Danish pine roundwood, from Mitsui Babcock Technology Centre

Short rotation coppice wood from the Long Ashton Research Station, Bristol which

were designated

3. Long Ashton] - mixed 1 year old poplar and willow,
4. Long Ashton ]I - 2 year old willow,

5. Long Ashton III - 3 year old willow, and

6. Long Ashton IV - mixed 3 and 4 year old poplar.

Short rotation coppice poplar sticks of 4 years old from the Silsoe Research

Institute, Bedfordshire. This sample was separated into the following fractions,

7. Bark - separated outer stick material,
8. Sapwood - material beneath bark,

0. Twigs - new shoots from stick, and
10. Bulk - unseparated material.

The cereal straw and Danish pine wood materials had been dried and milled prior
to reception and both of these materials had a grading of 2 mm top size. The four
Long Ashton materials and the Silsoe material were received as chopped sticks.

In order to maintain consistency and to ensure that representative samples of each

material were analysed, all of the Long Ashton as well as all of the fractionated

Silsoe materials were milled to have a top size of 2 mm.

4.1.2 Refuse Derived Fuels

One alternative to the mass burn incineration of municipal solid wastes is to

pretreat the waste to produce a waste-derived fuel which can be combusted or
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gasified in more conventional equipment. Two basic types of refuse-derived fuel

can be prepared,

(@) Coarse (floc)-type RDF, with a mass yield for the raw refuse in excess of

50 %, produced by a combination of screening ferrous metal extraction and
shredding, and

(b) densified or pelletised RDF, with a mass yield of less than 50 %, involving
a high degree of sorting and pre-treatment.

The work reported in this study is concerned with pelletised RDF. A number of
production plants were built in Britain to produce a pelletised and dried RDF. In

this work samples were obtained from two of the RDF plants, which are still in

operation, Viz:
11. the Byker plant in Newcastle upon Tyne, and

12. the Isle of Wight plant.

These samples were obtained from Mitsui Babcock Technology Centre.

4.1,3 Acid-Washed Samples

In an attempt to study the influence of mineral matter on the behaviour of biomass
and waste materials during thermal processing, selected samples were treated by
ingestion in HNO; and HCI solutions. The materials treated were cereal straw,
Danish pure wood, Byker RDF and Isle of Wight RDF. The procedure involved
heating 0.2 litres of 1 M acid to 3540 °C and adding 20 g of pre-dried sample.
De-lonised water was added in order to create a slurry, the amount added

dependant on the bulk volume of the sample, and this was continuously stirred for

a period of 2 hours. Following this, the slurry was filtered and washed with de-
lomised water to remove all the acid. This was carried out until the pH of the

effluent water was identical to the original de-ionised water. The samples were
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then dried in a vacuum oven at 60 °C. The samples prepared by acid washing

WCIC.

13. HNO; washed straw,
14. HCIl washed straw,

15. HNQ; washed Danish pine,
16. washed ish pin

17.

18.

19.

20. HCl washed Isle ¢ oht RDF,

4.1.4 RDF Model Composites

RDF materials have two main fractions.

(i) Paper/board - cellulose-based material containing significant levels of

binder/filler such as clays. This accounts for ~ 84 % wt of RDF (dry
basis).

(1) Plastics - account for ~ 11 % wt (dry basis) of RDF. The main

components of the plastic fraction are poly(ethene) and poly(vinylchloride)
which represent 20 % and 8 % of the total plastic fraction respectively.

In order to study the interactions of the principal RDF components during thermal

processing, model composite samples of cellulosic materials and plastic materials

were prepared for analysis. The following materials were used;
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Cellulosic Materials

1. Cereal Straw - milled with a top size of 2 mm

21. Cellulose powder - 20 micron, supplied from the Aldrich

Chemical Company.

Plastic Materials

22. ly(eth wder

23. Poly(vinyichloride) powder - (PVC), high molecular weight.

24. Saran powder - poly(vinylchloride)/poly(vinylidene chloride)

copolymer.

All of the plastic materials were obtained from the Aldrich Chemical Comp::l.nycs ),

The composite samples, which were prepared on a weight basis from these
materials were:

23. 90 % Cellulose-10 % poly(ethene
26. 30 % Cellulose-50 % poly(ethene
27. 90 % Cellulose-10 % polv(vi hloride
28. S50 % Cellulose-50 % polv(vinvl chloride
29. lulose- r

30. 50 %

31. 90 % Straw-]10 % poly(vinvl chloride

32.
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4,2 Analvsis Procedu

There are as yet no clearly defined standard procedures for the analysis of biomass
and wastes, therefore for the purposes of this study, the British Standard methods

for coal analyses were employed. This, with some minor modifications, is the

procedure adopted 1n most fuel analysis laboratories, viz:

(1) Proximate Analysis - i.e. the determination of moisture, volatile matter,

ash and fixed carbon contents, of all of the raw samples were completed in

accordance with BS 1016 part 104.

(1) Ultimate Analysis - 1.e. the determination of the carbon, hydrogen,

nitrogen, chlorine and oxygen (by difference) contents for all of the raw

and char materials were completed in accordance with BS 1016 part 106.

(1) Ash Analysis - the compositions of the ash components of the samples

were determined following BS 1016 part 14.

4.3 Thermal Decomposition of Samples in Air

The weight loss with increasing temperature increase for all of the materials were
measured using a Stanton Redcroft TGA750 Thermogravimetric analyser. (A
diagram of the TGA750 is presented in Figure 4.1). Typically ~ 10 mg of
sample was loaded into a platinum crucible and placed into the cradle of the TG750
microbalance. The samples were then heated at a rate of 10 K min™, from ~ 293
K to 1173 K in order to obtain a complete temperature profile. At least two
individual tests were performed in order to ensure reproducibility of results. An

example of a weight loss profile, that for cellulose, is presented in Figure 4.2.

The first derivative of the weight loss dWt/dT, i.e. the rate of weight loss with
Ieéspect to temperature, was calculated for each sample. These data were plotted

against temperature in order to determine the temperatures at which the rate of
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weight loss peaked for each sample. An example graph, the rate of weight loss

against temperature for straw, is presented in Figure 4.3.

4,4 Char Preparation

Chars were prepared by pyrolysing samples of material in a Stanton Redcroft tube

furnace which was controlled by a Eurotherm Type 812 temperature controller. A
diagram of the tube furnace apparatus is presented in Figure 4.4. The procedure

involved loading a weight of sample, typically ~ 5 g into a silica boat which was

then inserted into a silica tube contained within the tube furnace. The system was
then purged with nitrogen at a rate of 1 litre minute”. The N, purge, was started
30 minutes before the sample was heated. The temperature was increased from
room temperature, ~293 K to 1193 K at a rate of 10 K min" and then left for 1
hour. The temperature inside the furnace was accurately measured using a N1/Al
Type K thermocouple which was connected to the Eurotherm Type 812
temperature control device.  On completion, the samples were removed and

weighed. The char preparation procedure was performed in duplicate for each

sample to ensure reproducibility of results.

The actual char yields of the materials prepared under these conditions were

calculated using the following equation:

Char yield, (dry, ash free) = Wm':vcxl%g equd.l

Wo

weight of original material, corrected for ash and moisture content, and

Wc¢

weight of char, corrected for ash content.

In order to investigate the effects of possible interactions between components in
the mixed cellulosic material - plastic material samples, the theoretical char yields

were calculated. These were obtained using equation 4.8 shown below derived

from first principles.
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Let the char yield for a bi-component sample of weight fraction components a, and

d- be

CT=Wo-ch_‘!£)9 equ 4.9

Wo 1

then the char yield associated with component 1, C1, will be

=a1Wo-Wf1
atWo

Cy

where Wfl = final char weight fraction of component 1

Therefore the final weight fraction of component 1 and component 2 are;
Wfl = al Wo -cl (a1l Wo) equ. 4.4
and Wf2 = a2 Wo - C2 (a2 Wo) equ, 4.5
The total final weight fraction, Wf can be calculated from the following equation,
Wi = Wfl + Wf2 equ. 4.0

This equation can be substituted into equation 4.2 to give an expression for the

theoretical char yield Cr;

a;sWo-asWoC4)+(a,Wo-a,WoC
cT-_-L(__L___.!___QW(S_Z____Z._&)_]. equ. 4.7

and this can be simplified to

Cr = a,C; + a,C; equ. 4.8

4,5 Char Res

The isothermal reactivity of the prepared chars to oxygen over a range of

temperatures were determined wusing a  Stanton Redcroft TGA750
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thermogravimetric analyser. A diagram of this apparatus is presented in Figure

4,1. The experimental procedure involved loading an accurately weighed quantity
of char sample, typically ~ 10 mg, into a platinum crucible which was

subsequently placed on the TGA microbalance. The oxygen flow was set at 3 1 h

and the sample was purged for a period of 15 minutes prior to heating. A heating

1

rate of 10 K min™ was used to heat the char sample to a required temperature, at

which, the temperature was maintained to allow the char to react isothermally until
a weight loss of more than 25 % had been achieved. @ The weight loss and
temperature profiles were recorded on a Linseiss chart recorder. The experiments
were repeated to ensure that results were reproducible.  An example of the

profiles of temperature and weight loss with respect to time are presented in Figure

4.9.

To provide a comparison between different chars, the reactivity values at a weight
loss of 20 % were measured over a range of temperatures. The 20 % weight loss
point was chosen for reactivity measurement since it was well inside the isothermal

region for each char and this allowed results to be compared directly. The

isothermal reactivity of the chars were calculated using the following equations.

The rate of reaction (r) was calculated from the slope of the weight loss curve at 20

% weight loss on a dry ash free bass.

(2 i3

r = Rate of reaction, g s

dW/dt = Rate of weight loss at 20 %, g s™.

The reactivity was then calculated by substituting the rate of reaction into the
following equation:

R=(‘/Wt).r equ. 4.10
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R = Reactivity, g g™ s

Wt = Total weight of carbon burned off at 20 % (dry, ash free)

r = Rate of reaction, g s

The estimated error of the data calulated from the experimental data is +5%.

The expected reactivity values of the bi-component composite materials’ chars

were calculated using the following equation;
R = R,a, + R,a, equ. 4.11
R = Expected reactivity
R; = Reactivity of component 1
R, = Reactivity of component 2
a, = Weight fraction of component 1

a, = Weight fraction of component 2

The above equation was derived in a similar manner to equation 4.8, the equation

for the calculation of the expected char yields produced from the prepared bi-

component composites.

4.6 F

2 Area Analvsi

The surface areas of all of the chars were determined from 77K N, adsorption
1sotherms using the Brunauer, Emmett and Teller (BET) equation. Samples were
weighed and deposited into flasks which were then securely fitted to a
Micromeretics Accusorb 2100E adsorption apparatus. A schematic layout of the
system used 1s presented in Figure 4.6. The samples were outgassed in-situ to a

10% Pa at a temperature of 398 K for a period of at least 12 hours. Initially, the
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dead volume was determined using helium, since this gas has a low crtical

temperature (~ 5 K) and has no dipole or quadropole and so does not adsorb on the
sample. The sample was then outgassed prior to a series of 77 K N, adsorptions
over an increasing range of pressures. This procedure involved filling a manifold
of known volume to a set pressure, following which a valve was opened and the
contents of the manifold flooded into the sample flask which was immersed in
liquid N,. The system was then allowed to equilibrate. = The valve was then
closed and the procedure repeated until a required number of equilibrium pressures
had been logged. @ The volume of the flasks and manifold were known and
therefore the volume of adsorbed gas could be calculated. The surface area of a

specific char sample was then determined from the volume of gas adsorbed at

specific pressures using the BET equation.

The BET equation is derived from the Langmuir equation for adsorption. The

Langmuir equation, which is based on monolayer adsorption, is expressed below:

p/V = p.Vm + 1/a.Vm equ. 4,12

where

V = volume of gas adsorbed at equilibrium per unit mass of adsorbent,

P = pressure of the volume of gas,
Vi = volume of gas required to produce a complete monolayer, and

a = aconstant dependent on temperature but independent of surface coverage.

Since the forces acting in physical adsorption are similar to those operating in
liquefaction, physical adsorption is not limited to a monomolecular layer, but can

continue until a multimolecular layer of liquid covers the adsorbent surface.

The BET equation is an extension of the Langmuir approach to allow for

multilayer adsorption on non-porous surfaces. The BET equation is derived by
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balancing the rates of evaporation and condensation for the various adsorbed °

layers, and 1s based on the simplifying assumption that a characteristic heat of

adsorption AH, applies to the first monolayer, while the heat of liquefaction, AH;,

of the vapour in question applies to adsorption in the second and subsequent

molecular layers. The equation is usually expressed as:

P 1 (C-))P
V(po-p)=VmC+ Vmc Po M

where

Po = saturation vapour pressure,

Vm = monolayer capacity, and

C = exp[(AH -AH,)/RT].

The main purpose of the BET equation is to describe type II isotherms.

The expected surface area values of the chars prepared from the bi-component

composite samples were calculated using the following equation.

Sl=sla1+sza2 equ. 4.14

where
' = Expected char surface area, m’ g'l,

s; = Char surface area of component 1,

s, = Char surface area of component 2,
a; = Weight fraction of component 1, and

b; = Weight fraction of component 2.
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