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CARBON AND COKE REACTIVITY IN

ZINC-LEAD BLAST FURNACE PRACTICE

Margaret Ann CARTER

ABSTRACT

Previous research on the oxidation of coke in air,
Op and COp has been reviewed, especially with regard to
kinetic studies and Zn/Pb blast furnace practice.

Coke "reactivity" has been discussed and correlated
with surface area changes on carbon burn-off (in air and

COz at various temperatures) for Nantgarw and two other
metallurgical cokes.

Other carbons (chaxrcoals and graphite) and a:brown
coal char have been examined by gas sorption, X ray

diffraction and thermal analysis in an attempt to relate

reactivity, as determined by rate of reaction in COz at
1000 ©C, with-other ' solidr state properties. !Reactivity
studies on coal chars have been reviewed also.

The inhibition of the Boudouard reaction, by
modification of the carbon surface, has been reviewed,
especially by the action of BpO3. Cokes and coal char have
been subject to BpO3 solution treatment and the mode of
action of the inhibitor investigated by isothermal and
dynamic thermal analysis and estimation of surface area by
gravimetric gas sorption. The action of Bp0O3 at both low
and high degree of carbon burn off has been studied.

The mineral matter of coke (which forms about 10% by
weight of the material) and the coal char (which forms
about 2%) has been examined by X ray diffraction, optical
and electron microscopy and thermal and chemical analysis.
Its affect upon the kinetics of oxidation has been
investigated.

Results have been discussed in relation to the
industrial usage of coke in the Zn/Pb blast furnace.
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CARBON AND COKE REACTIVIIY IN

ZINC~LEAD BLAST‘FURNACE PRACTICE

Margaret Ann CARTER

ABSTRACT

Previous research on the oxidation of coke in air,
Oz and CO; has been reviewed, especially with regard to
kinetic studies and “Zn/Pb blast furnace practice.

Coke "reactivity" has been discussed and correlated
with surface area changes on carbon burn-off (in air and

CO2 at various temperatures) for Nantgarw and twe other
metallurgical cokes.

Other carbons (charcoals and graphite} and a brown
coal char have been examined by gas sorption, X ray
diffraction and thermal analysis in an attempt to relate
reactivity, as determined by rate of reaction in CQO2 at
1000 ©C, with other solid state properties. Reactivity
studies on coal chars have been reviewed also.

The inhibition of the Boudouard reaction, by
modification of the carbon surface, has been reviewed,
especially by the action of Bz03. Cokes and coal char have

. been subject to BpO3 solution treatment and the mode of

action of the inhibitor investigated by isothermal and
dynamic thermal analysis and estimation of surface area by
gravimetric gas sorption. The action of B203 at both low
and high degree of carbon burn off has been studied.

The mineral matter of coke (which forms about 10% by
weight of the material) and the coal char (which forms
about 2%) has been examined by X ray diffraction, optical
and electron microscopy and thermal and chemical analysis.

Its effect upon the kinetics of oxidation has been
investigated.

Results have been discussed in relation to the
industrial usage of coke in the Zn/Pb blast furnace.
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CHAPTER 1

INTRODUCTION.

l.1.1 Forms of Carbon

The element carbon crystallises in two allotropic
forms - diamond and graphite. In diamond the C-C bonds
are formed by the overlapping of $p3 hybrid orbitals,
resulting in a tetrahedral distribution of bqus around
each carbon atom. The structure of diamond belongs to
the cubic system with space group Fd3m. (Hexagonal
diamond also exists with space group P63/mmc)1;

In graphite sp2 hybrid orbitals form the intra layex
C-C bornds . Hexagonal graphite (space group P63/mmc)‘has
an ABAB layer stack sequence and is the thermodynamically
stable form of carbon below 2600K .at any pressure. A
thermodynamically unstable form, rhqnbohedral graphite{
with ABCABC layer stack sequence also exists. General
chemistry is described byVHesloﬁ and Robinsonz._

The Yarious forms of carbon - soots, chars, cokes,
carbon blacks etc. have a structure based upon the
graphite modification in which the layers may be
associated in stacks with a high degree of layer disorder.
The crystal structure of graphite can tolerate a high
concentration of defgcts. Carbons, such as cokes,
charcoals, etc. prepared from natural materials also
contain hydrogen and other heterocatoms. Such materials

fall into two groups, the hard (non-graphitising) and the




soft (Qraphitising) carbons. The former group on
heating to about 3000;Kwill develop the 3~dimensional
symmetry of crystalline graphite, but the latter group
will not.

Non-graphitising carbons are generally formed from
non melting parent substances (e.g. wood husks etc.) and
are microporous. Terminology is clarified as reported
at the 5th London International Carbon and Graphite
Conferences.

The macrostructure of a carbon can be described in
terms of different ‘ordexs of magnitude.

1) Deviations from a perfect graphite lattice with
layer planes 0.335? nm apart.

2) Arrangement of gr&phite crystallites. These form
areas of homogeneous optical anisotropy in cokes.

3) Preferred orientation of crystallite areas. This
influences the macrostructure of coke (texture).

4) Orientation of particles within a bulk structure.

This is influenced by industrial processes such

as extrusion.,

Thus in considering the characterisation of a
_carbon by the various methods available, the structural-
unit being investigated should be borne in mind,

The many variables of polygranular materials result in
differences in physical and mechanical bulk properties.
e.g. Lattice imperfections etc. may be completely

overshadowed by heterogeneity of pore structure.




A Targe number of iqdustrial carbon and graphite
products are obtained by the thermal degradation of
natural carbonaceous raw‘materials._

131.2 Coal

Coke is the major commercial product of the
cgrbonisation of coal. Coal reserves represent the
largest global source_of carbon that can react with
oxygen, mosﬁ carbon being present in the earth's crust
in the form of carbonates etc.

The coalification of plant debris that grew some

300 million years ago has led to a heterogeneous material.

Differences in coal composition are expressed as the
"rank" of the coal, and determined by the presence of
various petrographic types known as fp%cerals", by
analogy with the minerals of rocks, but unlike minerals
they do not have a fixed chemical composition.

"Rank" expresses the degree of coalification and
increases.;n gQing from peat, brown coal, bitumiqqgs
coal to anthracite. With increasing rank carbon content
increases and oxygen and hydrogen content decrease.
Typical elemental anglysis of coals of different ranks
are expressed on a dry, mineral-matter-free basis
(d.m.m.f.);_Compgred with the carbon, hydrogen, nitrogen
and oxygen content of wood it appears that coalification
involves plant material being dehydrated, decarboxylated
and finally demethanated. The economics, science,

technology and constitution of coal are described in




the awvthoritative work of van Krevelen4.

Rank provides a useful series for British coals. . Of
lowest rank are the high volatile, non coking coals
suitable for combustion and used in gl?cﬁrici{y generatioq.
Of higher rank are coals used in blends for carbonisation
and of highest rank are anthracites used for smokeless
combustion and as a starting material for active carbons.
A single coalfield will produce a range of coals. In the
South Wales coalfield there is a steady progression from
east to west of low to high rank coals.

The structure of coal has been investigated by
many physical and chemical methods, as detailed in thg
series edited by Karrs.

X=ray diffraction provides information on the
carbon skeleton suggesting layver planes of thg graphite
type with a higher degree of orientatién the higher the
rank{‘as described by Erguné.

N.M.R. and measurements of molar refraction and
heats of combustion confirm the highly afbmatic nature
of coal. Spectroscopic methods applied to side group
analysis and heteroatoms suggest a molecular structure
of several benzene rings linked by methylene bridges to
give folded rings. with extensive cross linking and
dimerisation. This structure is described by Pitt and
Millward7, and _given in detail by Bouskaa_. “The
carbonisation of model organic precursors is described

by Walker9 and by Kipling and Shooterlo.




For coking,.a coal must become fluid dgring the
carbonisation process and swell up,p%qe to evolved gases,
forming a uniform coke. This abilif?“io‘swgll§é§}c&ke.
together is the basis of the Gray-King coke type used
by the N.C.B.

The coke type is based on the appearance of coke
specimens prepared under standard conditions, prime
coking coal being class “Bo;ﬂmand Gray Xing qoke type
G4 and over. Prime.coking coals yield a strong coke and
become plastic before decomposition occurs. OCutside the
20 to 32% yglatile matter range the coal mass may foam.
on heating giving a coke of large pores with thin walls
and low resistance to abrasion. Details and illustrations
are given in reference 7.

Prime coking coals are now in short supply, but good
blast furnace coke may be produced by blending éoals
which by themselves do not make the required product.

Properties relating to fluidity and swelling are not
necessarily additive._?be effects of coal blends are
detailed by Hyslbpl%.' The further removed the additive
from prime coking coal, e.g. coke, breeze or char, the
more critical are the blend characteristics.

Although passing through a plastic stage the coal
ﬁoes not actually melt during carbonisation. A coke does
not retain the structure of the parent coal but its
propexties are dependent upon it.

Chars are also primary products prepared from the

carbonisation of coal, or from synthetic polymeric




material;. Thermal éggradation does not produce a
Plastic phase so chars retain the macrostructure of the
precursorf Lower rank coals'are generally used for char
preparation{

l.1.3 The Coking Process and Coke Formation

Although coke was produced in Bxitish coalfields
as a fuel for blacksmith's fires it was not until the
beginning of the industrial revolution that there was
a need for coke as a metallurgical fuel.

Coke had been used by Abraham Darby of
Coalbrookdale for iron smelting early in the eighteenth
century, although the hearth process and beehive oven
were primitive processes of production. Indirectly heated
slot ovens were used in the nineteenth century 1eading_to
the development of the modern coke oven. Coking takes
from 12 to 80 hours. A ram pushes the coke into a quenching
car and the oven is recharged making a fairly_qontinuous
process.

Considerab;e thermal and mechanical stress is
imposed upon the coke which is eventually relieved by
fissuring., The lumps of coke have a rounded "cauliflower™
end, which was nearer the oven wall and a more reactive
"chemical™ end, nearer the centrg of the oven. Low
temperature carbonisation (450-700 OC) produces a reactive
coke of the "Coalite" and "Rexco" type. Medium
temperature carbonisation (750 ~ 900 °C) produces

"Phurnacite™ etc, and high temperature carbonisation




(900 - 1100 °C) yields a hard unreactive coke for
metallurgical use. Petails are giﬁen in reference 7 and
the manufacture of hard_coke.is reviewed by Barker and Leel%

As coal is heated in the absence of qir it loses
gases and vapours and leaves a solid porous residue of
" carbon containing some mineral matter.

Depending on rank, coking coals soften, become plastic
and coalgsbe in the temperature range 350° .to 500 OC_._.The
plastic mass resolidifies and as the temperature further
;gcreases it contracts at a fate-that is ‘non-uniform and
dependent on poal type. This "'semi-coke" has yisco elastic
properties up to about 700 ¢,y but at higher temperatures
becomes a brittle solid.'

The behaviour of the parent codl in the plastic
zone- determines the inherent strength of the coke and
resistance to abrasion whereas the primary and secondary
‘fiésure nétwork, which is associated with impact strength
depends upon .the contraction stage.

These physical changes cn passing from coal to coke
are accompanied by chemical changes. During the plastic‘
stage cross linkages between neighbouring aromatic groups
are broken. Low molecular weight fractions can be lost
as gas or tar while the hiéher molecular weight fractions
form semi coke. As the temperature rises to 1000 °c
aromatic layers link and the coke becomes further cross

linked and involatile, Layexr growth of graphite type

crystallites occurs although the structure is far from




"ordered" in the crystalline sense, Staéks of aromatic
_layers are present but are not mutually well orientated
for further growth. Thus cokes may be.graphitising or
non graphitising forms of carbon. These transformations
are described in more detail of Chapter 14 of reference
4.

Structural studies of the plastic stage were
elucidated by the work of Brooks and TalerlB. Using
reflected polarised light microscopy they showed that
the ultimate crystallite alignment in cokes and graphites
depended on the formation of spheres of optical anistropy
growing, with increasing temperature and time, from a
molten isotropic precursor. These spheres they named
"mesophase!. The mesophase spheres grow and coalesce
into mosaic regions prior to the formation of a coke,
Mesophase spheres were observed by these authors in a
coal seam part of which had been transformed into coke
by an . igneous intrusion.

Coke formation in relation to the properties of
liquid cxrystals has been described by Marsh'ét“a114.

Because high-volatile, weakly coking coals are
cheaper and more widely available, the production of coke
by non=classical methods has become important in many
European. countries. This involves the production of
"formed coke"'i.e. a uniform product made by a process
involving briquetting at some stage.

P;oduction, properties and potential advantages of

formed coke are described by Metcalfls. Classification_




of formed coke production and consideration of this
material in blast furnace-t;ials are given by Bgrkerlﬁa

The type of coke produced :thus - dependg‘upon_
(1) nature of the coal blends, (2}_tgmperature and
duration of the coking process.

1.1.4 Coke Testing and Analysis

The chemical{ physical and mechanical properties of
coke are evaluated by many methods, some standard and
widely employed. Data obtained from them may not be
particularly meaningful under operational conditions, as
pointed out by wilkinson17}

Industrial analysis of coke is often limited to
"proximate analysis', involving the determination of
moisture, ash, volatile matter and sulphur. Details with
lists of standard methods are given by Patrick and
Wilkinsonls. Montgomery19 also describes the standard
methods for "ultimate analysis". Trace elements are
determined by spectroscopic methods, princ;pally atomic
absorption spectroscopy. Physical tests include density,
porosity (from density, mercury porosimetry and optical
microscopy) and apparent crystallite size from X-ray
}ine broadening.

Mechanical properties of coke are important in
assessing resistance to fractu:e and abrasion. In the
"shatter test' breakage is by impact alone and in the drum
test! bréakage is by impact and abrasion. This latter

method, by ASTM and Micum test, is more widely used.

10




Tensile strengfh, compressive strength and Young's
Modulus are also determined. Details are given in the
above references. Coke strength is related to bulk
porosity and associated with structure within the cel;
walls of the coke.

1.1.5 Coke for the Zinc/lLead Blast Furnace

Coke acts as fuel, reduéing agent and as support
for the burden, being the only solid component in the
hearth region. A coke of high mechanical strength but
low reactivity is required.

The demands of the iron and steel industiry dominate
supplies of coke because the consumption of coke for:
zinc/lead production is a very small part of the total
produced. for metallurqical use. Changes in oven blends
that have little effect in ferrous use often have
damaging effec@ in the zinc/lead blast furnace.

Desirable properties of coke for the Imperial
Smelting Furnace are given below. (From refexence 15 of,
Chapter 2,)

Table 1.1 Target Coke Specification for the Zn/Pb Blast

Furnace.
Size 90% -80 + 60 mm
Strength Half Micum M40 + 75
M1O - 10
Moisture < 5%

Ash (dry basis) < 10%

11




Volatile matter
(dry basis) < 1%
reactivity Nantgarw ratio 1.0

ECE kp 0.10 em3 g=1 s-1

general very consistent
delivery about 250 tonnes/day
cost low.

These properties are described in detail by Bryson%Q.

Impegial Smel ting Processes Ltd.  use a South Wales
coke - Nantgarw coke. In reactivity testing the rate of
weight loss of a coke is compared with that of Nantgarw
and results expressed as the "Nantgarw ratio". South
Wales cokes in general have low reactivity{ yaking them
ideal for zinc/lead production.

The effect of a too reactive coke s to allow the
qudquard reaction to proceed in the upper part of the
shaft with consequent reduction in temperature. Less
carbon reaches the hearth =zone, Zn0O is reformed from zinc
vapour and more zinc is lost into the slag. Shaft operation
becomes erratic and eventually "pipes' are formed in the

shaft burden.

Small increases in reactivity can be tolerated (up to
approximately a Nantgarw ratio of 2) the result being a
higher carbon/zinc ratio, but at higher reactivities the
furnace becomes difficult to operate.

Low reactivity coke is desirable in the iron blast

B

furnace, but crucial in the zinc/lead blast furnace.

12
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1.2.1 The Oxides of Carbon in Pyrometalluxgy

Blast furnace processes rely on the existence of the
lower oxide of carbon, CO.

Carbon is able to reduce the oxide of any other element,
provided the temperature is high enough, although at the
limit of the blast furnace, {about 1600 DC) the reduction
of Al,04, MgO and CaC cannot-occur.

The thermodynamic tendency for a process to occur is
measured by the loss of Gibbs free energy -AG. The graphical
method of representing free energy changes, due to

Ellingham21

is of great use in collating data for metal~
lurgical processes. fhe free energy of formation of oxides
at a potential of one mole of oxygen at one atmosphere
pressure is plotted against temperature. These plots are
almost linear (enthalpy change AH and entropy change A S

ocften vary oppositely with temperature), and since

o .
(Egg )p = -8 the slope of the plot gives the

accompanying standard entropy change as®.

Values for some metal oxides are given in Figure 1l.1l.
AG® values for reactions which involve one mole of a
common reactant (Op) are plotted. As free energy is a
thermodynamic function AG° for a reduction may be found by
subtracting the values for one oxidation reaction from
another at the appropriate teﬁperature. Any metal oxide
represented in Figure 1.1 will be reduced by a metal for
which the AG® versus T line for the formation of oxide
lies lower, (Provid;d there is no kinetic barrier to

reaction,)

13
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As shown in Figure 1.1 the two lines for the oxidation
of carbon have negative slopeg. From tabulated values of
standard entropies the standard entropy changes 48° for
the oxidation of carbon may be calculated.

For C(s) + O,(gs1 atm) = COp(g, 1 atm), AS® is small
(0.8 ;.K'l). Ihis;react;on will have little change in
-4G° over a wide temperatufe range.

For 2C(s) + Op(g,1 atm} = 2CO(g, 1 atm), As® is
considerably higher (170 J K'l) making this reaction the
more thermodynamically favoured the higher the temperature.
The two lines intersect at about 710 °C. This is the
lowest temperature at which C02.wi;l gasify carbon, for
the conditior}s considered, by the Botl_dquard Fr_eact.ion
C + C02'::—-"2CO.

Al though carbon is formally the reducing agent for
metal qxides, reactions between solids can only occur
where ;he surfaces meet. Reduction by CO is thus )
kinetically more favourable as it is a gas-solid reaction.
CO acts as the reducing intermediary, phe overall thermo-
dynamics corresponding to reduction by carbon. As the
temperature increases CO is able to reduce more metal
oxides,

The application of Ellingham diagrams to the iron

blast furnace are described by Mottzz, and to other

pyrometallurgical processes by Ive523.
The AG° versus T lines change slope steeply at the

boiling points of the metals due to greater entropy loss
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accompanying oxidation. The reduction of ZnO proceeds
above the boiling point of =zinc (907 OC). The rate of
reaction of

ZnD + CO==Zn + CO2

is faster than the Boudouard reaction, therefore the latter
controls the rate of zinc production.

The older t.“:«::i_rlc: distillation"rprocesses resulted in a
film_of_oxide forming on the zinc droplets, by reversion
of the former reaction, giving the product "blue powder".
Liquid zinq cannct be obtained in a shaft furnace unless
the pressure of the system is increased until the boiling
point of zinc is shifted to the right of the intersection
with the carbon line. This is not commercially practicable.

Although of great use, the free energy diagrams are
not universally applicable. Blast furnace conditions may
be far removed from equilibrium and processes may depend
on kinetic rather than thermodynamic considerations.

1.2.2 The Blast Furnace

The blast furnace is a tall, vertical'shaft furnace
which employs carbon (in the form of coke) to extract
metals such as iron, zinc and lead from their oxide ores
at elevated temperatures. Theory and practice of the iron
blast furnace is described by Peacey and Davenport24.

Preheated air is introduced via the tuyeres and coke
burns in this zone with release of heat.

C + 0, = co, AH = =393 kJ mol™t ,,... 1

1

and 2C + O, = 2CO - AH = =226 XJ mol™ " ..... 2
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The CO, produced in reaction 1 will react with more coke
by the Boudouard reaction.

C02 + C = 2C0 AH = +167 kJ mol_l esvee 3

Ipe overall reaction 2 is the sum of 1 and 3 by’Hess's
Law. The equilibrium constant of reaction 3 is latge at
high temperatures, so CO will predominate over COp when
carbon is present in excess, The exothermic nature of
reactions 1 and 2 keeps the blast furnace processes going.

The extraction and refining of metals is described by
Parkerzs, from which reference the enthalpy values were
takern.,

The actual reduction of the metal oxide MOp takes
place.via

MOn(s) + nCO(g) = M{gwor-l) +nC02(g) +ec.. 4
and the Boudouard reaction 3,

Reaction 4 is known as "indirect'" reduction. Combining
4 and 3 gives MOp(s) + nC(s) = M + nCO(g)
which is known as “qirect"_reduction. The’historica}
background and controversy over these terms.are reviewed
by Mo‘tt.22

1.2.3 The Zinc/lLead Blast Furnace

Primary zinc has been produced by five main processes,
four of them pyrometallurgical, as given in Table 1.2, of
which the electro;ytic and the Imperial Smelting Furnace

have become the most important.
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Table'l.2- Zinc Production20

Process’ First Commercially 6perated.
Horizontal distillationa 1800
Electrolytic 1915
Vexrtical retort 1930
Electrothermic 1936
Imperial Smelting Furnace (I.S.F.) 1950

The I.S.F. is well established in eleven countries,
producing about 12% of the world‘s zinc. The history of
zinc smelting at Avonmouth, shaft reactions and zinc
collecting and refining are given by Richardszé.

Lump coke and oxide sinter from the air roasting of
sutlphide eore concentrates are fed into the top of the
shaft blown with preheated air. Temperature increases and

conditions become more reducing as the hearth region is

approached. The overall reduction reactions are
1

ZnO(s) + CO(g) = 2Zn(g) + CO,(g) AH;,qq = 185 kJ mol”

*sP o o0 l

1

PbO(s) + CO(g) = Pb(1l) + CO,(9) AH;, 5y = =66 kJ mol”

crece 2

As reaction 1 is highly endothermic shaft temperature

must be maintained above 1000 °C or zZnO will be reformed.

Some of the remaining CO is combusted with air above the
charge level to ensure this

€O + 1/905 = €Oy AH = -280 kJ mol™t
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The reduction of lead oxide proceeds at moderate
temperatures and is slightly exothermic so imposes no
additional thermal load on the furnace. Enthalpy data
are given by Hopkin' and Richardsg7, from which the AH
values were taken. The reaction becomes more endothermic
_the-higher the temperature due to the contribution of the
latent heat of evaporation of zinc. The physical
chemistry of zinc distillation is considered by Hopkins28
and of the Imperial Smelting Process by Morganzg, LumsdenBO
and Woods and Temple .

Gas leaves the furnace top at ;bout 1000 to 1020 °c
with a compOSition20

Zn 6 to 7% '
CO2 9 to 12%
CO 21 to 24%
H2 1 to 2%

N2 remainder.

The collection of zinc in the presence of oxides qf )
carbon was a difficulty in blast furnace practice until
the introduction of the I.S.F. The furnace gases are
passed into a lead splash condenser where the zinc is
absorbed in a shower of molten lead droplets. Tﬂe liquid
lead is cooled to 450 OC, when the maximum solubility of
zinc 1s 2.,15%. Because of this limited mutual solubility
the lead and zinc separate, Lead is recycled to the

condenser and the zinc is cast.
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Lead from the furﬁace reduction of PbO, and slag are
tapped at the hearth, into a fore hearth which allows
separation of the molten phases. fmounts of Cu, Sb, Bi,
Sn, Ag and Au are present in the lead.

Reducing conditions in the hearth zone must not become
so strong as to reduce iron oxides in the slag or blockage
by~i;ony accretions occurs, Some of the ZnO enters the
molten slag where some direct reduction may occur by

Zno(1) + C(s) = zn(g) + CO(g).

This reaction, the thermodynamics of the zinc blast
furnace and the recovery of copper are considered by

Yazawa and Azakamisz. Heat balance for the zinc/lead

furnace is given by Richardson??.‘_

Hopkin:34 compares the energy requirements of zinc
production processes. Increase in the cost of coke is
unlikely to exceed increases in cost of electrical power
needed in the electrolytic process.

Just under one tonne of coke liberates one tonne of
zinc and half a tonne of lead and continued. econories are
made by improvements in flow patterns throughout the

system as reviewed by Davey and Willisss. Past and

future progress is considered by Harris and RichardsBé.-
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1.3.1 Gas=solid Reactions

"Gasification" reactions are of the type
solid + gas => gas

Gas-solid reactions are important in the ex#raction
of metals, the combustion of fuels, coal gasification,
refuse incineration etc.

For reactions involving porous solids (which includes
most industrial forms of carbon} the'overall process may
involve
(1) Gaseous diffusion (mass transfer) from the bulk of

the gas to the external surface of the reacting solid
(2) Diffusion through pores of the partially reacted solid

or of a solid reaction product
(3) Adsorption
(4) Chemical reaction
(5) Desorptidn . of products
(6) Escape of products by the reverse of (2) and (l).'

The kinetics of a reaction may thus depend upon external
mass transfer, pore diffuéion, adsorption/deserption * and
chemical reaction. Heat transfer and structural changes such
as sintering and cracking may alsc be involved. Numerous
mathematical models involwving surface structure have been
applied, as detailed with many industrial applications by
Szekely et al37.

The factors affecting the rate of reaction may assume .
different relative importance if temperature, particle
size etc., are changed. Where transfer of gas to reaction

sites in a solid is easy (e.g. small particle size, large
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pore size) the reaction is likely to be controlled by a
chemical step. Where a chemical rxeaction is favoured
(e.g. at high temperatures) the rate may be limited by
the a;rival of gas molecules i.e., diffusion controlled.
At temperatures between these limits a process may be
under ''mixed control'.

le3.2 Non Porous Solids

If the solid reactant is non porous reaction occurs
at a sharp interface and systems may be described in terms
of simple geometrical models. _This approach alsc may be
a useful first approximation in the study of porous solids.

Progress of a reaction is controlled by shrinkage of
the interface in the chemical rate regime and the surface
is one of the boundary conditions in the diffusion
controlled regime. 3 §hape factor Fy, which may be
obhserved yisually if the particles are large enough, can
be qonsidered.

Where diffusion effects are absent a conversion
function for a reaction fo(a) may then be defined such

that fg(a) =1 - (1 -a)‘]ﬁ__

Whexe o representis the fraction of solid reacted and
F =1, 2 and 3 for infinite slabs, long cylinders and
spheres respectively.

F can be obtained as the value that gives a straigh;
line between the experimental values of fF(d) and reaction

time t,.
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The conversion function fg(a) is given by the

dimensionless quantity.-

time (i)

time of complete reaction (ty, 2 ;)

thus t = 1 =« {(fraction remaining)F

‘-*'

a=1

A straight line for a plot of experimental data using
this equation does not necessarily mean that the rate is
controlled by chemical reaction. The effect of particle
size on time to reach a given extent of reaction yields
additional evidence. This is proportional teo a2 for
diffusion control, d for chemical control of non~porous
material and independent of d for chemical control of
porous material, where d is the particle diameter.

Where rate of reaction is controlled by diffusion
through reactant or product layer the conversion factor

grp(o) is given by

a2 for F = 1 (infinite slabs)
gp(a) = o + (1-a)in(l-o) for F = 2 (long cylinders})
2/3
and l1-3(1~-a) / +2(l-a) for F = 3 (spheres)

Plotting the conversion data according to an assumed
mechanism and finding a reasonable straight line fit
does not always give an unambiguous result. Both chemical
and diffusional factors may operate. These eguations are
derived and discussed in detail by Szekely et a137.

Other equations have been used in representing

diffusion controlled gas-solid reactions.
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() The Jander equation for -a spherical solid reacting

under diffusion control

Kt = [1 - ('1-05)}5]2

r2

where k is a constant,a and t as above and r the radius

of the sphere. Applications of the Jander equation are

given by Budnikov and Ginstling38.

(ii) Where product and reactant differ in volume Carter39
proposed
) [ ]2/3 , 2/3
Z=ltl+(Zz=1)aJ. - (Z-1)=(1-qa) = k't
2(27-1) I‘z

where r is the initial radius of the particle k' a
constant, o the fraction of solid reacted and Z the ratio_
of final volume of product to initial volume of reactant.
This réduces to the Jander equation for Z = 1. The
Jander equation assumes that the.préduct layer round
the spherical particle is flat, which holds at low
conversion rates. Szekely et al37 compare the Jander
equation'with exact solutions for slab and sphere models.
In the derivation of these equations it is assumed
that the shrinking unreacted core is non-porous. It is
useful to apply this to coke and char gasifications,
where the ash forms a more or less porous layer round
a shrinking core, gepending on temperature,
‘Metallurgical cokes contain about 10% mineral matter
which remains as ashj chars generally contain less.

Temperature will affect the ash layer in that above
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l% y» surface diffusion (in which coalescence of particles
by movement of species along the surface) will occur and
above %?, sintering (bulk diffusion) will occur, where

Tm is the melting point in Kelvin,

1.3,3 Porous Solids

Here diffusion and chemical reaction occur throughout
the solid and analysis of experimental data is difficult
in exact parameters.

Reaction occurs ;n a diffuse =zone rather that at a
shaxp boundary, as_described for the gas reactions of
carbon by Walker et'al4o. Three kinetic zones may be
distingitished as shown in Figure 1.2.

‘In Zone I the chemical reactivity of the solid
controls the rate of reaction. The concentration of gas
is the same within the pores as in the bulk gas stream.
The energy of activation E, and other kinetic parameters
have their intrinsic values and rate does not depend on
sample size. Pores are enlarged during reaction but the
solid particle remains of the same overall size until
almost completely consumed. Total surface‘area may be
linked to extent of reaction in this =zone only.

At higher temperatures, Zone II, a gas molecule
reacts before penetrating deeply. Gaseous diffusion
influences rate and is proportional to.JﬁZ, where Dy is
the effective diffusion coefficient. E, falls to
approximately half its intrinsic value and apparent

n+l)

order of reaction, n, changes to (—5— . Reaction occurs
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close to the outer surface of the solid and the core
remaing unaffected.
At still higher temperatures, Zone III, gas molecules
react with the surface at the boundary and rate depends
on mass transfer of the gas, which increases only little
with temperature. The solid particle shrinks during
reaction. Porosity is relatively unimportant and rate
expressions derived for non porous solids may be applied.
Parameters describing these kinetic zones are detailed
for the carbon-oxygen reaction by Mulcahy41 with regard
to coals and coal chars.
There is a gradual change from ocne zone tco the next
on increasing temperature, the ranges depending on pore
diffusivity etc. The effective gas diffusivity is made
up of several factors. Where pores are small the mean free
path of molecules becomes comparable with pore dimensions.
"Kmidsen diffusion" rather than molecular diffusion is
important., The laws of molecular (bulk) diffusion are
independent of the material considered but diffusion in
"real' systems is more complex and specific to the nature
of the substance investigated. ) -
The porosity of coals and coal products is reviewed
by Mahajan and walker42. Originsg arid characterization
of microporosity in carbons :are reviewed by Marsh and

Rand43 .
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l.3.4 Sintering

Sintering is the process by which small particles of
a solid form larger aggregates when the solid is held at
elevated temperatures below its melting point. It is of
great importance in ceramics and powder metallurgy. The
volume of the solid is much reduced, although the density
is less than that of a single crystal as some voids and
pores still remain.

Sintering is a complex ﬁhenomenon usually considered

to occur in three stages, as shown schematically below.

Initial
stage

[ntermediate
sloge

The initial stage is accompanied by an increase in
mechanical strength and grain size and a decrease in
electrical resistivity.

The activation energy for sintering is high. It takes
place at an appreciable rate above 0.4 to 0.5 of the

thermodynamic temperature of the melting point of the
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solid (the Tammann temperature).

Solids are thought to sintex via grain boundary or
volume diffusion (surface diffusion is possible at lower
temperature). Vacancies at the particle surfaces diffuse
through the bulk to disappear at grain boundaries, i.e.
there is a net flow of atoms from grain boundaries to
pores. The grain boundary is a sink fof vacancies. and
alteration of vacancy concentration, e.g. by impurities,
affects the rate of sintering. This effect in metal oxides
" is described by Hannay44.

The kinetics of sintering by migration of -vacancies
to grain boundaries is given by Kingery45. As sintering
rate depends inversely on the third power of particle size
large effects can be introduced by grinding.

The driving force for sintering is the decrease in
surface free energy. A compact of powder particles has an
excess surface energy and sintering brings about reduction
in the total interfacial energy by a reduction in surface
area., Thus sintered material has a smoothed, rounded surface.

The surface energy of solids is more complex than that
of liquids, making modelling of sintering processes

6,and

difficult, Sintering theory is reviéwed by Coble4

various modelé are discussed by Waldron and Daniell47-
The temperature at which sintering will become

appreciable can thus be determined from the melting point

of a solid. Unlike ceramic materials, carbon will not

sinter at the temperature of industrial processes.
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1.4.1 Fundamental Nature of the C/0O2 and C/COz Reactions

Under fixed experimental conditions the rate of

removal of carbon atoms from a surface by a reacting gas

depends upon the nature of the gas and the nature of the

ca;bon. .This poses many difficulties in an understanding

of gas-carbon reactions at a fundamental level. Although

simple stoichiometric equations may be written for the

reaction of carbon with Op, CO2, H20 and Hz their kinetic

complexity, particularly of the C/Os reaction has long

been khowrn,

The thermodynamics and kinetics of these gasifications

40

are definitively reviewed by Walker, Rusinko and Austin .

At elevated temperatures and for all forms of carbon,

rate

of reaction is greatest in oxygen and least in hydrogen

as given below (from ref,40).

Approximate Relative Rates at 800 °C and 0.1 atm,

pressure
c/o, ' 1 x 10°
C/HEO 3
C/COn !
C/H, 3 x 1073

Rates are generally given as weight burnt.~off per

initial weight in unit time. Absolute rates depend on the

nature of the carbon, traces of impurities etc. Much work

has been done using single crystal graphite and synthetic

"(polycrystalline) graphite where it is possible to
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distinguish reaction on defined crystallographic planes.
Physical effects such as diffusion (which may be absent
only at very low pressures) also significantly affect
reactivity studies.

In gas=-carbon reactions it is generally accepted that
one of the steps is chemisorption of the gas to form a
suxface complex. The nature and role of these surface
complexes is discussed by Puri48 for graphites, chars and
carbon blacks. The stability of surface oxygen complexes
even at low pressures and high temperatures is emphasised.
It is thought that there are separate CO and COz forming

sites.

Ihe Carbon-Molecular Oxygen Reaction

It is accepted that CO, CO2 and surface oxide complexes
are primary products of the reaction, the ratio C0O/CO2
depending on several factors. This ratio was investigated

49

using mass Spectrometry by Marsh and Foord ~. who found it

dependent upon the structural parameters and purity of the
carbon., They postulate the formation of a stable surface
oxide complex C(Oz)j_which then becomes mobile and reacts
by the fellowing scheme,

C+0, = C(Oz)*

C(O,)* + C = C(0) + C(0) ~> C+CO,

mobile oxide

complexes
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i.e. lowering the surface oxide mobility raises the

CO/CO2 ratio. The moré perfect the structure of the
surface (achieved e.g. by high temperature treatment), the
more mobile the complex and the more COp is produced.
These authors point out that microporosity is associated
with high.CO/CO2 ratios, under comparable conditions of
oxidation.

Studies using 1602 and 180 show the mobility of the

2
surface complexes.

The idea of "active surface area" in the C/O2 reaction
in relation to total surface area is discussed by Laine,

et al50

and Walker9 pioposes a rate equation in terms of
active surface area, which for a graphitic carbon may be
a few percent of the B.E.T. surface area, Active sites are
thought to be located at edges of basal planes of carbop
crystallites and defects within basal planes. Nascent
active sites are produced during‘gasification.

The significance of kinetic results for the oxidation
of graphite at low oxygen pressures and high temperatures

51 in terms of defects

is discussed by Strickland-Constable
and surface sites. The temperature coefficient of reaction
passes through a minimum, considered to be due to
annealing of reactive sites at higher temperatures by
surface diffusion of carbon atoms.

Mechanisms for the reaction including many stages

involving chemisorbed mobile or localised oxygen atoms

have been postulated and are reviewed by Marsh=2,
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Rate expressions are derived with the aim of relating
méchanism to measurable kinetic parameters, but the
po;osity and impurity content of many of the carbons
studied has led to a wide variation in values reported.
"True" activation energies have been suggested as giveﬁ

below,

Table 1. Activation Energy fox the Reaction c+%02-e»co

( with pure graphite).

Value Reference
209 to 243 kJ mol™l (50 to 58 kcal mol™t ) 40
255 + 13 kJ mol™' (61 + 3 keal mo1l”t) 59
239 kJ mo1™!l at 1.3 kPa pressure g

The value for "impure carbons' is given as 130 to

1

170 kJ mol™! (30 to 40 kcal mor”l). #*

The rate of oxidation of carbon atoms at prismatic

3 fastef than at basal planes. The

edges is 102 to 10
difference in activation energies, using gold decoration
in transmission electron microscopy, was studied by Evans
and ThomasSB. Hennig-54 developed this technique in the
1960s to enlarge vacancies in graphite basal planes during
exposure to oxygen. Oxidation at point defects of graphite
by Thomasss showed that not all crystallographic plaﬂes
oxidize at the same rate, explaining some of the topo=

graphical features on oxidation large enocugh to be seen

under the optical microscope.
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' Phase contrast, high resolution transmission electron
microscopy has also been used in the study of carbons on
oxidation, giving detailed information on the degree of
ordefing of constituen% molecules. The technique and some
problems of interpretation are described for some

graphitizing carbons by Marsh and Crawford56

Fryer57. The latter study describes surface structure and

and by

pore sizes. Theoretically it should be possible to image
periodicities in carbon abové 3R (0«3 nm). Lattice
resolution is reviewed by Millward and Jeffer50n58.

The study of the carbon/oxygen reaction has been

extensive., Reviews are given by Marsh52, Thomas55 and

Lang and Magniersg}
Work using industrial carbons such as cokes and chars
has been done on materials, and under conditions far

removed from those of fundamental studies,

The Carbon~Carbon Dioxide Reaction (Boudouard Reaction).

Kinetic considerations in gas-solid adsorption vield
the Langmuir isotherm, which relates surface coverage to
pressure of adsorbate gas (assuming ideal gas laws) at a
constant temperature,

Reactions of carbon with O CO2 etc. can only occur

2!
at the gas-solid interface and may involve the six
consecutive steps outlined in 1.3.1l. In heterogeneous
reactions Langmuir assumed that sufface reaction of the

chemisorbed species is rate determining, that adsorption

and desorption processes reach equilibrium and that the

’
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concentrations of adsorbed reactants may be estimated
using the Langmuir isotherm. Many of the rate laws
found experimentally are predictable using mechanisms
based on this treatment and are known as Langmuir-
Hinshlewood mechanisms.

Consideration of the order and molecularity of
heterogeneous reactions leads to rate laws which may
reduce to a simpler form when reactant and product are
strongly and weakly adsorbed respectively or vice versa.
These rate laws and activation energy ranges are treated
by Wilkinson60.

When CO, is chemisorbed on carbon CO is an immediate
product and COz is not reversibly desorbed. Adsorbed
CO, and CO are likely to be shortlived species.

In the late 1940s Lang and Sykgsﬁl postulated a
mechanism in which CO, reacts with the carbon surface to
give an adsorbed oxygen atom and CO which passes inrto the
gas phase

C02+C 9 C(O) + CO LA B BN B BN B B l

gas surface surface gas
oxide
complex
This oxide complex then decomposes to CO
C(O) é CO .O."'.l’.l.‘..."‘.. 2
Some CO may alsc be adsorbed on the carbon surface
C + CO # C(CO) s e e s sa e r s Faboe 3
The formulae in brackets denote species adsorbed on

the carbon surface, which may be only a small fraction of

the total surface. CO is known to have a pronounced
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retarding effect in the oxidation of carbon by CO,.

Such a reaction sequence yields a rate expression of

the form
rate = KlPCO
—_—
1+ K2PCO + KBPCo2

Where p, denotes partial pressure of gas X and K,s Ky and
K5 are functions of one or more rate constants. Several
possible mechanisms give this rate law. Derivation and
discussion are given by Walker et aléo, with possible
inhibiting pathways for CO.

Adsorbed CO may compete for active sites that would
otherwise be occupied by C(O) (reaction 3) or the adsorbed
surface oxide C(0) may react with gaseous CO to give again
CO, (i.e. the reverse of reaction 1l.)

C(O) + CO é C + C02 .....‘..'0“.. 4

surface surface

Reif62 has shown that the experimentally verified rate
expression can only be produced by considering steps 1,
2 and 4 or 1, 2 and 3 and concludes that retardation occurs
by the reverse of step 1, i.,e, the former sequence. The
reaction mechanism is discussed by Ergun and Mentser6?
Detailed investigation of the kinetics of the reaction by
the same authors64 shows that decomposition of the surface
oxide is the rate controlling step.

Thus for the mechanism of carbon gasification by CO2

the sequence may be represented by
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ky
c + <o, ;—-e- c(0) + CO
3

C{(0) —™> CO
k2
where k represents an intrinsic xate constant.
If & is the fraction of carbon surface occupied by
chemisorbed oxygen atoms, then a steady state will be

reached at which the rate of formation of C(O) om unit

effective surface equals its rate of removal

ie klpcoz(1-6)='k3pcoe + k29
k1pco2 - 1p0029 = KaPeg@ * k0
and © = Kk

P
1 CO2

k1pco2 * Kabog *+ Ky

The overall rate of gasification is kze

so rate = kch02

i "
L _3
1+ kzpco2 + kzpCO

=
i

WlW ty

W=

[\

K.P
then rate 1 COZ

1+ KyPeg + K3p'co2
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Which is the well known Langmuir-Hinshlewood rate
expression. Thus K, refers to the competition between
xeformation of CO, and bonding of the surface oxide to
carbon and forming one molecule of Cb. Kg refers to the
competition between adsorption of CO, and chemical bonding‘
of the sorbed complex to give the second molecule of CO.

As CO, is a linear molecule the influence of the
carbon surface is to break one C to O bond. How this may
come about in terms of charge transfer mechanisms within

the carbon lattice is considered by Franke and Meraikibﬁs.

The C/CO2 reaction is reviewed by Lang and Magniersg.

A "true" activation energy of 360 kJ mo1™t (86 kcal mo1™ %)
has been suggested4o, a'higher value than for C/O2
gasification. The overall gasification rate is controlled
not by the rate of férmation of the surface complex but
by its rate of removal or rearrangement to a desorbable

40 that the formation of a

product. It is pointed out
surface oxygen complex is exothermic, more so for-C/O2
than for C/COZ. This excess energy could determine the
l;fetime of the surface complex and the extent of cover.
If the overall energy of activation is determined by the
desorption step this would lead to a higher value for the

C/CO, reaction than the C/0, reaction.

1.4.2 Other factors Influencing Gas-Carbon Reactions

Orientation of crystallites and their size, heat
treatment surface area, presence of impurities etc. may

influence a rate of reaction. Impurities can either
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accelerate or retard carbon reactivity, depending upon
amount and location in the carbon lattice.,

Walker and Rusinko66 investigated the gasification
of carbon rods with CO, between 900 and 1300 °C. No
correlation between rate of reaction ahd any physical
property investigated was found. Trangient phenomena in
the gasification of very pure well out-gassed graphite

with CO2 were investigated by Shelef and Walker67

. Kinetics
were explained in terms of two types of surface oxide |
differing in reactivity. The development of steps and etch
pits during the initial gasification was suggested giving
a surface with vacancies and defects and therefore of
higher chemical reactivity. The high initial (transient)
rates were susceptible to traces of CO and H,.

Thus even with 'pure carbons! the mechanism of

reaction and rate determining steps in gasifications can

seldom be assigned unambiguously.
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CHAPTER 2.

REVIEW OF WORK ON- COKES AND COAL CHARS

2.1.1 Coke Reactivity

This is a loosely defined term commonly understood
to refer to the rate at which coke reacts with oxidising
gases. As coke lumps fall through the blast furnace
their temperature, porosity, topography, mineral matter
etc. are constantly changing. Thus "reactivity"” is a
constantly changing multidependent parameter, being not
so much an intrinsic property of a fuel as an implied
behaviour.

There has long been interest in coke reactivity.
In a study of American blast furnaces Howlandl stated in
1916 "the most desirable thing about a coke is that
quality in the carbon which will allow of its being
instantaneously burnt to carbon monoxide'. The
application of reactivity testing up to 1945 is reviewed
by Mayer52 who reserves the term "reactivity' for tests
in which the oxidising gas is COp, and "combﬁstibility"
for tests using air or oxygen in which extent of reaction
was determined by weighing or gas analysis and “ignition
point!" for tests using air or oxygen in which extent of
reaction was determined by temperature measurement. This
latter test is related to the "critical air blast test!.
developed by the Northern Coke Research Committee. Coke

reactivity is also reviewed by Blayden.3
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Although great disparity exists between laboratory
test and blast furnace conditions, importance is placed
industrially on the measurement of reactivity to assess
coke guality and to predict blast furnace performance.

The test indicates to what éxtent the Boudouard reaction
will proceed in the upper part of the furnace shaft, i.e.
tc what extent carbon will be lost before it takes part
in the reduction of metal oxides.

Many tests have been developed to measure reac&ivity.
These vary in detail but in principle measure the rate of
conversion of CO, to CO by granular coke in the temperature
range 950 ° to 1100 ®C. Extent of reaction may be
determined by weight loss of the coke or CO/C02 ratio of
the effluent gas. Although Mayers states "... all the
methods mentioned (i.e. reactivity, combustibility,
ignition point) are simply different devices for
measuring the same property', when a series of similar
cokes are compared by different reactivity tests they are
not necessarily placed in the same order by all of them.
Physical factors which are not evaluated must play some
part in effective reaction rate.

Indirect methods such as measurement of electrical
conductivity, and measurement of strength after reaction
have alsc been investigated.4

The E.C.E. test5 for measurement of reactivity of
metallurgical coke was published in 1965 to standardise

tests for the chemical reactivity of cokes. Dry coke
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(7-10g) of 1 to 3 mm particle Qize is reacted with COp
at 1000 OC, under standard flow conditions, and the
effluent gas sampled after a set time. The CO content
of the reaction gas is determined by I.R., thermal
conductivity or absorbing the CO, in KOH solution. A
coefficient of reaction speed kp is calculated from the
conversion of CO, pexr second and the sample mass, -

‘ Many laboratories use their own standard test.
Two methods6 are currently in use at the I.S5.P. Research
Laboratory, Avonmouth, namely the 1000 oC and 1300 °C
reactivity tests. The former approximates to temperatures
in the upper shaft and the latter to that in the tuyere
zone. In both cases rate of weight loss of a sample
exposed to a stream of moist COp is determined. A coke
block is used for the 1300 °C test and 10g of coke ground
to ~0.70 mm +0.42 mm for the 1000 °C test. Weight is
recorded every 5 minutes for 40 minutes and reactiv;ty
expressed as percentage weight loss per minute. The
major criticism of laboratory tests is that they are
carried out in a pure gas and on finely ground material.

I.S.P. ‘use. a standard low reactivity coke from
Nantgarw, South Wales, expressing their coke reactivity
values in terms of a "Nantgarw ratio". The variation of
Naritgarw coke reactivity itself is small. Thus a good
coke has a Nantgarw ratio near 1 and kp value near

0.11 cm> g-l s~L,

E.3
(Nantgarw ratio = 0.21 + 7.3 kp value),.

t K
L . . . .
_ This expression is a correlation between
~ data on samples from the same stock but

48 . individual cokes may not fit the equation ;
; . . S !
| very well because of differences between
:_the techniques,
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The method used to measure reactivity is
obviously c¢hosen with the intended use of the coke in
mind and the limitations of it being a routine
comparative test.

A review of work on metallurgical cokes and coal
chars is presented from the point of view of "reactivity
studies™ and kinetic (oxidation) studies although this
is a somewhat artificial distinction.

2.1.2 Review of Reactivity Measurement Studies on Cokes

The methods used to measure rxeactivity afe
summarised in Table 2.1, All except that of Baneijee
and Sarjant use COp as the oxidising gas. Iron is often
present as Fez03 in considerable amounts in coke ash and
is an effective catalyst for the Boudouard reaction when
in a lower oxidation state. Combustibility and ignition
point tests will thus not assess this effect, and thesé
authors note that their cokes were placed in a different
order of reactivity by testing in COs.

Percentage weight loss has been used widely and was
the criterion adopted in the present work. The test must
be conducted at a temperature in the zone of chemical
control, or pore diffusion will have an effect,

King and Jones found the "reactivity value" of
a coke'not to be constant but to alter as the passage
of COp continued. They singled out three values -~ RI.
the initial value, RIII the "constant" value after

continued passage of CO, and RII a value after heat
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Table 2,1 Methods of Measurement of Coke Reactivity.

Author Ref, Test Method Temperature Sample Sizeé Criterion of
{°C) Reactivity
King & Jones 7 Sample preheated 950 10-20 mesh Vol. of CO formed
1931 in Ny, 100 cm3 COp from 100 cm3 of
passed ovexr hot COo
coke. Exit gas
passed through
KOH solution
Banerjee and 8 Coke heated in aix - 200 g of ratio of CQ/CO2
Sarjant 1951 at fixed flow rate. "graded in exit gas to
Air and furnace coke'' that of all the

temp. maintained
constant ox coke
temp. held at 1300
oC by adjusting air
and furnace temp.

Okstad and 9 Coke heated in CO, 750 to 1000
Hoy 1965 stream to desired Results
temp. Flow regulated recalculated to
to give 18.2% CO in 950 using a
exit gas (correspanding value of 356
to 10% conversion of kJ mol™

COs5) (85 keal mol=l)
for EA
Barbu and 10 Sample held in 930
Reinhorn 1966 CO, flow

fixed weight
of =20 +40
mesh preheated
coke

50 g of 25 to
30 mm lumps

carbon were
converted to CO.

Vol. CO»n_ converted

s 1 g-1 of
fixed carbon.

Vol. CO to
100 vol of COp




Table 2.1 continued.

i Authox Ref. Test Method Temperature Sample Size Criterion of
(ec) Reactivity
|
! Patrick & 29 Continuous weight 970 Cylinders % burn-off
Wilkin son change on an i 1.5 cm x 1 cm, with time.
: electrobalance in cut from coke
i CO,, C02/N2 or pieces
C02/CO mixtures
Reeve et al, 11 (1) CO, oxidation for 1000 5 g of 25 loss in weight
Ul 1972 2 h. to 30 mesh as % sample
= coke, Pre- weight,
heated in N»o correcting for
ash.
(ii) 90 min., reaction " CO2 1
- time in CO,. TO¥co, TAHe
Product gas
analysis by G.C.
(iii} CO2 flow adjusted " fixed vol. the ratio GV
to give rate of 25-30 where V i Eg
resulting in 20% mesh coke. flow G LS D2 1
vol. CO in product tow . s gamp i
gases after 90 min. wt. a 1s ash content
Goldshtein 12 reaction in CO,/Np 1050 2 em3 of 2
al 1975 and Hp0/Ns mixtures. to 3 mm coke.
Lu, Samasan 13 Powdered specimens 850~950 % weight loss.
& Uribe 1981 burnt off in Ar/CO/ g
COp 50/5/45,







treating coke in Np, (Treatment of coke with COz then
led to RIII). RII was only significant where RIII was
considerably greater than RI.

Barbu and Réinhorn determined reactivities of
cokes and charcoal in small lumps and 0.5 to 1.0 mm
granules and found consistent comparisons only with the
larger sized materxial.

The method of Okstad and Hoy was developed as an
industrial standard. The fixed degree of conversion of
CO, to CO eliminates the possible inhibiting effect of
CO and a small sample size and low measurement temperature
reduce thermal gradients in the sample.' In calculating
reactivity it is assumed that the rate of gasification is
a function of the carbon weight and a formula is derived
for a rate constant in terms of floﬁ rate of COp, initial
weight of carbon and degree of convexsion of COz (i.e.
CO2 reacted: CO, introduced)., Combining with the
Arrhenius .equation for the temperature dependence of
reaction rate constant, allows reactivity té be calculated
as a rate constant in terms of gas flow, sample weight
and a logarithmic function which is a constant at a
given temperature when a standard temperature (here
950 ?C) and a value for the energy of activation Ep for
the reaction are taken.

These authors take a value of 356 kJ rnolml

(85
kcal mol-l) for E, although a range of 3293 to 318 kJ

mo1~t (94 to 76 kcal mol™l) was found for different
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types of coal, coké and charcoal sample. Actual
reactivity measurements are carried out at a temperature
giving best test conditions and the reactivity values
Yecalculated to the standard temperature of 950 °c.

This method however does not take into account the effect
of degree of coke burnt off on reactivity.

The three test methods of Reeve et al on a series
of eight cokes of widely different reactivities showed
that each method gave acceptable selective reactivity
values, The aunthors consider that at the test temperature
there will be some effect of chemical reactions in pore
walls and counter diffusion of CO and COz within pores
and therefore express some preference for metheod (iii).

La et al studied the reactivities of the carbon of
various optical texture and defined a ''relative micro
reactivity? index.

Donelly étal¥4 used both weight loss and outlet
gas analysis to determine the reactivities of cokes and
chars between 800 and 1100 °C , Results were consistent
but the authors preferred the weight loss method,
considering that volatile material affects the gas analysis.

The more significant industrial reactivity tests
are summarised in Table 2.2, as described by Crossls.

The ECE test has become widespread in use, with
some modifications as in the Norwegian CORMA and
Australian tests. The Polish and Russian methods are

basically similar, depending on the measurement of COp
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Table 2.2 Industrial Test Methods for Coke Reactiwvity

Test Temperaturé Measurement
Nantgarw Ratio 1000 °c¢ Weight Change
United Nations ECE 1965 '1000 % CO2
Japanese JIS K2151-1960 950 CO flow rate
Polish Chemical Coal
Treatment Inst. 1000 % CO2

Russian GOST 10089-73 1000 % CO»o
Koppers Yugoslav JUS IL

S5-03 950 % CO2
NorwegianVCORMA 750-1.000 % COqy
Australian ACIRL - CRA 1000 % CO2







content of reacted gas, flow rate and coke sample weight..
The relative mexrits of the tests are discussed in the
above reference, in relation to zinc—~lead production.

2.1.3 Review of Coal Char Reactivity Studies.

Methods used to measure coal char reactivity are
given in Table 2.3. No standard test exists and there is
considerable variation in the methods that have been
employed. Data given refers to initial rates of reaction,
as in coke testing. The methods fall into direct
weighing and product gas analysis and are carried out at
a lower temperature than coke reactivity tests. Gray and
Misra point out that pore diffusion is likely to affect
rate in—CO2 even at 800 °c.

These authors preferred the method of Okstad and
Hoy because there is a fixed extent of conversion of
CO» to CO. However, they made their measurements "well
below 950 OC", calculating reactivity values at 950 and
900 °C using a value of Ep of 104.7 kJ mol™! based on
their data fér brown coal chars. The reactivities of the
chars thus examined were related to the nature of the
parent coal, although other factors, including pretreat-
ment had an effect. Where chars were prepared from coals
of the same lithotype, reactivity differences were
primarily a function of porosity. (Lithotype refers to
the banded appeérance of coal.)

Watson and Gray in a study of chars from highly
' reactive subbituminous coals discuss the likely nature

of active centres, and used the method of Okstad and Hoy
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Table 2.3.

Measurement of Coal Char Reactivity

Authors Ref Test Method Temperature Sample Criterion
(°c) . Size of Reactivity
Donnelly 14 Crushed coal charred under N, 850 and Volume of
et al 1970 CO, admitted. Exit gas sampled 950 CO produced
at fixed intervals, from 100
volumes of COp
Hippo and 16 Coal carbonised in situ at 200 5-10 mg Rate of weight
Walker 1975 1000 9C, Charxr held at 900 ©C loss per
under N,., COp admitted initial weight
weight loss monitored on (on ash free
microbalance. basis).
Walker, 17 Treated lignite carbonised in 390 -air, "o
Mahajan & : N, at 800 °C. Weight loss 760 CO,
Komatsu 1979 measured in various gases. 650 steam
790 Hxy
790 mixtures
with No
Watson & i8 Coal carbonised in fluidised 25¢g Method of
Gray 1980 bed. ) hr soak time at 920 ©C Okstad and Hoy
under Ns. Reacted with N3 /CO>. using 226
kJ mol-l1 for
EA-
Gray & Misra 19 - - - As above usin
1980 104.7 kJ mol~!
for EHp.
Knight & 20 Coal charred in situ. Samples 800 to Rate of weight
Sergeant 1980 reground 32 size fractions taken 970 loss per initial
on thermal balance. CO,/N, mixture, sample weight.
Jenkins et al 21 Sample heated in Np to 500 ©, Air 500 5=10 mg Max. rectilinear

1973

admitted, Weight loss monitored.

weight loss/

initial (ash free);

weight.







to determine reactivity using a value of 226 kJ mo1 ™+

for the activation energy, the mean of their experimentally
determined values. The reactivity values, related to
1173 K fall within a similar range to those of Gray and
Misra although a widely different value of E, was taken.
Where the criterion for reactivity is weight loss,
extent of weight loss versus time plots are often presented.
These generally show three regiong - a slow initial rate,
a rectilinear burn off portion and a decreasing burn off.
The rectilinear portion usually lasts to about 40% burn
off in which the char is increasing its specific surface
area due to activation.

Knight and Sergeant20 found char reactivity greater,
the lower the rank of the parent coal.

No general correlation of reactivity with miﬁeral
(ash) content has been found, although several workersl6’2l
note high calcium content is associated with high
reactivity.,

Jenkins qsed air as the oxidizing gas and found
lower rank coals gave more reactive chars., Hippo and
Walker, using the same chars found the same general order
of-reactivity to COZ' Chars of high calcium and magnesium
content were most reactive, although the amount and type
of porosity had a marked influence on reactivity. The
effect of decreasing particle size is generally to increase

reactivity., Demineralisation by acid washing decreased

reactivity, although in some cases additional porosity is
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created which increases reactivity. This showed the
important role and opposing balance of catalysis and
mass transport resistance in the reactivity-of these
matérials.
22
Knight and Sergeant in a reactivity study of chars
from Australian Coals conclude that no strong correlation

exists between any one mineral matter component and char

reactivity.
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2.1.4 Studies Relating Reactivity to Other Coke

Properties.

Many studies have been made in an attempt to
relate reactivity to other physical properties. The
reactivity of cokes from all coals decreases markedly
with increasing temperature of carbonisation. It may be
expected that reactivity could be correlated with other
temperature dependent properties, such as "true" density,
which is a measure of degree of graphitization.

Optical and scanning electron microscopy have
been widely used to study coke ‘striuctural changes on
gasification, asg described by Marsh and Smith23.

The crystal structure of carbon causes directional
variations. in the transmission or reflection of
polarized iight and a polished coke section viewed
between crossed polarisers presents an appearance
described as '"mosaic texture"., Coke structure has thus
been studied by quantitative reflectance measurements.
Intensity of reflectance is dependent on rank of parent
coal and temperature of coking process., Patrick et al24
categorise the optically identifiable types from

isotropic™ through "mosaic" type of various grain sizes

to a "flow type anisoctxropy".
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Schapiro. and Gray25 correlated reactivity with
pore volume for various cokes made from coal of the same
rank. The former gquantity was determined by automated
reflectance microscopy and the latter by weight loss
in COp at 2000 O (1093 OC). Both are related to coal
rank in the same way.

Thompsonef al206  studied coke reactivity with the
aim of finding a test for the chemical quality of coke.
After a daily monitoring of iron plant cokes for about 2
vears they concluded that the weight loss in COz test
was a sensitive test of plant operation and coke
uniformity. In a study of reactivity, strength, porosity

27 found low

and coal composition Benedict and Thompson
reactivity associated with thick pore walls, a low
percentage of pores and small pores. The same tests on
actual blast furnace samples showed similar trends

although the structural changes were more severe than
laboratory tested cokes. As weight loss occurred coke

lost strength progressively. Carbon of the lowest
cxystallographic order e.g. that from iow rank high
volatile coal, was preferentially attacked by COp. This
confirms previous work by the same author528 in a study-

of the influence of coal composition on coke making.

High reactivity cokes were low in reflectance and described

as "amorphous in appearance'" and produced from certain

coals of low rank. These reactive carbon forms produced
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from the inert and semi-inert macerals can, however,
if thoroughly iﬁcorporated into the coke walls, tend to
thicken them and reduce reactivity. Thus the effect of
coke structure, coke texture and carbon form influence
reactivity in an interrelated way.

Work by Patrick and Wilkinson®® on reactivity,
coke strength and coal rank used weight loss in C02 at
1000 °C as thé criterion of reactivity. Relationship
between reactivity and coal rank is discussed and between
reactivity and optical texturxe under polarized light.
Isotropic material was found to be the most reactive
component, completely overriding the effect of anisotropic
composition, but the authors conclude that the differences
in crystallographic structure of the carbon cause only
small differences in reaction rates. No simple relation- -
ship was found between reactivity and total pore volume
(from mercury pressure porosimetry) or total porosity
{(from density measurements), althoﬁgh a broad relationship
existed between burn-off rate and the ratio of'porg-wall
thickness to pore diameter. On gasification pore enlarge-
‘ment and reduction in pore wall thickness occurs and is
responsible for the decrease in coke strength.

Nishida et a1© measured the Lo (002) walue i.e. mean
stack height of layer planes, for a series of metallurgical
cokes, and their *'reactivity index™ by weight loss in COs
at 1100 °c. Although L could be related to the rank of
parent coal, the authors found no correlation between coke

crystallinity and reactivity and suggest this is due to
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the effect of pore structure, coke ash, etc.

In a study of blast furnace samples, Gill and
Coin21-investigated the relative sensitivity of coke
structural components to CO, attack by etching polished
coke surfaces at elevated temperatures. The most reactive
components were derived from inert materials (correspondingl
to Patrick'524'isotropic structure) and it is suggested
that the reactivity depends on crystalline structure and
specific surface of these. Breakdown of coke strength
is also discussed.

A detailed study of the reactivity and structure
of seven cokes produced from single coking coals of various
ranks by Fujita et 3132 showed high reactivity associated
with a low mean maximum reflectance of parent coal. Pore
diffusion resistance tended to decrease with increasing
average macropore radius. Where specific surface area was
high due to'microporosity,co2 reactivity was high, in
spite of high content of flow type (optical) texture.

The ash from the seven single cokes was added to
coal tar pitch by Fujita et a133 to evaluate its effect on
CO, reactivity as distinct from the optical texture and
pore structure. FepU3 and K,0 in the ash correlated with
increased reactivity of the carbonised pitch. Thus
although their previous study indicated reactivity depended
upon pore structure, ash constituent must also play a

significant role.
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‘2,2,1 Kinetic Studies on Metallurgical Coke in the

Boudouard Reaction.

Kinetic studies have centred on the determination
of the temperature dependent rate constants in the
Langmuir-Hinshlewood rate equation

rate R = KlpCO2

1 + KyPeo* K3Pc:o2

Where the symbols have the meanings described in
l.4.1. Interpretation of the constants depends on the
mechanism assumed for the reaction. In principle K,
and Kg should be iﬁﬁependent of the type of carbon since
they are functions of ratios of intrinsic rate constants.
However, in practice, they are not universal constants,
their values depending on the nature of the carbon used.
This aspect of the possible relationship of kinetic
parameters to actual coke reactivity has been dealt with
by Marsh34.

When K

2pco<<l and K3pCO2>>l, rate = Ei

K3

i.e. the reaction will be of zero order. This will be

the case at low temperatures and high COz pressures.
But if K

>>»>1 and K << 1l the reaction will

2Pco 3Pco,

be first order with respect to Co, at fixed CO pressures.
Thus the order of reaction may vary from zero to one
depending on experimental conditions and type of carbon.

In order to evaluate the rate constants the L-H

equation is rearranged as
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K3

2 K

1 I Pco
1=l y+X oy,
R K P Pco

Thus by keeping the ratio Pgp constant, while

-
CO,

varying PCOo the constants K;, K, and K5 can be

2
evaluted from the slope and intercepf of the plots of
1 vs

rate PC02

at two different ratios of EEQ
Pco,

Adexibigbe and Szekely35 reacted coke discs
(cut from the same sample) in CO/CO,/Ar mixtures on a
thermal balance in the temperature range 840 to 1000 “c.
Coke structure was also characterised by porosity,
surface area measurements and scanning electron micro-
SCODY »

Partial pressure ratios of 0.25 and 0.5 were
used and the coke was reacted to about 40% weight loss.
As found by other investigators, with increasing
temperature K) increases and K; and K3 decrease. On
plotting 1n K against % the activation energies of the
elemental steps can be evaluated.

in an earlier study, He:uchamps36 investigated the
gasification of 0.5 to 1 mm metallurgical coke granules
in €O/CO,/N, mixtures between 900 °C and 1100 °C using
the E.C.E. reactivity test method. The ratio EE decreased
with increasing temperature and the value of 1 K3 in
comparison was very small, The negative energy of

activation associated with Kz shows the inhibiting power

of CO, which decreases with increasing temperature,







Turkdogan and Vinter537 studied the rate of
oxidation of several ca:bons,‘including metallurgical
coke gramules in CO,/CO and CO5/CO/He mixtures in the
temperature range 700 °¢c to 1400 QC, up to approximately
15% weight loss. The greater retardation by CO on graphite
and coke (which was partially graphitized) than on
charcoal was attributed to stronger chemisorption of
CO. Detailed discussion of reaction mechanisms in terms
of the thermodynamics of chemisorbed layvers is given,
Pore diffusion did not lower the reactionlrate with coke
granules at temperatures above 900 °C unless pCO2 was
greater than 1 atmosphere. (101 kPa).

Kinetics of the C/CO2 reaction on Nantgarw coke
between 1000 °C and 1200 °C was studied by Richards and
Tandy38 following rate of reaction by exit gas
composition. Above 1000 °c for any given size of coke
there was a minimum gas velocity to be maintained in order
that a true conversion rate of CO2 to CO be measured.

The reaction was found to be first order with respect to
COz, when pco was fixed and pco, varied from 5 to 30%,
the balance being Np. When PCOQ was held and pco varied,
CO was found to inhibit, the effect becoming less marked
with ihcreasing temperature.

The constants K; and Ko were evaluated from plots

of

Tate Versus pcor the constant K3 being neglected.
Results,in a general form of the rate expression are

reproduced in Table 2.4.
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Table 2.4. Rate of Gasification of Nantgarw coke from

Reference 38. (in mol min™* atm ~* g_l)-

2.03 x 10~%Pcg o

at 1000 °c  rate

l + 4'5 -PCO

o -4

at 1100 ~C te = 8,94 10 P
rate X CO2
1+ 2.2P

co

at 1200 °C rate = 2.05 x 10 °Pco,
1l + 0'36PC0

The effect of temperature is implicit in the three
expressions. Plots of log Kl and log K, versus % yield

activation energies. Thus the results were expressed as

Rate = KlPC02

1 + K2PCO

"43. 5

where K]. = 103+9% "RE

7. 46.0
and K, = 10 *“e KL where the activation energies

were given in kcal.

Thege results were then applied to the conversion
of CO, in the hearth and shaft of the Imperial Smelting
Furnace, it being estimated that about 90% of the C/C02
reaction takes place in the hearth and the CO,/CO ratio
being 0.32. If this drops to 85% the CO,/CO ratio
becomes 0.37. This gas ratio determines the temperature

below which the gas would be reducing to FeO.
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Thus a detailed kinetic study of Nantgarw coke
had already been undertaken. Comparison of the values of

the rate constants K, and K., given by various workers

L 2
shows that they are specific-to the coke studied, although
the temperature dependence is the same.

2.2.2 Review of Mechanistic and Structural Studies on

Coal Chars
Char reactivity depends on the source and thermal
history of the char, and kineticists are far from able to

make a priori predictions of reaction rates. A

39

fundamental approach is given by Isaacs who has

correlated the free energy of formation of chars with
reactivity. The equilibrium constant K at a given
temperature for a char may be calculated from
experimental data and compared with that for graphite
under the same conditions. Then,

Kchar

) S = 1_ ; pAn9Te _ pcChar
Kgraphite) = gt ( °C )

In{
char

The term (AGY"* - AG

chax graphi te
G - G

formation at the given temperature. Thus a test of this

) is equated to

where Gf is the free energy of

hypothesis depends upon the estimation of Gf at the
reaction temperature, calculating the rati& of the
equilibrium constants and comparison with the
experimentally determined ratio. Heats of formation,
absolute entropy of formation and specific heat data are

correlated by this author, in order to calculate Gge
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Since chars are not fully ordered solids there is a
residual entropy of formation making G§har positive
relative to graphite. Prolonged heat treatment may be
expected to reduce this term, hence reduce chemical
reactivity. Calculation for values at 1200 K are given,
which agree reasonably well with experimental data. Thus
the intrinsically high reactivity of chars may be
related to thermodynamic functions.

40 with data

Similar treatment is given by Sinteza
for anthracite, coke, diamond and graphite.

Much work has been reported on the kinetics of the 05
CO2 and steam gasification of chars produced by
carbonisation of organic polymers. (e.g. the CO,
oxidation of cellulose and cellulose triacetate chars by
Dovaston et al®*’ and McEnaney and willis?? of polyfurfuryl
alcoéhol (PFA) chars.by Marsh and Taylor43 and the oxygen
oxidation of pitch resins by Dollimore and Turner44, PVA (poly-
vinyl acetate) char by Marsh and I§YI0r45 and cellulose char by
McEnaney and weedon46). These are chars prepared under
controlled conditions and containing no mineral matter,
although heteroatoms would be present., Coal chars must
represent a more heterogeneous group of materials,

Recent work has focussed on coal chars as a large
number of existing and proposed coal conversion
technologies depend upon their gasification.

In a study of the reaction rates of <100 um sized

particles of coal char with C02, O2 and H20 at very high
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temperatures (1800=2800 K) Kimber and Gray47 éoncluded
that rate in oxygen was under diffusion control. With
C02 and H20 rates were at least one order lower and under
partial diffusion control. The latter will diffuse further
into the particle, at the same temperature than oxygen and
relatively more burning take place internallﬁ. Faster
burning of low rank cocal chars than charcoal was
attributed to a larger portion of the surface being
accessible via larger (several m) pores. N
Mathematical treatment of rates of gasification of
nineteen coal chars with - steam at 850° and Oz'at 900 °c

is given by Kasaoka etaal‘.laq, Fraction gasified o versus

time t curves fitted closely the equation

84

i

1l - exp(-atb) where a and b are constants,

independent of coal rank. This equation was derived

. b-1
assuming that rate constant k = S%b(- in (1-0) B)
Using a normalised gasification time %l/ rate
2

curves were fitted to a characteristic curve shown as

¢ =1 - exp [— A(%l/zﬂé where A énd B are constants.

Although useful in predicting the behaviocur of chars
from coals of particular fuel ratios, the constants do not
relate to any reaction mechanism.

Dutta et al49 studied the pyrolysis of several
coals and the C02 reactivity of the chars produced from

them at 840 to 1100 °C. Rate of weight loss versus

fraction reacted curves show that each char had its own
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characteristic rate-conversion curve, attributed to
the different pore structure and change of such with
reaction, Char reactivity increased with decreasing rank
of parent coal. Pore characteristics studied by SEM,
mercuxy porosimetry and B.E.T. (Nz) adsorption showed
that higher surface afeas were due to a larger number of
smaller pores, although oniy the fraction of surface wilth
pores > 1-2 nm in rxadius may be available for reaction
with CO,. Reactivities were found to be approximately
proportional to the surface due to pores above 1.5 nm
in rédius, and té have little relation to total surface
area.

Kinetics of-HQO and CO2 gasification of Swudish

o in the

Shale char was investigated by ngrle:et al5
temperature range 800£)to 1000 °c. The reaction rate of
fixed carbon was described by a modified Langmuir-
Hinshlewood rate expression (K; was neglected).

Retardation b& CO and H2 was observed for both reactions.
Char reactivity was dependent on the pyrolysing

conditions of the shale. That chars treated at 1200 °c

are less reactive than those treated at lower temperatures is
reported by Bradshaw et al?liig a study on. reactivity of coal

chars to CO. at 900 to 1270 °c.

2
Thus kinetic studies are often intimately linked
with porosity measurements. Some of the activation
energies reported for the C/CO2 reaction with coal chars
are’given in Table 2.5, and on other materials including

cokes in Table 2.6. Values for the C/O2 reaction on

-various carbons is summarised in Table 2.7.
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Table 2.5. Some Réported Activation Energies for the C/CO5 Reaction on
Coal Chars. (kJ mol-l).
Author. Activation Energy Material Reference
Gray & Misra 104.7 Brown coal chars from 19
briquetted coal of
light, medium and dark
Lithotype.
Knight & 219 to 233 Chars from 4 Australian 20
Sergeant coals.
Dutta et al 247 Hydrane & Synthane 49
chars derived from 2
U.S. coals under
different gasification
schemes.
Watson & Gray 214 to 238 Chars from a number 18
of Australian sub- '
bituminous coals.
Bradshaw et al 194 Chars from Manvers and 51

Barnburgh coals.




cL

Table 2.6. Some Reported Activation Energies for the C/CO2 Reaction on othex
Carbons {(kJ mol“l) ’
Author Activation Energy Material Reference
Okstad & Hoy 364 (87 kcal mol~=}) lignite (N.Z.) 8
339 (81 " ) gas coke (England}
393 (94 n ) metallurgical coke
Zuniga & Droguett 238 Coke from Chilean coal 70
Richards & Tandy 176 (at PCO, = 0.2) Nantgarw coke 38
Walker & Rusinko 180 to 285 extruded carbon rods Chapter 1
with coal tax pitch ref. 66
binder. '
Marsh & Taylor 230 graphitizing carbon 43
from P.V.A.
Dovaston et al 250 polyacenaphthylene char 41
170+20 triacetate chars.
McEnaney and 261+24 to 171 cellulose triacetate 42
Willis carbons of various heat
treatments
(CO, at 1.33 k Pa)
Kawana 402 (96 kecal mol™l) Coke from humic acid 69
239 Formed coke 87

Blake et al







Table 2,7, Some Reported Activation Energies for the C/Q, Reaction
(kJ mo1~1), (In the chemical control zone.)
Author Energy of Activation Material Reference
McEnaney & 105+12 Cellu;ose char, 46
‘Weedon oxygen partial
pressure 0.1
- Lewis 180 Vitreous carbon, 52
w alr oxidation
Navarro & 161.,5 +5 Air oxidation of 53
Jenkins " glassy carbon from
phenolic resins
Jones 167 Air oxidation of 54
Sphexon 9
({a non porous carbon
| black).
|
"Young 146 to 165 Chars from Australian 88
sub-bi tuminous coal
135 petroleum coke.




2,3.1 Thermal Analysis. (TG and DTA) Thermal analysis
involves the measurement of a parameter related to any
physical or chemical property of a substance which is
dependént upon temperature.

The technique of thermogravimetry (TG) is that in
which the change in sample weight is recorded -as a
function of temperature or time. Weight loss measured
at constant temperature (isothermal TG) has been the basis
of many of the kinetic studies previously mentioned on
cokes and chars. Relatively fewer workers have measured
weight changes under an increasing linear temperature
programme (dynamic TG) or used DTA or simultaneous TG/DTA.

The principles of thermoanalytical techniques -are
described by Wendlandtssj giving experimental details,
sources of error and applications.

The isothermal TG method is more suitable for slower
reactions and is considered by some authors to be more
accurate than the dynamic method. Rate of reaction at
constant temperature is measured and a dimensionless
quantity ¢, the "degree of transformation™ is used in the
evaluation of data, based on the assumptioﬁ that the
kinetics can be expressed by a formal equation

%% = k(l-a)n where t is time, k the rate constant

and n the order of reaction. The integrated form of this

equation may be expressed as
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1

. — - 17 = kt
n [(l a)n—l -]

- L1
or as @& = 1 = I:l - kt(l-n):l {1-n)

Values of n =%é and 2/3 correspond to movement of a
. reaction boundary through cylindrical and spherically
shaped particles respectively. For other values

mathematical treatment is complicated by the non-linear

appearance of n or 0 in the rate equation. Norris et alsé

discuss the application of numerical methods to the
determination of k and n in solid-state reactions.

Reduced time plots ( ?IS? L } used to

reaction
recognise mechanisms in diffusion controlled reactions are

discussed by Keattch and Dollimore57.

The temperature dependence of k is given by the
Arrhenius equation

k = A exp(%?%) where A is the freguency factor
R the gas constant and E, the activation energy of the
reaction. Thus the kinetic parameters A and Ep can be

evaluated from a plot of log k versus % , obtained from

i ] L

isothermal TG measurements at a series of temperatures.
Mathematical analysis of dynamic TG curves is
more complex. Again the formal kinetic equatioﬁ is
combined with the Arrhenius equation and expressions
evaluated by differential, integral or abproximate methods.
Comparison and criticism of various methods is given by

Wendlandt~> and Blafek-C.
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The first derivative of the TG curve - the DIG
curve is a useful additional parameter. Although it gives
no further information than the TG curve it is often
useful in resolving overlapping peaks.

Differential thermal analysis (DTA) is the
technique which measures the temperature difference between
the sample and an inert reference material against
%emperature or time as the two specimens are subject to an
identical temperature regime in an environment heated or
cooled at a controlled rate. The method records all
changes in enthalpy, i.e. physical and chemical changes.
Results are more dependent on experimental conditions than
they are in TG. Basic principles, apparatus and
applications are given by Pope and Juddsg.

Kinetic information may be obtained from DTA, and
many expressions have been derived involving rate of
heating and peak maximum (or minimum) temperature, from
which EA and n can be calculated. These equations assume
a constant heat capacity of the sample over the
temperature range and that temperature gradients do not
exist within the sample. The theoretical and experimental
aspects of obtaining meaningful kinetic parameters from

DTA are critically reviewed by Sharpéo

s+ with application
to solid state reactions. The effect of kinetic factors
on the shape of a DTA curxve is alsc described. These

changes were noted by Kissingerél who related the shape of

a DTA curve to the order of reaction by a 'shape index".
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Thus TG and DTA represent powerful techniques in
the study of reaction kinetics. The combination of a

general rate expression

da

at = k(1 - «)” and the Arrhenius equation

Eap

leads to %% = Af(&)é-

It is assumed that f(&) is (l-a)n in the analysis
of experimental data by ITG. A weight change gives the
fraction of material reacted and the corresponding DTA
peak area is proportional to the enthalpy of the reaction.
The temperature difference AT developed between sample
and reference is dependent on sample mass.

2,3.2 Review of Dynamic Thermoanalytical Studies

Marsh and Taylor62 studied the kinetics of the
C/COyreaction by dynamic TG using a graphitizing carbon
prepared from P.V.A. at heating rate of 0.5 K min~T. The
value of E, compared well with that found isothermally,
although the authors point out that agreement is not so
good at higher heating rates.

In a programme designed to correlate coke testing
with blast furnace performance Aderibigbe and Szekely63
used dynamic TG, subjecting specimens to an environment
where gas composition and temperature are time dependent
(in an approximate manner to stack conditions). Samples
were temperature programmed at fixed EQQ and at gradually

Pco,
decreasing pC02'
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At higher conversion levels (> 10% weight loss) the
fractional weight loss was a linear function of time, i.e.
the increase in temperature, decrease in CO, and
structural changes appeared to balance each other.
Reaction rates were slower where gas composition was fixed.
It is suggested that reaction of a coke particle at lower
temperatures has an activating effect, thus reactivity

may vary markedly with furnace operation.

Dobovigek%t-aléq‘ used DTA to study the combustion
of solid fuels in flowing air at 20 °C min~t. The
exotherms for metallurgical coke began at about'SSO °c.

For domestic coke {which had a high reactivity to COp at
950 oC) the exotherm began at 500 OC, was broader and had
two distinct maxima., Where DTA curves gave two maxima

the author relates these to the cokes being made from a
blend of two coals. Heats of combustion were evaluated
from peak areas. Time from the beginning of the deviation
of the DTA curve to its return was then determined at a
sexies of temperatures. A plot of log (time of complete
reaction) versus % gave two straight line portions, showing
a change from chemical to diffusion control of rate. This
quite lengthy study shows the application of DTA, although
similar results to the latter part could be obtained more
easily from isothermal TG.

The use of DTA to identify and estimate carbonacegus
materials is given by Swaine65 based on the heat evolved

during their air oxidation, at heating rates of 10 e min-l.
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A quantitative method for the estimation of carbon in
flyash from the DTA peak area is described. Swain states
that where thermal behaviour was well separated two types
of carbon in a mixture could be determined by two peaks in

66

the DTA curve, This is criticised by Yang et al in the

application of DTA to the O, and CO, reactivity of

2
carbonaceous materials. A birfurcated peak in the DTA
curve can be predicted by substituting the appropriate

- do . .
functional form of — for various orders into

at
AT = k (-g%) and setting %—% =0

Three general equations are derived and solved
graphically showing that theoretically several peaks may
exist in a DTA curve, depending on the order of reaction,

Several carbons including coke were reacted by

these authors in air at 500=600 °C or CO at 1050 °C i.e.

2
in the chemical controlled rate regime. From the rate of
reaction determined from TG the type of DTA curve was
predicted (one or several peaks) and compared with
experimental curves. Based on this analysis two peaks in
a DTA curve is not sufficient condition for the existence
of two types of carbonaceous material in a sample.

A detailed analyéis by Yang and Steinberg67 of
DTA curves for first order reactions shows that E, and A
may be- obtained from a single DTA curve from the peak maximum
when thermal +transport effects are neglected. The treatment
is applied to the C/CO, reaction using nuclear graphite,
giving good agreement with results from iéothermal TG.

DTA has also been used to estimate ignition

temperatures of carbons.
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2,4.1 The Inhibition of Reactivity

Catalytic effects in the Boudouard reaction, in

which the rate is enhanced have been much investigated.

The activating effect of alkalis, iron and other

transition metals has been reported for a wide variéty of
carbons. Solution treatment of cokes and enhanced
reactivity to C02 is described by Léeés, Kawanaégand Zuhiga.
and Droguett?o.

In comparison the inhibition of the gasification
of carbon has not received so much attention.

Inhibition by CO and H, in the gas phase is well
known. Hedden:ét a1’t report the inhibiting effect of
POC); , phosphorus vapour and some halogen containing
compounds in the CO, gasification of various types of
carbon. A reversible effect, which depended little on the
form of the carbon was noted and an irreversible effeqt,
which only occurred with the relatively strongly graphitised
carbons. Mechanism is thought to be via the electron
donating capacity of the chemisorbed species. Hawtin and
Gibson72 report that POClzinhibits the air oxidation of
graphite (at 450-500 OC} and Arthur and Bangam73 report
the same for cokes and charcoal.

Modification of the solid, i.e. the carbon surface
will also lead to inhibition of reaction. The use of borates
and phosphates as antioxidants of carbon is well known.

Borates and silicates are used as inhibitors of oxidation

and corrosion in metals74. Graphite is protected from air
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oxidation at temperatures up to 1600 oC‘by silicides and
alumina, forming refractory carbide lavers with hot
pressed samples. Magne et ‘::\175 decomposed ammonium
.phosphate on .2 graphite surface and found the air
oxidation at 600 °C inhibited.

Boron is thé only element of suitable size and
electronegativity to substitute for carbon in the graphite
lattice., It is an acceleratér of graphitisation in carbon
fibres and other forms of carbon. Graphiteé with
substitutional and interstitial boron may be prepared by
the addition of boron or B,4C to the carbon followed by
graphitisition. Interstitial boron may be diffused away
with heat treatment. Such materials were oxidised by 0,
in the temperature range 580 © - 780 ¢ by wOodley76.

The B,C oxidised to B,0, (at a slower rate than C/O,
oxidation), which formed a physical barrier to diffusion
and the oxidation rate of the graphite was reduced. The
B203 acted by blocking pores and its removal by leaching
in hot water resulted in a surface area increase and a
subsequent increase in rate of oxidation.

The effect of substitutional boron on the kinetics
of the C/O2 and C/CO, reactions was investigated by

' Allardice and Walker 77’78.

In dry 02 rate of
gasification at 625 °¢ and B.E.T. surface area decreased
for doped graphites. This was considered to be due to

progressive accumulation of 8203 on the surface blocking

active sites. The effect of different B/C ratios was
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investigated and correlated with the electron acceptor
properties of boron.,

The rate of the doped graphite gasification by
C02 at 925 ~ 1050 oC was also less than undoped, althougﬁ
there was no accumulation of liguid 3203 on the surface.
The order of reaction chaﬁged with degree of horonation,
although Ej was not affected, in contrast to the C/0s
reaction. The authors suggest that boron acts by a
chemical effect, rather than a physical one, in inhibiting
the initial chemisorption step in the Boudouard reaction.

In these last three studies boron was an integral
part of the solid structure and progressively accumulated
on the surface as gasification proceeded. Thomas and
Rc)s.coe‘?'9 studied the oxygen oxidation of single crystal
graphite at 835 °C on which boron had been introduced as
a suspension of the element in acetone. Globules of 8203
were seen on the surfaces, using a photomicrographic
technique, forming over etch pits which grew by lateral
expansion, the 8203 thinning and redistributing. Rate of
oxidation at hexagonal etch pits was less by a factor of
five in the presence of the molten B,05. Behaviour was
different for oxidation by moist oxygen in the presence
of boron.

Thus inhibition of graphite gasification by 3203
appears to be effected by physical blocking of surface.

A study of the inhibition of the CO, gasification of lump

coke was required for which B,0, seemed the most suitable
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and economical compound. Alteration of a coking mix by
additives (such as the borides added to pitch coke

described by Hagio-etual§9) is not considered for Zn-Pb

production.

83




2.4.2 Summary qf Industrial Work on Borcnated Cokes

Trials were conducted at Luz:gichemie81 on three
metalluxgical cokes (0.5 to 1 mm granules) treated by
drenching in ammoniacal boric acid solution. Reactivity
to CO, at 1000 °C (ECE test method) was considerably
reduced, even sma;l amounts of By;05 (0.3 mg g-l coke)
reducing reactivity to about 70% of untreated value,
Increased treating of the coke (beyond 10 mg g"l) did
not further reduce reactivity, the maximum reduction
being to about 25% of untreated value. Drenching lump
coke followed by crushing also led to reduction.

Work on 15 oven cokes (including Cwm and Nantgerw)
at I.S.P. by Bryson:ét'alag used sections cut from lump
coke, dipped in 2.5% boric acid at 30 °C and air dried.
Reactivity to CQOz at 1000 °c (Nantgarw ratio test) was
reduced, on average by about 34%,

Bryson et alBQ tested the reactivities of formed
coke by solution treatment with separate -compounds.

Most were more effective reducers at 1000 °c @han 1300 °c
and those containing boron were the most successful., Boric
acid, borax and "Polybor' were tried at different
concentrations and 5, 10 and 15 second dipping times at
60 °c. Dipping time had little effect.

Work by Bryson and Illingworthg4 showed that
dipping hot formed coke in boric acid powder also resulted
in reactivity reduction. Further work by Illingworth85’86

showed that boric acid added before briquetting had no
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effect in reducing formed coke reactivity and solution
treatment before coking was not as effective in reducing
reactivity as dipping after coking.

It was concluded by I.5.P. that "Polybor", boric
acid and borax were viable inhibitors of reactivity,
solutions in cold water were adequate and that only

spraying or dipping was feasible in plant operation.
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2,5 Aims of the Research

This work forms part of a wider study on the
physico=-chemical properties of coke. Previous workers in
these laboratories have investigated the oxidation of
zinc sulphide and lead sulphide and the present work looks
at the reducing agent {(coke) of the metal oxides in the
Zn/Pb blast furnace. Other cokes used in the iron blast
furnace are being studied in related projects.

It was hoped to gain insight to some aspects of
coke reactivity by studying selected cokes and carbons of
different pore structure (chars etc.). The nature of the
inhibiting effect of 3203 on coke reactivity was to be
investigated.

Mathematical models were to be applied to rate
studies and where possible correlated with surface

structure obtained from microscopic examination.
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CHAPTER THREE

The coke and carbon reactivity study used thermal
analysis and gravimetric gas sorption as the main
experimental techniques. Transmission and scanning electron
microscopy were used to study the surface structure of the
materials and electron and optical microscopy to
investigate the coke and char minexal matter (ash). X ray
powder diffraction was also used to determine ash
constituents.

3.1 The principles of TG and DTA have been described in
Chapter 2,3.1, together with application to rate studies.

Two thermal balances were used in the present work.

3.1.1 The Massflow Thermal Balance

This is a Stanton Redcroft Massflow Thermobalance
model MF-H5 with some modifications, initially acquired
in 1974, and used with a Stanton Redcroft Eurotherm linear
temperature programmér model CA with programmed heating‘
rates between 2 to 40 °C min~ ' and Leeds Northrup
"Speedomax W" chart recorder. A schematic diagram of the
balance and ancillary equipment is given in Figure 3,1.

The thermobalance design incorporates two beams, one
inside the chamber and the other outside, the two being
coupled by a magnetic link. Changes in weight occurring
on the inner beam are transferred to the outer beam,

detected electronically and indicated by an arm with a

full-beam deflection of 20 mg and sensitivity of 0.2 mg.

Schematic cross section of the balance chamber is

shown in Figure 3.2. The balance chamber is a lO-gauge
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10, Control thermocouple between furnace wall
and mulliite tube
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Figure 3,1. Massflow Thermobalance and Ancillary

Equipment.
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copper tube 178 mm diameter, silver brazed and epoxy-resin
coated with doors 10 mm thick sealed with "O" rings. A
water-cooled silicone "O" ring seals the mullite reaction
tube to the chamber. There are four gas entry or gutlet
perts, two to the reaction tube and two to the main balance
chamber, It is possible to keep a nitrogen atmosphere in
the balance chamber and pass aix containing corrosive gases
over the sample. By means of the vacuum attachment, the
system can be easily flushed out and known atmospheres
introduced., The air for the oxidations under a flowing
atmosphere was obtained from a pressurised cylindexr and
introduced via the two upper gas entry/exit ports, first
passing through a rotameter where the rate of flow could

be set. For the static air oxidations one of the entry
ports was left open and the others closed.

Automatic electric weight loading increases the range
of the instrument to the eguivalent of ten full beam
deflections ¢of gain or loss without a decrease in
sensitivity. Thig enables weight gains or losses of up to
200 mg to be followed.

During operation the balance automatically arrests
and releases itself every 5 min to check that it is not
sticking and to improve the sensitivity with very small
weight changes.

The sample holder consists of an alumina block 20 mm
diameter and 13 mm in depth with two wells each 6.5 mm
diameter and 10 mm in depth to take the crucibles. The

alumina head is coupled to the internal balance by alumina







and silica rods joined by an aluminium chuck containing
three adjustable screws by which the head is kept vertical.

Two ﬁatched (0.8g) platinum crucibles with dimples
are used to contain the sample and reference material, as
shown in Figure 3.3. The crucibles are placed in the 6.5
mm wells of the alumina head with the thermocouples sitting
in the dimples and are thus surrounded by the sample. This
leads to high sensitivity for the differential thermal
ocutput. Silica crucibles are limited in temperatures range
due to reaction with alumina above 1000 °c.

Two Pt/13% Rh Pt thermocouples aré employed to detect
the temperature difference between sample and reference
.AT and sample temperature T, as shown in Figure 3.4. The
signal from the thermocouples is passed from the alumina
head down the inside of the alumina and silica rods to the
outside by 0.025 mm compensated platinum wires, which have
a very small damping effect on the balance. Further
compensated leads are employed to connect the signal with
the DC amplifier and constant=-reference-temperature ice-
bath. - The DC amplifier has seven pre-set ranges from
20~1000 WV3 normally the 100 YV sensitivity setting is
used. A single channel Leeds Northrup Speedomax W chart
recorder is used with a switching unit enabling the
differential output to be recorded for 4 min 55 s and
then the temperature rxecorded for 5 s.

Calcined alumina was used as the thermally inert
reference material, For isothexrmal work a shallow
alumina crucible 24 mm diameter and 5 mm height was

placed on the head and the switching unit used to record







sample temperature, T, only.

The platinum=rhodium bifilar wound furnace has a
50 mm bore and is closed at the top with a 100 mm deep
alumina plug filled with &-alumina powder. The furnace
was rewound in 1981. '

The temperature is controlled by a Stanton-Redcroft
Eurotherm temperature controller with the sensing
Pt/13% Rh Pt thermocouple trapped between the mullite
reaction tube and the furnace wall. The controller enables
the heating rate to be continuously varied from 2-20 °c
min™! with the maximum temperature (up to 1100 %) pre-
selected and subsequently heid constant indefinitely
(isothermal conditions).

Calibration curves were recorded, in static and
flowing air, to determine buoyancy effect in TG and
baseline drift in DTA, using alumina in both crucibles
and a heating rate of 5 °C min~l. The apparent weight
increase was 1.5 to 2 mg and negligible after 200 °c,
Buoyancy effect was also determined for isothermal TG
using alumina in the shallow dish and preheating the
furnace to 500, 700 and 900 °C. The effect was greater,
although of shorter duration, the higher the furnace
temperature. Correction for buoyancy was applied to all

the TG work.
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3,1.2 The Stanton Redcroft 781 Thermal Analysex
The Stariton Redcroft STA 780 series of thermal balances
comprise of a range of equipment for TG and simultaneocus
TG/DTA. The STA 781 is the TG/DTIG/DTA model working over
the temperature range ambient to 1500 °c. The complete
assembly, together with the Linseis recorder (series LS4)
is shown in Plate 3.1, with details of each module in the
accompanying key. Schematic diagram is shown in Figure 3.5.
A 5 g capacity electronic microbalance is used with
a digital control unit incorporating a microprocessor. Any
desired weight range from 2 to 200 mg full scale deflection
can be selected with a resclution of 1 Pg in the range
2-20 mg and 10 pg in the range 2-200 mg. This facility makes
it easy to display a selected percentage of the sample
weight as full scale. Full digital taring, multiple inject
and DIG facilities are incorporated.
Thermocouple connections are taken from the balance
beam to measuring circuits using very fine wires made of
the thermocouple materials. The AT signal is amplified by
a low noise DC amplifier giving a maximum sensitivity of
10 UV full scale. Cold junction compensation and temperature
linearisation are available for the sample temperature output.
The design of the gas~flow system in conjunction with
the water-cooled finger enables runs to be carried ocut in
flowing atmospheres without having to make a large weight
correction, the magnitude of the latter generally being
below 0.1 mg. Typical flow rates are normally in the
range 25-75 cms/min"l, with the flow meter calibrated for
air discharging at atmospheric pressure. With other gases

at the same outlet pressure the capacity varies inversely as
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Procedure,

The sample was placed in an aluminium foil bucket
suspended from the balance with a finé pvrex fibre (27 cm
long). This enabled the sample to be at least 15 cm below
the level of the liquid nitrogen contained in a Dewar
flask, keeping the temperature to within +0.1 ¢ as
previously determined by Glasson7. In practice, the sample
is about 1 © warmer than the liquid nitrogen outside the
balance limb (as determined by Glasson and Linstead-Smiths)
using internal and external thermocouples.

The balance head was coupled by the taps and glass
tubing to a two-stage rotafy pump (enabling the pressure

to be reduced to 10™°

Torr), aqd t0 a nitrogen reservoir
and gauges, the nitrogen pressure being measured by the
mercury manometers.

The cold trap was immersed iﬁ a Dewar flask of liguid
nitrogen in order to aid outgassing of the sample and to
reduce the effects of the?mal transpiration.

The system was evacuated and the sample degassed at -
room temperature or by heating to 200 °C for at least
30 min, True sample weight (i.e. less adsorbed moisture
and volatiles) was noted, the balance zerc then set and
the balance limb containing the sample immersed in liquid
nitrogen,

A pressure of 30-50 mm Hg, {4000-6670 Pa) of nitrogen
was introduced and the system allowed to attain equilibrium

( 30 min), when the nitrogen pressure and uptake were

recorded. Six or seven readings were taken in the BET
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range (0.05 to 0.30 relative pressure). Thereafter
pressures of 70-80 mm Hg (9.33-10.66 kPa) of nitrogen
were introduced, giving another seven readings up to the
maximum relative pressure obtainable ( 0.96).

Desorption points were determined by pumping out
similar pressures of nitrogen. Weight corrections for
buoyancy effects of the sample, container and suspension

were applied to the uptake readings.
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3.2.2 The Newer Gas Sorption Balance

Plate 3.3 chows the gas sorption balance constructed
in 1982, The design is essentially similar to that described
above and the instrument was intended for use principally
with nitrogen as adsorbate. CI microforce balance Mark 2
was used with a Mark 2C control unit. This has direct
switching weight ranges 0-1 mg, 0-2.5 mg, 0-10 mg, 0-25 mg
and 0-100 mg and is readily interchangeable with the Mark
2B unit.

The doser is of smaller volume allowing pressures of
a few mm Hg(300 - 400 Pa) to be admitted. This balance
was used for adsorption of COp at 196 K, where additions
at low relative pressures were desired.

For adsorption of No at 77)Kboth sample limb and cold
traps were surrounded by liquid nitrogen in Dewar flasks.
For adsorption of CO5 a slush of crushed COp/ether was
used in the Dewar flasks. This was occasionally stirred
with the addition of fresh crushed COj.

Sample weights were generally 0.25 g for coke samples
and 0.1 g for charcoals and char. Where this amount was
not available aluminium counterweights were added, making

the appropriate buoyancy correction.
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Plate 3,3, The Newer Gas Sorption Balance.
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3.3 X=Ray Diffraction

Most solids are crystalline, i.e. consist of regular
thrée-dimensional arrays of atoms in space, although the
size of individual crystallites may be small. Points
which have identical surroundings within a structure are
known as lattice points. A collection of lattice points
form a crystal lattice; when adjacent latticg points are
joined together a unit cell is obtained. This is the
smallest convenient repeating unit of the structure. The
unit cell may be defined in a number of Gays, and is
characterised by three vectors, not in one plane, which
are the edges of a parallelepiped. The general symbols for
the unit cell vectors are a, b, c¢. while the directions
of the sides of the unit cell are referred to as x, v and
z axes. The interaxial anglesaof yAZ2, zAx, xAv are denoted
byay, By Y.

On the basis of specialisation of their vectors
crystal lattices can be referrea to seven different svstems,
which are given in Table 3.2. Symmetry operations of
reflection, rotation and inversion yield the 32 point

groups, which fall into this system.
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Table 3.2 Characteristic symmetry of the Crystal Systems

Cryvstal system -

Cubic
Trigonal
Tetragonal
Hexagonal

Orthorhombic

Moneclinic

Triclinic

Conditions limiting cell
dimensions

@ =B=y= 90°

o =B=y# 90°

a=b#c o =B8=y= 90°
a=bFc o=8=90%y=120°
af b#c @ =R=vy= 90°

aFb#c a=p =90 #0°

a#b#c o #B#y# oo

Minimum Symmetry

Four three-fold axes
One three-fold axis
One four-fold axis

One six-fold axis

Two perpendicular two -
fold axes or two
perpendicular planes

of symmetry

One two-fold axis or
{(one plane of symmetry)

None




Various sets of parallel planes.may be drawn through
the lattice points. Each set of planes can be completely
described by three intergers (Q} ky 1), the Miller indices,
corresponding to the three axes (a, by c) respectively.
Index h is the reciprocal of the fractional wvalue of the
intexcept made by the set of planes on the a axis etc.
From the observation of sets of h, k, 1 reflections that
are systematically absent the lattice type can be deduced,

When point group symmetry is applied to infinite
lattices the "space groups! are obtained; there being 230
possible in three dimensions.,

As the dimensions of a crystal lattice are of the
same order of magnitude as X-ray wavelength the lattice
behaves as a three-dimensional diffraction grating, and
diffraction is governed by Bragg's Law

ni = 2d sin9
where A is the wavelength of the radiation

n the order (generally 1)
d the interplanar spacing

rand © the angle of diffraction

d is related to the unit cell dimensions by the Miller
indices.,

with the powder diffraction method small crystalline
particles are in random orientation and produce
reflections from those planes that happen to be at the
correct angle © to the incident X ray beam.,

The intensity and distribution of the diffracted

beams with respect to the Bragg angle is characteristic
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of a particular structure and may be used to identify the
phases present. Diffraction patterns for the majority of

crystalline compounds are listed in the A S T M tables.

3.3.1 The X-ray Eguipment

A Hilger and Watts Y90 X-ray generator was used,
fitted with a Philips X-ray tube and copper target.
Voltage and current were set at 36 kV and 18 mA respect-
ively. The X-rays generated were filtered with a nickel
foil to reduce the Kﬁ component and passed through a
collimator and slits before impinging on the sample
mounted vertically at the centre of the 50 cm Berthold
diffraction table., The diffracted X-rays were detected
by a Berthoid LB 2560 gas~filled proportional counter
connected to a discriminator/ratemeter and the trace
recorded on a Curken 250-2 chart recorder,

The table had been aligned and calibrated with a
single calcite crystal. Samples of lightly powdered ash
or coarsely crushed coke were fixed in a microscope cover
slip with a drop of "Durofix"-and mounted in the path of

the beam.
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3,4 Microscopic Techniqqeé

Optical and electron microscopy were used in the
present study. The resolvihg power of a microscope
depends ultimately on the wavelength 6f radiation employed,
and the optical microscope haé a maximum resolution between
200 and 300 mm. Optical microscopy can reveal surface
defects, grain boundaries and gross morphology of solids
but detail on the atomic scale was not possible until the
advent of electron microscopy.

The wave-pérticle du%lity of electrons: 1is expressed
in the de Broglie equation

A h

2 e

mu
where m is the mass of the electron, .u its velocity, A
the associated wavelength and h Planck's constant.

When an electron is accelerated through a potential
difference of V volts the energy imparted is eV, where e’
is the charge on the electron., This is equivalent to the
kinetic energy l/2 muz.

Thus mu = /2eV and the wavelength associated with the
accelerated electron ma§ be calculated.

Due to theAhigh velocities attained by the electrons,
relativistic corrections are necessaxry.

The wavelength of electrons accelerated by a potential
difference of 80 kV is 0.0043 nm (4.3 pm), so by the use
of an electron beam and a thin (1 um) specimen a much
greater resolving power is possible. However, artefacts

caused by electron beam irradiation and high vacuum affect

the interpretation of the image formed in transmission
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electron microscopy. The theoretical limit of resolution
(+1 pm) is in practice much lower due to lens aberrations
caused bv:- mechanical asymmetry, magnetic inhomogeneities
and deposits on the lens surfaces. Nevertheless resolving
powers of 0.2 to 0.5 nm are attainable and the use of

high voltage electron microscopyiwith thinner specemins has led

to. hetter resolution, =~ .« | Theory and application

M e i ——

of transmission electron microscopy to surface chemistry
is given by Fryerg, with many references to carbons and
graphite.

In scanning electron microscopy the image is formed
by secondary electrons reflected from the sample surface,
The limit on sample size and thickness thus depends only
on the dimensions of the sample chamber. The range of
magnifications overlap those of optical and transmission
electron microscopy and maximum resolution lies around
20 nm., Principles and applications are described in the

text by Goldstein et allo.
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3.4.1 The Philips EM 300 Transmission Electron Microscope
(TEM) .

A TEM basically consists of five sections, viz l. the
electron gun, 2, a condenser system of magnetic lenses,

3. a specimen chamber, 4, a magnification system of lenses
and 5. an image-recording device.

Figure 3.8 is a schematic diagram of the Philips
EM 300 transmission electron microscope, and the following
a brief description.

The gun provides a beam of electrons and is composed
of a hairpin tungsten filament enclosed by a Wehnelt
cylinder. The electrons are accelerated by a high voltage
through a hole in the Wehnelt cylinder which is negatively
biased to converge the beam to a diminished virtual image
of the filament-a short distance in front of the filament.
The beam current is controlled by varving the bias voltage
applied to the Wehnelt cylinder (Emission control).

Lens (1) focusses the diminished wvirtual image of the
electron source, to a greater extent than that produced by
the Wehnelt cylinder. Lens (2) focusses the beam in the
specimen plane. Usually the first lens is operated at
constant current, and the current varied in the second lens
changing the focal length and thus the area of illumination,

To minimize spherical aberrations, the objective lens

must be opérated with small acceptance angles (lO"2 -

1073 rad.); this is achieved by placing an aperture in
the beam in front of the lens. This lens determines the

ultimate resolving power of the instrument and produces a

real image of the specimen, which is further magnified by
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the projector lens system.

The three lenses give a wider range of distortion-
free magnification than is possible with one. Usually the
intermediate lens is kept under constant current conditions
for low magnification work ( 1000 X) and the projector
lens current varied; for higher magnifications vice versa.
The third lens, the diffraction lens, enables variations
to be made in the magnification of the specimen area
selected for electron diffraction without needing to adjust
the objective lens which has been used to focus the
specimén.

An electromagnetic lens invariably suffers from
astigmgtism, due to asymmetry of the magnetic field strength
about the lens axis caused by foreign bodies deposited on
the pole pieces and electrostatic charging. To counteract
these effects, stigmators are used in conjunction with the
condenser and objective lenses.

Astigmatic conditions of the objective lens are
checked by observing Fresnel interference fringes seen
around a small object at high magnification, if the lens
is astigmatic the fringe is not even. To correct this the
objective stigmators are used.

Condenser lens astigmatism is checked by focussing
the céndenser so that a bright spot is seen; if the spot
does not expand symmetrically when the condenser is
defocussed the illumination system is astigmatic, and the

stigmator is used to correct it.
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Sanples were mounted on a ‘copper grid with carbon
film and the specimen grid mounted in the holder and
introduced to the microscope through the objecti%e lens.

A voltage of 80 kV was selected and the filament adjusted
to saturation curxrent., After alignment of the beam and
correction for condenser lens.astigmatism, the scanning
mode was selected and the grid scanned for a suitable
section of specimen. When found, the instrument was set

to the magnification mode and the appropriate magnification
factor selected. The image was then carefully focussed

and photographed after adjusting the illumination and
exposure time. 3%" by 4" plates were employed to record
the images.

The charcoals dusted directly onto the grid were too
coarse to examine in this way, but TEM was used for milled

coke and coal char, and ash materials, made into suspensions.
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Figure 3.8, Philips E, M, 300 Electron Microscope
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3.4.2 The JeoliModel JSM—TQO'Scanning Electron Microscope
(SEM).

In the SEM an area to be examined is irradiated with
a finely focussed electron beam, which may be static, or
swept in a raster across the surface of the specimen. This
produces secondary electrons, back scattered electrons,
Auger electroné, characteristic X rays and photons of
various energies, The secondary and backscatte;ed electrons
vary as a result of surface topography as the electron
beam sweeps across the specimen. The microscope has a
large depth of field giving the image the appearance of a
three dimensional structure with detailed surface relief.

As the secondary electron emission comes only from a
volume near the.beam impact area the use of a finely
focussed beam results in a high resolution.

The JSM~T20 was developed for easy operation and
maintenance with a resolution of 20 nm (20012) and
magnifications 35 x to 10,000 x in 16 steps. Both
secondary electron image and backscattered eiectron image
can be selected.

The electron optic system has an electron gun with
accelerating voltage of 19 kV and a 3-stage reducing lens
system (2 condensers and one objective}., On the console
three scanning mode buttons allow the selection of wave-
foxm (suitable for adjusting gun filament and focussing
image), ¥ modulated image or the secondary electron image.
Three scanning speed buttons allow the selection of image

size. "Contrast" and Ybrightness' controls determine the
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correct exposure for the camera attachmenf.

Figure 3.9 shows a schematic diagram of a scanning
electron microscope.

The fine-beamed electron probe scans the specimen,
and an image is.displayed on the cathode ray tube (CRT}.
The image magnification is determined by the ratio of

scanning amplitude of CRT to that of the electron probe,

CATHODE
WEHNELT CYLINDER
ANODE

SPRAY APERTURE

. FIRST CONDENSER LENS

SECOND CONDENSER LENS

m DOUBLE DEFLECTION COHL
STIGMATOR
. FINAL (OBJECTIVE} LENS
BEAM LIMITING APERTURE
5 .
- PM

SCAN GENEHATO?

-DFE-

SPECIMEN

SECONDARY ELECTRON
DETECTOR

TO DOUBLE — ™
DEFLECTION CQIL

MAGNIFICATION CONTROL

Figure 3.9, Schematic drawing of a SEM

(after reference 10).

The beam from the electron gun passes through a
series of lenses which demagnify the electron beam, the

final lens focussing the beam on the specimen. The
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resolving power of the microscope can not be less than

the electron beaﬁ diameter. A set of scanning coils are
mounted above the final lens; and within the bore of the
lens is located a stigmator and a set of three movable
apertures. These apertures determine the angular aperture
subtended by the electron beam at the specimen surface.

At the base of the lens column is a large specimen chamber.
The whole system is evacuated by means of a pumping s?stem.

The secondary electrons are detected by a scintillatox/

photomultiplier system (PM) the resﬁlting signal being

further amplified and applied to the cathode ray display

tube. Additional electronic equipment is needed to supply
the current for the lenses, the accelerating voltage,
control systems for the cathode ray displays and ancillary
equipment associated with signal detection and
amplification.

All samples for examination by SEM were mounted on
aluminium stubs and gold coated to 12 nm in a Polaron

SEM coating unit E5100 to ensure electrical conductivity.

3.4,3 Optical microscopy

A Zeis Photomicroscope III with camera attachment was
used to study the well sintered coke ash from high
temperature burn offs. The main disadvantage is the

insufficient focal depth.
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4.1.1 Introduction

The characterisation of several carbons, including
metallurgical cokes and an Australian brown coal chax, by
density measurements, X ray diffraction, gas soxption and
microscopic examination was first undertaken. The cokes
were the main interest of the present study, the other
<carbons being far removed from cokes in physical properties,
although providing some comparative information. Doping
with boric oxide solution was achieved easily with the char
and activated charcoal for gas adsorption, providing
carbons of very different porosity from the cokes with a
boric oxide additive.

Blast furnace coke 1s a very heterogeneous material,
as previously outlined in Chapter 2. The ash content of
the cokes and char wexe also studied by the above techniques
and by TG/DTA. The reactivity of the carbon is the subject
of subsequent chapters.

Optical and scanning electron microscopy (SEM) were
not used quantitatively. A thorough studyv of porosity by
microscopic methods requires many measurements and a
detailed statistical analysis of data. Optical microscopy
was useful for doped coke ash particles too larxge for SEM;
and SEM gave the gross sufface structure of the carbéns and
cokes. The combination of optical and SEM on cokes has been
very informative, as described by Marsh and Smith. (Reference

23, Chapter 2,)
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Adair et aflused SEM to study blast furnace coke
gasified by O, and CO,, revealing surface changes. In a
graphitic material .lamellae are projected more edge-on
to the surface. As rates of gasification are greater in
directions parallel to the basal planes, extensive
fissuring results on coke oxidation. The topographical
changes induced in polished sections of metallurgical coke
on CO2 gasification at 1173 K were studied by French and
Marsh? using optical and scanning electron microscopy and
monitoring the same area before and after gasification.

The initial surfaces of the three cokes of this study
were initially deeply pitted and fissured. Changes induced
by gasification could not be followed unless the sme area
_fag‘monitored. For needle cokes, where gold coating is not
absolutely necessary, Downing et al3 have used SEM to stud;
surface changes in air oxidat%on at two temperatures.

The gas sorption techniques are described more fully
in Chapter 6.

Whén examined by X ray powder diffraction techniques
cokes generally show diffuse maxima at scattering angles
éorresponding to the.dominant graphite peaks. Analysis
of diffraction patterns uses the equations of Bragg (to
cobtain d spacing} and Scherrer (to obtain mean crystallite
size from the line broadening). Poorly crystalline carbons
are pictured as an assemblage of crystallites within which
the atoms are in planes with the structure of the graphite
hexagonal layer, but the planes are stacked in a "turbo=-

stratic” manner, i.e. the layers have random rotational
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orientation about the ¢ axis. A more refined structural

model is given by Strong.4







4,1.2 Boric Oxide Doping and Solution Treatment.

Lump coke has a surface dust of fine particles, which
can be washed away. When the cokes of the present study
wexe soaked in 8203 solution, drained and dried no net
increase in weight was found. Rolling hot coke in B203
or pouring melten BzQB’over coke lumps proved unsatisfactory.
By heating Nantgarw coke to about 200 oC and pouring on a
saturated solution of 3203 ( 2.5%), a weight gain of about
2% of original coke weight was achieved. On heating this
coke to 500 °C for a few minutes thé surface coating melted
in and became B,0,. If the coke was preheated to 400 °c
more 5203 was retained, the maximum doping achieved being
2.3% for Nantgarw, 2.4% for Cwm and 1.4% for Polish cokes.
However, at this higher temperature the solution sputtered,
and a 200 °c preheating was adopted as the‘standard doping
technique, giving B,05 additive of approximately 1.5% of
coke weight for Nantgarw ccke.

The dry brown coal char adsorbed from 8203 solution
at room temperature. On soaking, draining and drying at
110 °C the weight increase (as HyBO,;) was 2 to 3%.

The dried charcoal activated for gas adsorption on
similar treatment gave a—weight increase of 12%. The
solution probably remains in the pores of the char and
charcoal and on drying the H3B03 is deposited.

Solution treatment of coke is not in general operation,
although several workers have used alkali and transition
metal salt solutions to enhance coke reactivity. Das®

impregnated coke with Cu and Fe by boiling the coke to

137

Y







dryness with a solution of a soluble salt., Nand and Mann6

scaked lignite char in alkali salt solutions overnight
(L to 20% concentrations).

Other workers have incorporate@ finely divided catalyst
powders into carbons prior to heat treatment, e.g. the work
of Jalan and Rao7 using carbon blacks and Mitra et a18
using “"ferrocoke".

Natural and nuclear graphites, and chars have been
solution treated by surface deposition in studies of
catalysts {activators) of the Boudouard reaction. The
energies of activation for this and the C/O2 reaction are
generally lowered, although the amount varies widely, as

described by Walker et alg.

10 found added impurities catalysed

Holmes and Emmett
the conversion of small to large pores in the gasification
of charcoals. This effect was also reported by Marsh and
Rand™! for Ni and Fe doped polyfurfuryl alcohol char.
Gasification in COp was catalysed only in the vicinity of
the metal agglomerate resulting in little change in
micropore strﬁcture but development of macro and transitional
pores.

The presence of B,03 as an inhibitor (negative
catalyst) may h;ve the opposite effect in the gasification

of a microporous carbon, i.e. lead to a greater development

of micropores, in comparison with the original material,







4.2.3 Coke.and-éhar Ash.

The ash content arises due to (i) the inoxrganic
constituents of coal-forming plants, (ii) accumulation of
minerals during coalification. Some decomposition of the
mineral matter of coal occurs during carbonisation so cokes

generally contain less ash than coals..- ééqhivalent amounts)

The nature of coal ash in terms of solid state
properties, composition and geochemistry has been extensively
studied. Coke ashes have not been so well investigated. In
the hearth region of the blast furnace the ash is molten,
forming the slag, the acidity or basicity of which is
important in metal-gas-slag equilibria. The amount of ash
present affects the economy of metal production.

Comparative data is given by Chatterjee et a.l1

2 for blast
furnaces operating with high ash coke.

The ash contains catalysts of the Boudouard reaction
and acid leaching to remove ash minerals from cﬁars is
frequently used in comparative re&ctivity studies. It is
often difficult to distinguish between the catalyst effects
of mineral matter and effects due to changes in the porosity
of the carbon., Re-addition of ash to washed char does not
restore initial reactivity (Chapter 2, ref, 22). Similarly

in cokes the mineral matter is an integral part of the

macrostructure.
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4,2 Experimental procedures.,

Liquid densities were found from the volume of acetane
displaced by a weighed sample, and gas densities for the
cokes from displacement of nitrogen at room temperature
using the vacuum balance described in Chapter 3,2.1. This
was done conveniently before determination of N,
adsorption isotherm at 77 K.

CO2 adsorption at 196 K was carried out using the
vacuum balance described in Chapter 3.2.2, with approx—
imately 0.5 to 1.0 g dry sample. The buoyancy effect was
neglected in N, and CO, adsorption for the char and
charcoals as uptake of adsorbate was high.

Samples examined by SEM (charcoals, char, cokes and
ashes) were gold coated to 12 nm and studied with the
Jeol T20 scanning electron microscope.

Char and coke samples for transmission electron
microscopy were crushed and vibration milled for several
hours as a slurry using an agate ball mill. The slurry was
diluted and placed in an ultrasonic bath for several
minutes. A drop of supernatant liquid was placed on a 200
mesh copper grid with carbon film and allowed to evaporate.
Grids were examined using the Philips EM300 microscope at
80 KV accelerating voltage. Ash samples were crushed,
dispersed in acetone and placed in the ultrasonic bath and
examined as above.

X ray powder diffraction traces for the carbons, cokes
and ashes were obtained using the equipment described in

Chapter 3.3.1, using Cu K_ radiation. and tube current
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and volfage of 18 mA and 36 kV respectively. The table
was rotated at 1.0 0min-l. Detector counts were 3 x 103 per
second with a 1 second time constant. Chartspeed of 2 ¢m
min-l gave a trace with 8 cm between the 4 © markers.

‘ Optical micrographs were obtained from the Zeis
Photomicroscope 11I. Ash samples were placed directly on a
glass slide and examined using direct light and a
magnification of 78.75. Several Nantgarw coke lumps were
vacuum embedded in epoxy resin, sectioned, attached to a
microscope slide and lapped down to 30 pm. The thin section
ﬁas examined at 31.25 magnification.

Coke and char ash samples were prepared in a muffle .
furnace. Those prepared at > 1000 °C were the residues from
isothermal TG work.

Ash samples were egamined by TG/DTA using the Stanton-
Redcroft 781 thermal balance under a static air atmosphere.
Approximately 10 mg were taken using the Pt/Rh cruciﬁles.

TG range was 10% of sample weight and DTA amplifier
sensitivity 40p v,
Chemical analysis for Ca, Mg and sulphate was unéeru

© and 500 °c

taken on the Nantgarw coke ash from 1000
burn offs, by standard methods as given by V0ge113. .
Approximately 0.25 g of the 1000 °C burn off ash was
accurately weighed and boiled with 50 cm3 water. The
solution was filtered on a prepared Gooch crucible. The
crucible was dried at 110 °C and ignited at 1000 °C. This
gave the water soluble ash fraction. The filtrate was made

up to 100 em>. 25 cm aliquots were titrated with 0.01 M
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EDTA for Ca and Mg and for Mg only by suitable adjpstment
of pH. To the remaining 50 cm3 was added 25 cm3 of 5%
BaCi2 and 2 cm> dilute HCl. The Qulphate was determined
gravimetrically. _

Two 0.05 g samples of the 500 oC ash were accurately
weighed. The first sample was boiled with 50 cm3 of
5 M HCl giving a pale lemon solution and a deep brown
residue, 50 cm3 water were added, the residue filtered on
a prepared Gooch crucible dried at 110 °¢ and weighed, The
crucible was heated to 1000 °C and re-weighed. This gave
the acid .ingsoluble portion and its weight loss in heating.
to 1000 °c;

The second sample was boiled with 50 cm? water and
anaiysed for Ca and Mg titrimetrically and sulphate gravi-

metrically as above.
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4,3 Results.,
4,3,1 Investigatioﬁ of the Carbons

Proximate analysis of the three metallurgical cckes is
given in Table 4.3.a, as supplied by ISP. <Cwm and Nantgarw
cokes are made from coal blends as detailed in Table 4.3.b.
Proximate analysis of the Australian brown coal char is
given in Table 4.3.c.

The. charcoals were supplied by Hopkin and Williams.
Activated charcoal for gas adsorption was in the form of
granules 1.4 to 2.8 mm., The decolourising and chroma-
tography charcoals were very fine powders, (approximately
SSP m). Decolourising charcoal and purified "Norit GSX",
which is also sold as a decolourising charcoal, were
examined. ("quit" is the trademark of Norit U.K. Ltd.)
Norit activated charcoals are produced from sawdust which
is mixed with phosphoric acid and carbonised in rotary
kilns.14' They have a surface area of 1200-1500 m2 g-l
and wide use in refining, pharmaceuticals and air filters.

PMC graphite is used as a source of high purity carbon
and consists of the turnings from graphite electrodes used
in the steel industry. Specifications are given in Table
4,3.c, as supplied by PMC Carbon Ltd. Brown coal char
(ex. Australia) is also used to a limited extent as a
carburiser in U,K. iron foundrieés, as described by Coates.15

The scanning electron micrographs of Plates 4.1 to

4,4 show the gross surface structure of these materials.

Nitrogen adsorption isotherms at 77 K are shown in

Figure 4.1,; that of Nantgarw coke is given in Figure 6.L.g.
of €hapter 6.
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The PMC graphite had a low uptake of nitrogen, giving a
type 2 isotherm with no hysteresis. Where a type 1 isotherm
was found the specific surface area was calculated from the
Langmuir'equatioﬁ {(i.e. for the char and the activated
charcoal for gas adsbrpfion). For the cokes and other
carbons specific surface area was calculated from the BET
equation. These values are presented in Table 4,3.d
together with specific surface areas from adsorption of

COp at 196 K, calculated in the same way. The Dubinin-
Radushkevich plots for adsorption of CO2 at 196 K for the
chromatography, decolourising and activated charcoals are
shown in Figures 4.2 and 4.3, plotted on semi log scale.

The Australian brown coal char and the cokes gave a

Q <

brggd X=ray diffraction peak at }2.75_ to 13.0 and a
smaller broad peak at 21.5 to 21.7 © as shown in Figure
4;4. No peaks were recorded for the charcoals. A small
peak at 15 © was also recorded for the char.

Liquid and gas densities of the cokes are also given
in Table 4.3.d. For cokes the values assessed industrially

are apparent density, bulk density and real density, as

described by Patrick and Wilkinson (Chapter 2, ref,29 )

apparent densityj
true density *

and % porosity is evaluated as 100(1-
Volume‘porosity was calculated here in a similar manner
using the X-ray density of carbon (2.266 g cm_3) as "true
densityf and the liquid displacement as the apparent

density, for the irdustrial materials.,







Optical micrographs of a thin section of Nantgarw
coke are shown in Plate 4.5 and transmission electron
micrographs of a milled sample of Nantgarw coke in Plate
4,6.

The charccals contained some volatile material; the
activated charcoal fox gas adsorption and the brown coal
char contained considerable guantity. On outgassing at
room temperature the powdered charcoals leost about 0.6%
weight and the charcoal for gas adsorption 8% weight. Loss
of moisture and volatiles for Australian brown coal char

is shown by TG in Figure 4.5.

B,03-doped Nantgarw and Cwm cokes and B,05=doped

brown coal char, after burn off in CO, are shown by SEM

in Plate 4.7.




Table 4.3.a.

Proximate analysis of the Metallurgical Cokes.

Nantgarw Cwm Polish
Moisture < 1%
ash (dry basis) 9,36% 7 .94% 11.32%
volatileg (drxry basis) 0.90% 1.01% 1.33%
sulphur 0.90% 0.77% 1.11%
reactivity to COz at 1000 °C |
(Nantgarw ratio 1.0 1.55 3.06
Table 4,.3.b.
Composition of the Welsh Cokes.
(i) Nantgarw (from 5 coals) (ii) Cwm (from 4 coals &
coke breeze)
Coal Rank % Coal Rank %
Bedwas 301 20 Cwm 301 40
Bargoed 204 & 25 Cymawr 201 20
301
Nantgarw/ 301 20 Nantgarw/ 54, 24
Windsor Windsor
Wolstanton 501 15 Newport
Abercarn 301 10
t
Marine 301 20 Dry breeze - 6

(Wolstanton is the only
English coal)
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Table 4.3.c.

(1) Proximate Analysis of Australian Brown Coal Char.

Moisture
-ash
volatiles

sulphur

~r 49,
1.84% (dry basis)
3.42% (" 0w }

0.3%

(1i) Specifications of PMC graphite (reference 30)

fixed carbon
sulphur
Nitrogen
ash_
volatiles

moisture

99.50%
0.05%
0.02%

" 0.40%
NIL

0.10%
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Table 4.3.d.

carbon Isothearm Specific surface Crystallite size density (g n:'m_3)'k
type from area in m2 g-1 {equivalent
N2 sorption from: spherical diameter) liquid gas %
at 77 K in nm,from gas dis~ dis- porosity
sorptlon placement placement
N2 at CO2 at N2 at COz at
77K 196 K 77 K 196 X
PMC graphite 2 1.40 - 1891, - 1.95 - 13.9

Hopkin & Willliams
charcoal for

chraomatography 2 g24 813 3.21 3.26 1.82 -
Hopkin & Williams i
decolourising
charcoal 2 698 761 3.79 3.48 1.94 -
Hopkin & Williams
Norit GsSX
decolourising charcoal 2 824 847 3.21 3.13 1.82 -
Hopkin & Williams
charcoal activated for

g6t

gas adsorption 1 995 1139 2.66 2.33 2.01 -

Australian brown coal

char 1 410 527 6.44 5.02 2,15 - 5.1
Nantgarw metallurgical .

coke 2 3.60 - 736 - 1.38 1.48 39.1
Cwm metallurgical coke 2 1.19 - 2225 - 1.30 1.40 42.6
Polish metallurgical

coke 2 1.61 - 1645 - 1.30 1.40 42,86

- o —— - —————

': 14 * Y

=Dens:ity and porosity of cokes different i
, from industrial values due to sample size.
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Figure 4.4. X ray Powder Diffraction Traces for the Cokes and Australian
Brown Coal Char.
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4.3.2 Investigation of the Coal Char and Coke Ashes.

Coke ash composition as supplied industrially is
given in Table 4.3.e.

X=ray powder diffraction traces of ash from Nantgarw
coke burnt off in air at 500 9¢c and 1000 °C are shown in
Figure 4.6 and similarly for the éhar ashes in Figure 4.7.
The d spacings and pessible assignment of peaks is given
in Tables 4.3.f and 4.3.g for Nantgarw coke ash and
Tables 4.3.h and 4.3.i for Australian brown coal char ash.
Results for the coke ash are summarised in Table 4.3.3.

Following XRD, some chemical analysis of the Nantgarw
coke ashes was undertaken and results are summarised in
Table 4.3.k.

Nitrogen adsorption isofherms at 77 K of the coke and
char ashes from 500 °C burn off are shown in Figure 4.8,
Scanning and transmission micrographs of these materials
are shown in plates 6.1 and 6.2 of Chapter 6. Optical
micrographs of the 1000 °¢ and higher temperature burn off
Nantgarw coke ashes are shown in Plate 4.8.

TG/DTA traces of the coke and char ashes from 500 °c
burn off are shown in Figures 4.9 and 4.10 on: heating to
1500 °c at 5 % min~! and 10 °C min~?! respectively,

The ash from 8203—doped Nantgarw coke was also
examined. This contained black lumps which could be picked
out by hand under a magnifying lens. Their X ray powder
diffraction pattern is shown in Figure 4.11 and results
tabulated in 4.3.1. The data for possible iron borates

from A.S.T.M. index is summarised in Table 4.3.m giving







the d spacings and relative intensity of the three
strongest peaks.

The appearance of the doped Nantgarw coke 1000 °c ash
undexr the optical microscope is shown in.Plate 4.8 and one
of the black éggregates. The sufface of the latter material
is also shown in the scanning eléctron micrographs of Plate

4'.—9} [







Table 4.3, e.

Coke ash composition (percentages)

'Nantgarw Cwm Polish
A1203 31 32.1 27.8
3102 43 36.9 41.1
F9203 9 8.8 1i.4
C.0 3 _5.9 4,4
MgO 1 1.4 2.5
Na20 2 2.8 1.5
K.O 4 3.5 2.3
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Figure 4.6. X ray powder diffraction , traces of coke ash from
air burn offs.
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Figure 4.7. X ray powder diffraction traces of ash from air burnt off
Australian brown coal char.







Table 4.3.f.

Assignment of X ray powder diffraction peaks for 500 °C

burn off Nantgarw coke ash.
(%) da(®) Assignment a(R) 1/1y hk1
ASTM .
w 8,20 5.407 sillimanite 5.35 70 110
s 12.70 3.508 CaS0g4 3.49 100 002,020
s 12.95 3.428 sillimanite 3.41 20 120
w 15.45 2.895 sillimani te, 2.88 70 002
YFeg03 2.95 34 220
CasS0g4q 2.849 35 210
w 15.65 2.859 sillimanite 2.88 70 Qo2
s 16.55 2.707 " 2.67 a0 220
m 17.60 2,551 L . 2.53 90 112
m 17.75 2.530 YFep03 2.52 100 311
. §é304 " 2.53 100 Lol
m 19.25 2.339 CaSO4 - 2.328 20 202,220
sillimanite 2,30 30 022
" 2.20 100 122
" 2.10 60 230
L ' 1.829 60 312
" 1.690 60 322
" 1.679 70 420
" 1.516 90 332
YFep03 1.48 53 440
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Table 4.3.g.

Assignment of X ray powder diffraction peaks for 1000 °c

burn off Nantgarw coke ash.

o (%) a(]) -Assjgnment a(R) 1/I;  hkl
ASTM
w 8.05 5.51 " sillimanite 5,35 70 110
s 13.05 3.42 " 3.41 90 120
w 13.85 3.22 anorthite 3.20 100 204
broad 15.3
w to 2.91 + sillimanite 2.88 70 002
15.4 .01
m 16.50 2.715 sillimanite 2.67 80 220
oFe. 0 2.69 100 104
2”3
m 17.55 2.558 sillimanite 2.53 90 112
broad 18.3 2.46
w  to to " 2,42 60 130
18.5 2.43
w 19.60 2.200 1 - 2,30 -30 022
m 20.30 2.223 " 2.20 100 122

w 21.25 2,128

w 24.70 1.846 Lid 1.829 60 312
w 26,95 1,702 n 1.705 50 240
oFe, 0 1.69 60 116

23
w 28,70 1.606 sillimanite 1.595 70 Q42
orAleS 1.601 80 116

m 30.25 1.531 sillimanite 1.535 20 412







Table 4.3.h.

Assignment of X ray powder diffraction peaks for 500 °c

burn off Australian brown coal char ash.

e(%) d(R) Assignment d(8) I/1

- - fronm AS?

m 12.65 3.522 CaSO4 3.49 100
w 15.60 2.868 TFezpB' 2,95 34_

Mg(AlFe )OO 2.

gg,glﬁ% 4 87 80

m 17.70 2.537 <uA1203 2.552 90
YFey 0, Te,0, 2.52 100

w 20.35 2,218 sillimanite 2.20 100
m 21,40 2.114 GAIZOB 2.085 100
MgO 2.11 100

Table 4.3.1.
Assignment of X ray

burn off Australian

powder diffraction peaks for 1000 °C

brown coal char ash.

e(°) a(8) Assignment d(8) 1/1
w 13.65 3.268 impure SiO, 3.38 100
m 15.05 2.970 sillimanite 2.88 70

Mg(Al Fe)Og 2.87 80

w 16.20 2,764 sillimanite 2.67 80
s 17.75 2.530 ¢Fep03 2.51 50
¢Al503 2.552 90

Fez04 2.53 100

s 21.45 2.109  0AlgOg 2.085 100
MgO 2.11 100

w 25,15 1.815 impure SiOp 1.84 60
m 28,55 1.614 aAls03 1.601 80
Fe304 1.61 85

m 31,10 1.493 MgO 1.49 52
m 31.35 1,482 Fe304 1.48 85
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Table 4,3.j.

Principal constituents of Nantgarw coke ash.

500 °C ashing 1000 °C ashing
sllll_mg:{{te A12035102 sillimanite A12038102
_fTﬁfﬁﬁfiﬁ CaSO4 anorthite CaO.A1203.2Si02
iron III oxldg 'YFe203 iron III oxide aFe203

iren 11 111 oxide Fe304

Table 4.3.k.

Chemical analysis of Nantgarw coke ashes.

acid soluble water soluble sulphate Cao MigO
500 °c  23% 11% 4% 2.40%  0.73%
ash losing losing 4% (estimated

6% of of sample as CaS0y)

sample weight on

weight on heating

heating to 1000 °c

to 1000 °c

2% nil 0.280% 0.301%
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Table 4.3.1

L]

X ray powder diffraction of black aggregates from

Bzog—doped-Nantgarw coke ash.
e° d(g) possible assignment
m 8.30 5.342 sillimanite
s 13.20 3.377 FeBOg, sillimanite
s 16.65 2.692 FeBO3, OlFezOS
m 17.90 2,508 oFe,04
m 20,55  2.197 FeBOz, sillimanite
m 24,85 1.835 sillimanite
m 27.15 1.690 aF9203. ’

Table 4.3.m.

Data for strongest peaks for iron borates from ASTM index.

.. ASTM
Qrigin reference

iron II
metaborate

Fe(B’OZ)2

iron III
orthoborate

FeBO3

iron II
tetraborate

FeBho7

iron III
borate

FEBBO6

iron II III
borate

FeﬁBO5

paigeite

Fe4BOg

da(®)
1/14
a(f)
I/Il
de)

I/Il

a(R)

/14

da(®)

I/1

d(8)

1/1,

4,48 2.64 2,83 fusion

of Fel
100 100 70 & B203 5 516
2,68 3.50 2.08 - 21=—~423
100 60 30
stable
5.5 - 4,2 3.49 250 & 21=-422
. 700 ~C
100 a0 60 with
50%
3203
concen-
tration
2.96 3.69 2.56 - 18-636
100 60 60
2.58 5.16 2.37 13-572
100 50 25 natural
sample

2.58 5.17 2.18 natural

100 55 20 sample

176










4.4 Discussion
4,4.1 Characterisation of the Carbons

Plate 4.1(i) shows the irregular surface of a Nantgarw
coke lump from the 710 to 500}1m sieved fraction used in
TG work. Larger lumps had an essentially similar appearance..
Micrograph 4.1{ii) is a portion of the same lump at highex
magnification. Cwm and Polish cokes as shown in plates
4,2(11i) and (iii) showed similar portions of surface with
this lamellar flow-type structure. In a gasified coke lump,
as in plate 4.2(i) these areas are deeply fissured and
cracks are developing across the smoother areas. Lumps of
inert material, as shown in plate 4.1(iii) are also present
in the coke. The closed porosity and texture of Nantgarw
coke are shown in the optical micrographs of plate 4.5,
where regions of different closed porosity adjoin. When
a mixture of coals is carbonised very little mutual diffusion
in the plastic phase occurs and bouhdaries remain between
the characteristic textures of the coals. Cokes made from
blends are held together by adhesién rather than true

mixing. The inert lumps often seen in micrographs may be

coke breeze,[ﬁﬁértﬁﬁtej or shale and have an important
influence on coke strength.

Examination of milled Nantgarw coke by transmission
electron microscopy revealed particles with a folded
structure as seen in TEMs of graphite. However, sample
preparation had destroyed the initial surface and porosity

in the range of interest and this technique was not further

used for the study of the cokes.
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Plates 4.3 and 4.4 show the surface detail of the
charcoals and the Australian brown coal char. The moisture
and volatile matter in the char was found to be high and
the latter could not be removed completely even after
several successive heat treatments. Leaving the char under
flowing nitrogen would remove some volatiles and most were
evolved by about 150 °C as shown in Figure 4.5 when the
char waé heated at 10 °C min~! in flowing N,.

Brown coals are described'® as similar to bituminous
coals, based on heating value and moisture. Soft brown
coals shrink dramatically when dried and their porosity
is described by Wagenfeld et al.17

The type 1 isotherms for the char and activated
charcoal from N, adsorption at 77 K are typical of micxo-
porous materials. The hysteresis loop for the char reveals
the presence of a range of pore sizes from micro to macro-
pores (radii<{1 nm to >25 nm). Type 2 isotherms were
obtained for dececlourising charcoal, charcoal for chroma-
tography and "Norit GSX". When this type of isotherm is
observed for powdered samples the approach to infinite
film thickness is actually due to interparticle condensation,
as described by Adamson.18 The Dubinin-Radushkevich plots
for these materials from COp sorption at 196 K show a
considerable micropore volume..

At 77 K penetration of nitrogen into micropores is very
slow as discussed for microporous cokes by Roques et allg,

leading to low surface area values. The specific surface

areas calculated for all the carbons, except the charcoal
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for chromatography, are highér from adsorption of CO, at

2
196 K than N, at 77 K.

2

A value of 17.0 Rzzfor the cross sectional area of
CO, at 196 K was taken. There is some variation in
literature values for the cross sectional areas of
adsorbates, depending on means of calculation and nature
of the adsorbent, as described by McClelland and
Hernsberger.zo Robens21 gives 21.0 8 for the cross
sectional area of COp at 196 K.

Particle size was calculated from the surface area
value, S. Where it is assumed that the particles have the
same size and shapé the mean particle length, 1, may be
calculated from S =;§f where‘p is the density of the‘material
and £ a parameter which is 6 forx cubes and spheres, 4 for
rods and cyIIﬁQers and 2 for plates. The length 1 is then
a mean minimum size of crystallites.

The broad X ray diffraction peak at 13 ¢ given by the
char and cokes is due to diffraction from the 002 planes of
the graphite crystailites. PMC graphite gave a sharp peak

at 13,25 ©

(d = 0.337 nm). From the peak width at half
height an average crystallite size of 22 R was calculated
for Nantgarw coke. This is much smaller than that
calculated from gas sorption.
The line broadeniﬂg treatment assumes a non porous
solid and a non-Gaussian distribution of crystallite sizes can

be taken. Thus lower values than those estimated from

specific surface areas are often found.
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In a studﬁ of graphite, coke and charcoal, -Turkdogan
et al?? found that the mean crystallite size (determined
from line broadening) had no effect on rate of oxidation,
the essential parameter being the "effective surface
areas'!. In the present work the Co, "reactivities" of the
three cokes from Table 4.3.a bear no relationship to their
(initiai) surface areas or crystallite size from Table
4.3.d. Open porosity however givés an indirect measure of
the surface available for gaseous attack. Rates of reaction
to CO, for the char and other carbons from Table 5.4t .jJ.
of Chapter 5,shows that at 910 °c the Australian brown caal
char is the most reactive, followed by the decolourising
charcoal. The total surface area is thus no guide to CO2
"reactivity". It must be the "available surface area' that
is important and which an effective inhibitor of coke
reactivity would need to reduce.

After oxidation in COpsB,0,-doped cokes and coal
char show surface globules (Plate 4.7). At the low percent=~
age coke burn off these cannot be ash and were attributed
to the 8203. These globules did not wet the surface and
were not evenly distributed. 8203 may run preferentially
into the finer grain, more reactive areas of the coke
surface, making a small amount an effective inhibitor.

Microscopic examination of the doped coke at the temperature

of reaction would be useful.




4,4.2— Coke and Char Ashes.

The unwanted portion of the blast furnace charge
separates as the liquid slag. Fluxes are added to combine
with gangue minerals and lower melting points and viscosity.
Slag composition and slag reactions are discussed by
Turkdogan.23 Many compounds have been identified from
examination of solid slag, and phase diagrams constructed
for liquid slag, as given by Hopkins (Chaptex 1, ref. 28).
Ash composition {(for coals and cokes) is generally given
as percentage oxides as in Table 4.3.e, although the
principal constituent of Nantgarw, Cwm and Polish coke

¥

ashes is probably sillimanite Al Al" $iOg . Minerals
of this group were formed from kaolinite und;r high
temperature and pressure.

AL,0,.28i0,.2H,0 — A1,0,810, + Si0, + 2H,0
Phase diagrams and crystallographic data are given by
K.ukolev24 who describes the form of sillimanite as '"fibrous".
Under the optical and electron microscopes fibrous portions
of the ash were often seen, as in the transmission electron
micrograph of Plate 6.2(il) and the scanning electron micro-
graph of Plate 4.,9(iii). White lumps which could be
picked out by hand were also present in the 1000 °C char
and coke ashes. These gave an X ray powder diffractisn
pattern of impure silica. Hadan and Studemann25 investigated
a brown coal ash by X ray powder diffraction and consider
the transformations of kaolin, mica, pyrite etc. on
heating. Clay minerals are a large part of most.coal

ashes, together with pyrite and pyrrhotite, as described

A 6: coordinate.Al *¥ 4. coordinate Al
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" by Wexrt and-Hsieh26. Qn heat trgating coal to a coke
Huffman et a127 consider that there is significant trans-
formation of the clay minerals, that ferrous clay changes
to ferrous glass and that inorgénic sulphur retention in
coke is determined by the reduction of pyrite and the
reaction of calcite to form calcium sulphide.

The ash from coke burnt off at 500 °C was pinkish
and finely powdered, that from 1000 °C was pale yellow and
coarser. The same difference in texture was seen in the pale
yellow 400 °C char ash and the dark red-brown 1000 °C char
ash, From a consideration of the Tammann temperatures of
the ash minerals, the coke ash from 500 ¢ burn off is
unlikely to have sintered. This is borne out by the scanning
and transmission micrographs of plates 6.1 and 6.2. (Chapter
&.) The 1000 °C coke ash shows the rounded surface and
coalescence of smaller particles in strings, typical of
sintered material. The 1000 °C char ash was of similar
appearance. Ash from higher temperature burn offs was rather
coarse for SEM.

The effect of sintering is also shown by the specific
surface areas of the ashes.from 500 °C burn offs, calculated
from N, adsorption at 77 K. That of the char ash was

1 and that of the coke ash 8.93 ng-l. A much

2

12.56 m°g”
lower value (<1 m g“l) was obtained for the 1000 °C
ashes., The effect of build up of '‘coke ash as carbon is
burnt away is considered in Chapter 6.

From table 4.3.e the ash constituents of Nantgarw coke

total 93%. If the calcium and magnesium were present as
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sulphates rather than oxides then 3% CaO would be 7.3%
as CaSO4 and 1% MgO would be 3% as MgSO,, making a total
of 99.3%.

[

The amounts of Al,0,; and SiOp are 31% and 43% of the
ash respectively. The A1203 would require 18% SiO, in
sillimanite and 8% would be in the anarthite, If Na and

K were present as ..silicates this would incorporate a
further 5% of the Si0,. Thus 31% of the S5i0y may-be present
in silicates and some (12%) as free SiOy At 1000 °C MgO
could form MgSiog,and CaSO4 become angdrthite, leaving
little Ca or Mg in the water soluble part of the 1000 °C
ash.

Proximate analysis of Nantgarw coke shows a sulphur
content of 0,9% and an ash content of 9.3%. Thus the
Fezo3, Ca0 and MgO content of coke may be calculated as
0.84%, 0.28% and 0.09% respectively., If these are
calculated on the basis of FeSZ, CaS and MgS instead, then
the sulphur content due to these sulphides becomes 0.67%,
0.16% and 0.07% of the coke, Thisltotals 0.91% and
may indicate the combination of the sulphur.

If the CaSO, and MgSO, (estimated as 7.3 and 3% of
the ash) become sulphides the amount of sulphur in the
ash would be 2.5% or 0.23% of the coke. Insufficient CaC
or Mg0 is present in the coke mineral matter to retain
sulphur and the coke loses sulphur during ashing. The
sulphur content of coke has a deleterxrious effect in E@€£i

production, (as described in reference 29 of Chapter 2).
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The TG/DTA Tesults of Figures 4.9 and 4.10 show that
some endothermic decomposition of the low temperature ashes
occurs on heating to about 1500 °C. All the ashes had
melted by this temperature although no sharp melting
points were obtained from the DTA trace.

The ash contains iron and alkalis which are catalysts
of the Boudouard reaction. Iron is particularly effective
when present as the metal ox carbide as reported by Zuniga
and Droguett (Chapter 2, reference 10} in a study of cokes
treated with solutions of metal salts. The possible effect
of B203 in combining with the iron content of the ash was
considered. The iron content of Nantgarw coke, estimated as

F3203 is 0.84%,., This could form iron borates

Fe203 + 2H3BO3 = 2FeBO3 + 3H20
Fe,0,.B,0,
or Fe, 04 + 6HBO, = 2Fe(BO,),; + 3H,0
F9203.38203

The requirement of 38203:Fe203 would necessitate
11 mg 3203 g—l coke. Alkalis in the ash could also form

borates and borosilicates. Based on 2% Na.0O and 4% K,0

2
the maximum amount of 8203 needed in all would be 13,3 mg
g-l coke. Solution treatment of Nantgarw coke, giving 1

to 1.5% of sample weight increase, achieves this amount

of B203.
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Complete burn off in air -or C02_Of dobed Nantgarw
coke gave ashes which contained round black lumps, the
higher the ashing temperature the coarser these particles.
The optical micrograph of plate 4.8(iii) shows one such
aggregate. The surface could be studied by low power SEM
as shown in plate 4,9, where globules seem to have melted
into other portions of ash. From the d spacings found
(Table 4,3.1) these lumps may consist of FeBOj and «Fey0j.
Attempts to prepare an iron borate by fusion of stiochio-
metrxic amounts of Fe203 and B,04 did not yield identifiable
products. Mellor28 reports the failure of earliex attempté;

Of the ash constituents F9203 has the lowest Tammann
temperature (630 oC) and is able to combine with the liquid
B203. The catalytic effect of iron oxide, due to the
formation of iron under reducing conditions, was much less
when silica was added to coké. Donnelly et a129 consider
this to be due to the formation of iron silicate.

The preliminary investigation thus gave information
on the texture and porosity of the cokes and coal char, '
The mineral matter, which forms a considerable éortion of
the coke weight, cannot be neglected in assessing the
action of 8203.

Polish coke has the ash of highest iron content and
Cwm coke that of highest alkalis and alkaline earths.
These two cokes also retained less B 03 on doping than

2
Nantgarw coke.
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CHAPTER_ FIVE

ISOTHERMAL OXIDATION STUDIES OF

METALLURGICAL COKE AND AUSTRALIAN BROWN COAL CHAR
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5.2 Experimental Procedure
5.3 Air Oxidations

5.3.1 Results

5.3.2 Discussion

5.4 C02 Oxidations
5.4.]1 Results

5.4.2 Discussion

5.5 Mathematical Analysis

190




CHAPTER FIVE

5.1 Introduction

Isothermal TG permits the oxidation to be continuously
monitored up to complete burn-off.Where weight loss curves
permit the calculation of a rate constant then its variation
with temperature may be given in the fbrm of an Arrhenius

plot, enabling the kinetic parameters A and Ep to:be
calculated from the intercept and slope.

Air and COp oxidations of Nantgarw coke and Australian
brown coal char, and of Bs03-doped material were performed.
Initial air oxidations were carried out on the Stanton
Redcroft Massflow balance MF-HS5 under static atmosphere
conditions. As the temperature limit of the furnace is
approximately 1000 °C the Boudouard reaction could not be
studied. A grant from the S.E.R.C. (No.GR/B/87689) enabled
the pﬁrchase of the Stanton Redcroft STA 781 thermal
analyser. Air oxidations at higher temperatures were
studied, and some of the lower temperature runs were
repeated. The Boudouard reaction could be studied up to
the temperature limit of the furnace (approximately 1500 OC).

" It was expected that at some temperature the air
oxidation and perhaps the Boudouard reaction would become
diffusion controlled, giving the temperature ranges'over
which comparison could be made of the actual oxidation
curves with the appropriate mathematical expressions for
the surface geometries described in Chapter 1.3.1,
Comparison of metallurgical cokes could also be made by
a "reactivity test" similar to that used industrially

{Chapter 2, ref. 6).
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5.2 Experimental

The work was carried out on the two thermal balances
described in Chapter 3.1. B,03 doped coke and char were
prepared as described in Chapter 4. Lump coke and coke
and char granules were sieved from the bulk sample.

Air oxidations under static conditions were first performed
on the Massflow balance with the sample contained in a
shallow alumina crucible (approximately 24 mm diameter and
5 mm high), resting o6n the ceramic TG/DTA block. The
crucibles wifhin the block were too small to take lump
coke samples. Approximately 120 to 100 mg of Nantgarw
coke in the form of one or two lumps were used;~ 180 mg
of chaxr was sufficient to give a single layer on the base
of the cxucible. 60 mg samples of char were also used.
Particle size of the char varied from 1.4 mm to 0,71 mm.
With the furnace raised the TG pen was positioned on the
scale by the addition of suitable counterweights to the
balance pan.. The furnace was heated at as rapid a rate
as possible and when it had reached the set temperature
lowered carefully over the Mullite tube. Environment
temperature was constantly recorded on the Leeds Noxthrup
recordery, with the DTA signal switched off. The buoyancy
correction for the appropriate conditions was applied to
the data. Results were obtained for coke oxidations up
to approximately 950 OC, and for the char up to
approximately 750 °cC.

Similar sample weights of lump coke were oxidised in

air in the Stanton-Redcroft 781 thexrmal balance using the
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TG only-hangdowg. The small volume of the furnace and
sample environment meant that reactions in static air were
prevented by reactant starvation, so air flowing at 43.5
cm3 m:i.n.1 was used. The Pt sample bucket was used
throughout with the TG on the X1 (200 mg limit) scale.
Approximately 30 mg of coke granules and 60 mg char
granules gave a single layer on the crucible base. The
sample was weighed into the bucket, the furnace raised aﬁd
gas flow adjusted. The furnace was programmed to the set

1y,

Where some reaction was likely to take place before this

temperaﬁpre at as fast a rate as possible (48 °C min~

temperature was reached (for the coke approximately 850 °C
in air and 1100 °C in coz) the sample was preheated under
Ny. |

Nantgarw coke lumps (~ 5 mm diameter) and granules
(500-710 pm) and char granules were oxidised in COp (dried

3 min~t, By

by passage through MgClD4) flowing at 35.2 cm
choice of a suitable range on the balance control module
of the STA 781, percentage weight loss could be directly
recorded on the TG trace,

At certain temperatures runs with dﬂﬁereﬁt sample
weights were performed on the Massflow balance and the
effect of varying the gas flow rate was investigated with
the STA 781, Coke granules of 500-710 pm axre of similar
size range to that specified in the "Nantgarw ratio'" test

(=0.7 mm + 0.42 mm). A comparison of Nantgarw, Cwm and

Polish coke granules from their air oxidation at higher

(977 ©C) and -lower (520 °C) temperatures was made on the

STA 781 and from their COs oxidation at 955 °C.
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Rate of -oxidation in CO, for the Hopkin ‘and Williams
charcoals and PMC graphite was also determined using the

STA 781.







5.3 Air Oxidations
5.3.1 Results
Typical weight loss curves for the air oxidation of
Nantgarw ceke lumps and Australian brown coal char
granules are shown in Figures 5.3.a and 5.3.b. These
were obtained using the Massflow thermal balance and have
been corrected for the buoyancy effect. This effect was
determined using calcined Al,03 in the shallow crucible
and was of greater magnitude, but shorter duration tﬁe
higher the temperature, The data for the coke presented
as percentage weight loss are given in Figure 5.3.c,
Some of the percentage weight loss curves for the
oxidation of Nantgarw coke lumps in flowing aix on the
Stanton Redcroft 781 thermal balance are shown in Figures
5.3.d and 5.3.e. Similar sets of curves were obtained for
the coke granules and for Bs0Oz-doped coke lumps above
620 °c. At lower temperatures the rate of weight loss
of BpUgz-doped coke increased to a maximum and then slowed
to a lower rate with time as shown in the two lower curves
of Figure 5.3.f. As the coke and char contain some mineral
matter the percentage carbon weight loss is also given.
From the maximum rate of. weight loss, which generally
extended over a considerable portion of the burn off,
a rate of reaction was calculated as weight loss per
second per initial sample weight on an ash free basis.
This was taken as a rate constant, k. Values of log k

versus % were plotted.
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Results obtained on the Massflow balance for Nantgarw
coke and doped Nantgarw coke are given in Table 5.3.a and
Table 5.3.b., These are combined in the Arrhen s plot in
Figure 5.3.9g.

Results for the Australian brown coal char are
similarly shown in Table 5.3.c¢, and for the doped char in
Table 5.3.d; these are plotted in Figure 5.3.h. Some runs
with larger sample weights were done with the char and the
results are given in Table 5.3.e.

Flowing air oxidation results are given in Table
5.3,f for coke lumps, Table 5.3.g for doped lump coke and
Table 5.3.h for coke granules. Corresponding Arrhen s
plots are shown in Figures 5.3.i-and 5.3.3+. Flowing air
results for the char are given in Table 5.3.1i and are
also plotted in Figure 5.3.7j.

The effect of different air flow rates on the
oxidation of Nantgarw coke lumps at 975 °C is shown in
Figure 5.3.k and on the char oxidation,at two temperatures
in Figure 5.3.1. The DTG function at a suitable
sensitivity was used. This is upset by alterations in the
gas flow, so the furnace was heated rapidly (the air
being at the set flow rate) to the required temperature.
Some oxidation has taken place before the temperature
limit was reached.

Cwm, Polish and Nantgarw coke granules were oxidised
in air flowing at 43.5 cm3 min"l. Rates of reaction at

977 and 522 °C are given in Table 5.3.j, using ~ 33 mg

samples.
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Figure 5.3.¢. Static Air Oxidations of Nantgarw Metallurgical Coke on Massflow Thermal
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Table 5.3.a.

Static Air Oxidation of Nantgarw Coke (lumps).

Temperature Rate of leg 103 x reci-
oxidation (1053crate) procal

°c K X 102l -1 temperature
(987" o) (k1)

530 803 1.580 0.199 1.245

550 823 1.356 0.132 1.215

603 876 4,263 0.630 l.142

620 893 7.648 0.884 1.120

670 943 8.101 0.909 1.061

770 1043 8.531 0.931 0.959

860 1133 9,767 0.590 0.883

935 1208 12,55 1.099 0.828

Table 5.3.,b

Static. Air oxidation of Bz03 doped Nantgarw Coke Lumps.

Temperature Rate of log . 103 x

o oxidation x 10° (105xrate) reciprocal

C K (g s=1 g-1)- temperature
(k=%)

624 897 0,599 -0,223 1.115

637 210 1.946 0.289 1.089

690 963 6.235 0,795 1.038
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Table 5.3.c
Static Air Oxidation of Australian brown coal char.

( 60 mg samples).

Temperature rate of log 103 X
oxidation (105 x rate) reciprocal
°C 4 x 103 temperature
g st g-1 (k=1)
321 594 0.518 ~0.286 1.684
371 644 2.318 0,365 1,553
405 678 5.719 0.757 1,475
485 758 14,18 1.152 1.319
494 767 12.76 1.106 1.304
576 849 15.36 1.1886 1.178
615 888 15.64 1.194 1.126
697 970 13.88 1.142 1.031

755 1028 15.89 1.201 C.973

Table 5.3.d

Static Air Oxidation of B503 solution treated char

( 60 mg samples).

Temperature Rate of log lO3 e
oxidation (105 x rate) reciprocal

o x 103 temperature
c K g s—1 g-i (K-1)

331 604 0.519 =-0,285 1.656

361 034 0,799 =-0.097 1.577

400 ©73 4,268 0.630 1.486

425 698 5.535 0,743 1.433

465 738 13.70 1.137 1.355

585 858 12.46 1.096 1.166

640 913 15,90 1.202 1.005
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Table 5.3.e
Aix Oxidation of Australian Brown Coal Char with

different sample weight.

Sample weight Temperature rate rate
(mg) (°C) (g s71x10°) (g s~lg-1x10%)
169.5 689 9.052 5,438
65.4 697 8,915 13.88
182,3 ’ 4G4 9.044 5.052
64.7 494 8.108 12.76

Table 5,3.f
Flowing Air Oxdidation of Nantgarw Coke Lumps

({ 100 mg samples)

Temperature rate of log 103 x
oxidation (L0> x rate) reciprocal

o x 10> temperature
c K g s=1 g1 (K-1)

522 795 0.3210 =-0.493 l.258

576 849 2.361 0.373 1.178

598 871 3.056 0.485 l.148

622 895 4.306 0.634 1.117

680 953 16,106 1.207 1.049

733 1006 29,442 1.469 0.994

784 1057 36.779 1.566 0.9486

828 1101 41,667 1.620 0.908

884 1157 48,148 1.683 0.864

927 1200 54,444 1.736 0.833

977 1250 47,778 1.679 0.800

1074 1347 47,593 1.678 0.742

1169 1442 46.669 1.669 0.694

1277 1550 14,722 l.651 0,645

1383 71656 59,261 ) 1.773 0,604
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Table 5.3.9

Flowing Air Oxidation of B2O3 éoped Nantgarw Coke Lumps.
{ 100 mg samples)
Temperature rate of log 103 X
oxidatien (10> x rate) reciprocal

o x 105_~ temperature
C K g s=1 g1 (k-1)

570 843 0,311 -0,507 1.186

625 898 0. 806 -0,094 l.114

667 940 3.195 0.505 1.064

697 970 5.555 0.745 1,031

722 995 9.306 0.969 1.005

775 1048 16.667 1.222 0.954

828 1101 38.333 1.584 0.908

872 1145 44,997 1.653 0,873

923 1196 ’ 43,555 1.639 0.836

970 1243 36,110 1.558 0.805

1067 1340 44,443 1.648 0.746

1166 1439 43,885 1.642 0.695

1267 1540 47.777 1.679 0.649




Table 5.3.h.
Flowing_Air Oxidation of Nantgarw Coke Granules

{ 30 mg samples ¥ 120 mg sample}.

Temperature rate of log 103 x
oxidation . (105 x rate) reciprocal

o x 102 temperature

(ol K g s=1 g-1 K~

568 841 1.527 0.184 1,189
573% 846* 2.083% 0.319% 1.182%
598 871 4,306 0.634 1.148
629 902 6,389 0.806 1,109
676 949 18,402 1,265 1.054
726 999 39,456 1.596 1.001
775 1048 * 71,649 1.855 0.954
826 1099 120,87 ' 2,082 0.910
873 1146 131,93 2.120 0.873
977 1250 120.82 | 2,082 0.800
1067 1340 126,34 2.102 0,746
1169 1442 140,84 2,149 0.694
1270 1543 136,10 2,134 0,648
1376 1649 148.63 2,172 0.606
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Table 5.3-in
Flowing Air Oxddation of Australian Brown Coal Char

{50 mg samples)
3

Temperature rate of log 107 x
oxidation (105 x rate) reciprocal
o x 102 temperature
C K g s—1 g~1
359_ €32 0.944 -0,025 1.582
381 €52 2.7450 0.439 1.529
420 693 9.333 0.570 l1.443
422 695 12.361 1.092 1.439
457 730 43.056 1.634 1.370
472 745 45,417 1.657 1.342
494 767 55.556 1,745 1.304
578 851 122,22 2.087 1.175
Table 5.3.7.
Flowing Air Oxidation of three cokes.
Coke, Temperature rate of YNantgarw
oc oxidation Ratio"
x 105
g s~1 g-1

Nantgarw 877 120.9
Cwm 977 118.1
Polish 977 123.6
Nantgarw 522 0.972 1
Cwm 522 2.431 2,50
Polish 522 4,815 4,95
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Figure 5.3.k. Air Oxidation of Nantgarw Metallurgical Coke at
975 OC at different air flow rates. {(« 105 mg samples).
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5.3.2 Discussion

The weight loss curves for the coke énd char show a
conside;able time interval over which the rate of weight
loss appears linear. The char contains an appreciable
amount of volatile material, which accounts for the weight
loss before the oxidation begins.

When plotted as percentage weight loss the oxidation
curves in Figure 5,3.c, d and e have a similar form. The
rate of weight loss may appear linear by a choice of time
scale, e.g. the curves at 622 © and 680 ©C of Figure
5.3.d when plotted in Figure 5.3.e. The DTG results of
Figures 5.3.k and 1 show that the rate of weight loss
passes through a maximum which is maintained longer for
the char than the coke.

The maximum rate of weight loss is not achieved at
once in the lower temperature runs. At higher temperatures
the initial part of the TG curve was not recorded because
the pen is deflected as air exchanges for N2. Similar
sets of oxidation curves were obtained for the Nantgarw
coke granules and B,03-doped lumps above 620 ©C, and fof
the Australian brown coal char.

At temperatures below about 620 ©C the rate of
oxidation of the doped coke reached a maximum then slowed
as shown in Figure 5.3.f. This could be due to higher
viscosity of B0z leading to slower spreading. The
viscosity of B0z at 900 °C is almost three times that at

1100 °C as given by Mellor’.
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The.Arrhenﬁgs plots of the results obtained for the
coke and the char on the Massflow balance show two linear
regions {Figures 5.3.g and h), interpreted as Zones I and
III as described in Chapter 1, reference 40,

In Zone III rate of reaction is determined by the
thickness of the gas laver at the surface of the carbon,
i,e. it is independent of the amount of carbon present,
but depehds on the crucible and furnace geometry. Hence,
rate of oxidation expressed as g s~l should be independent
of sample starting weight, but the rate expressed as
g s™! g™! should vary. This is seen to be so with the char
at 690 °C and 494 °C from Table 5.3.e. The same sample
weight could not be achieved so easily with the coke lumps
as with the char and so there is a greater spread of results
in the diffusion controlled zone,

The slope of the Zone I region indicates an energy

of activation of about 100 kJ mol-l

« In this region the
char oxidises at about ten times the rate for the coke,
although their final reactivities tend to the same
diffusion-limited value. The thange to diffusion control
appears about 650 ©c for the coke and between 420 and
480 °C for the char. Diffusion is expected to limit the
rate at lower temperatures for microporous materials.
{Chapter 1 reference 41.) B,0; treatment lowers the
reactivity of both the coke and the char in this Zone.
Figures 5.3.1i and j show similar Arrheniius plots
from data obtained under flowing air on the STA 781 using

coke lumps, as before and coke granules. The diffusion

limited rate is higher and the change from Zone I to Zone

2l%




III occurs between 680 to 850 °C for coke lumps, and
between about 780 tb 850 og fo; coke granules. The higher
limiting temperature and rate for gramuiles reflects the
easier access of gas to the surface of the smaller
parxticles. For the char, diffusion seems to be rate~
limiting at about 460 ¢ and the rate would probably tend
to a similar value to that for the coke granules.

In Zone I, where rate depends on the chemical
reactivity of the surface, the rate of reaction as

gstgl

should be independent of starting weight, and
was fouﬂd to be so using 120 mg of coke granules. Rate of
reaction is little different for lumps and granules and
close to results obtained in the Massflow balance where
sample environment was different.

As seen in Figure 5.3.k an increase in air flow rate
increases the rate of coke oxidation at 975 ©C (Zone III)
and a similar effect was found at 550 ©C (Zone I).

For the char, however, an increase in air flow rate
at 381 °C (Zone I) decreases the rate of oxidation and must
indicate the difference in porosity between the two
materials. At 594 °C (Zone ITI) an increased air flow
increases the rate of oxidation.

The wvalues obtained for the activation energy E, of
the C/0, reaction and for the frequency factor A, from
the slope and intercept of the Arrhenius plots are

tabulated below. (For the chemical control zone.)
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Kinetic Parameters for the C/O, reaction in flowing air,

Material Ep(kJ molfl) A(g s~1 g-1)
* 20

Nantgarw coke 147 5.0 x 104
Jumps

Nantgarw coke 133 ' 3.2 x 103
granules

B,03-doped Nantgarw 155 1 x 10%

coke lumps
Australian brown 142 4.0 x 106

coal char

Kinetic Parameters for the C/O, reaction of Australian

Brown Coal Char and Nantgarw coke in Static Air..

Material Ep(kJ mol™t) A(g s~1 g=1)
original char 96 2.5 x lO3
B203-doped char o7 6.3 x 102
Nantgarw coke 126 2.8 x 102

The activatipn energy values are useful only for
comparison, the unit mol'ledteriﬁg-the value only because R is
used in the calculation.

B203 treatment of the coke and the char does not
appear to alter the activation energy for the air
oxidation. The Bz03 probably acts by physical blocking
of surfaée, owing its efficiency to its ability to spread.

Values of E, were similar for the coke and the char

but the frequency factor was much greater for the more

reactive char.




In'runs where char samples were not oxidised to
complete burn off it was often noticeable that some
lumps were ashed, while others appeared little burnt.
Selective oxidation in the C/Oz reaction has been noted
by workers on polymer chars, and could be enhanced in coal
chars by the catalytic effect of the mineral matter. Coke
lumps also often had portions where ash had built up

preferentially.
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5.4.,1 Results

Isothermal weight loss curxves for the COp, oxidation
of Nantgarw coke lumps are shown in Figure 5.4.a. Maximum
rates of reaction are given in Table 5.4.a and shown as
an Arrhenius plot in Figure 5.4.b.

The effect of different coke sample weight at higher

and lower temperatures (under the same CO2 flow rate) is
given in Table 5.4.b, and the effect of varying the CO2
flow rate at 1264 °C with the same sample weight is given
in Table 5.4.c. At lower temperatures, increasiné the CO,
flow rate had little effect on rate of reaction of the
coke.

Results for the B,0; doped coke lumps are given in
Table 5.4.d and also plotted in Figure 5.4.b. Some of the
weight loss curves for the CO, reaction with doped Nantgarw
coke are given in Figure 5.4.c.

The rates of reaction for isothermal CO» oxidations
of Australian brown coal char and B,03 doped char are given
in Tables 5.4.e and f and combined in the Arrhenius plot
of Figure 5.4.d. Typical weight loss curves are shown in
Figure 5,4.e, the initial portion being 1oss‘of volatile
matter.

The oxidation of Cwm, Polish and Nantgarw coke
granules (500-710p m) at 955 °C in CO, flowing at 17.6 cm®
min~! is shown in Figure 5.4.f. Frém the average rate of
reaction for each successive 10% burn.off, Figure 5.4.9g

was constructed, in order to compare the relative
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reactivities of the cokes throughout the entire CO2 burn off.
These rates are given in Table 5.4.g and their ratios in
Table 5.4.h.

Polish and Cwm ccke lumps were doped in 8203 and
burnt off in CO, at 955 ©c. Rates of reaction are given
in Table 5.4.i together with that of Nantgarw coke at
1004 °C which had been soaked for 2 hours in BpO5 solution,
drained and air dried.

The rates of reaction at 910 °C of PMC graphite
(35 mg sample) and the Hopkin and Williams charcoals
characterised in Chapter 4 (20 mg samples) to COs flowing
at 38.8 cm® min~t are given in Table 5.4.j. This
temperature was chosen in oxder to minimise diffusion

effects. Results for Nantgarw coke and the Australian

brown coal char, already presented, are included in Table

5.4.3 for comparison.
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Table 5.4.a

.!i

CO, Oxidation of Nantgarw coke lumps

(80 mg samples. CO, flow 35.2 cm min“l)
Temperature rate of 6109 103'x
reaction x 10~ (10~ x rate) reciprocal
o -1 =1 temperature
C 7 K g s 9 k-1
909 1182 3.385 0.530 0.846
961 1234 7.219 0.859 0.810
1013 1286 16.948 1.229 0.778
1067 1340 24,726 1.393 0,746
1114 1387 43.614 1.640 0.721
1162 1435 78.467 1.895 0.697
1212 1485 l48.§l 2.172 0,673
1264 1537 261,12 - 2.417 0.651.
1314 1587 380,53 2.580 0,630
Table 5.4.b.
CO, Oxidation of Nantgarw coke lumps
(flow rate 35.2 cm3 min-l)
-Sample weight Temperature rate of rate of
{mg) (eC) reaction reaction
x 10° x 106
g s-1 g s~l g1
77.06 1264 zoqlzww i 261.12
37.56 l264 8.660 230.56
79.24 2961 Q.572 7.219
46.60 261 0.324 6,953
34.20 (granules)} 961 0.266 7.778
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Table 5.4.c

CO, Oxidation of Nantgarw coke lumps at 1264 °c

Sample weight CO, flow rate rate of rate of
~ (mg) cm3 min-1 reaction reaction
x 10° x 109
g s~1 g s=1 g-1
37.56 35.2 8.660 230.56
38.15 14,1 7.522 197.18

Table 5.4.d.

COp Oxidation of B2O3 doped Nantgarw Coke lumps

( 80 mg samples. COz flow 35.2 cm3 min~1)
Temperature rate of log 103 x

reaction x 109 (106 x rate) reciprocal
temperature

0C 7 K g sl g'l K-
959 1232 2.862 0.457 0.812
1014 1287 8,889 0.949 0.777
1063 1336 9,259 0.967 0.749
1111 1384 19.445 1.289 0.723
1162 1435 79.861 1.902 0.697
1213 1486 111.11 2.046 0.673
1263 1536 151.39 2.180 0.651
1317 1590 297.27 2.473 0.629
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Table 5.4.¢e.

Isothermal CO, oxidation of Australian brown coal char.

( 40 mg samples. COz flow 35.2 cm3 min'l).
Temperature rate of 10g{10® x rate) 103 x
reaction reciprocal
o x 10 temperature
C K g s=1 g-1 K-1
663 936 2,778 0.444 1,068
696 969 6,261 0.797 1.032
718 991 11.482 1,060 1.010
767 1040 34,994 1.544 0.962
789 1062 63.888 1,805 0.942
864 1137 205.55 2.313 0.880
907 1180 402.75 2,605 0,848
956 1229 888,94 2.949 ©.814
1014 1287 972,31 2,988 0.777
1056 1329 1611l.2 3.207 0.753
1111 1384 2223.1 3,347 0.723
1157 1435 2778.6 3.444 0,697
1263 1536 3167.9 3.501 0.651

1369 1642 2378.8 3.51¢é 0.608

Table 5.4.f.
CO, oxidation of Béﬂé-doped Australian Brown Coal Char

( 40 mg samples COp flow 35.2 cm3 min-1),

Temperature rate of log(lo6 rate) 103
reacgion reciprocal

oc K ;.igl o1 te;efrature

763 1036 5.556 0,745 0.965

790 1063 11.458 1.059 0.541

812 1085 2i.181 1.326 0.922

864 1137 73.611 1.8867 0.880

907 1180 167.77 é.225 0.848

961 1234 402,84 2.605 0.810
1014 1287 750,01 2,875 0.777
1063 1336 1333.3 3.125 0.749
1169 1442 2222.2 3,347 0.694
1270 1543 3267.2 3.514 0,648
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Table 5.4.9.

Rates of oxidation af threemetallurgical cokes in CO2 at

955 OC. (g s~1 g=l x 106)

% gﬁin_ 0-10 10-20 20-30 30-40 40-50 50460 60-70 70-80>80
Nantgarw 6.96 6.18 5.30 4.85 4,44 3.37 2.71 1.73 0.99
Folish 30.88 27.76 26,45 22.21 17.92 13.90 g.27 4.12 0.77
Cwm 13.89 11.57 9.11 7.31 5.58 3.83 2.22 1.26 0.93
Table 5.4.h.

. "Nantgarw Ratio™ throughout burn-off for Cwm and Polish
Cokes.
% burn- 0-10 10-20 20-30 30~-40 40-50 50-60 60-70 70-80

off
Peolish 4,44 4,49 4,99 4.58 4.04 4.13 3,42 2.38
Cwm 2.00 1.87 1.72 1.51 1,26 1l.14 0.82 0.73

Table 5.4.i.

Rates of reaction of doped cokes in COp at 955 S¢c

(€O, flow 35.2 cm3 min™l).

Coke (lumps) Rate of reaction x 10° g st g7t
Nantgarw 2.86
Cwm variable results (3 to 10)
Polish 14.24
Nantgarw (soaked)
reacted at 1004 ©C 8.24
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Table 5.4.3.

Rates of reaction of several carbons at 910 °¢ in COge.

Material

maximum rate of reaction x lO6
(g 571 g=1)

Australian brown
coal char.

" Hopkin & Williams

charcoal for
decolourising

Hopkin & Williams
. charcoal "Narit
GSX"

Hopkin & Williams
charcoal for
chromatography
Hopkin & Williams
charcoal activated
for gas sorption
Nantgarw coke

PMC graphite

446 .7

166,65

69.44

©7.78

30.28

3.39

2.78
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5.4.2. Discussion

Rates of reaction for the brown coal char and for
Nantgarw coke were approximately ten times slower than
the corresponding air oxidations. Several lower
temperature runs were not taken to complete burn-off. Ash
had not built up as avsurface layer and the partially
gasified lumps wexe dull and brittle. 1In oxidations above
1260 °C the coke ash had melted.

The Arrhenius plot of Figure 5.4.b. shows a single
linear region. Gaseous diffusion is not becoming rate
.limiting for Nantgarw coke in the Boudouard reaction up
to at least 1400 °C. The value of Ep calculated from the
slope is 186 kJ mol™l. Richards and Tandy (Chapter 2,
reference 38).give a value of 176 kJ mol™l and a

comparison of their results with the present work is given

below,
Temperature °c Rate of reaction of Nantgarw coke
(mol min=-1l atm~1 g'l)
Richards & Tandy Present work
(calculated from
Figure 5.4.b.)
-5 -5
1000 3.8 x 10 5.61 x 10
1100 2.1 x 1077 (1.3 x  2.13 x 104
10~% at lower gas
flow).
1200 4.0 x 1074 6.29 x 1074
4.

1300 - 13.45 x 10~







Richards and Tandy used CO,/CO mixtures, extra-
polating the rates to zero Pco which might account for
the higher values of the present work.

The rate of reaction of B,03 doped coke at lower
temperatures ( 1162 Ocl reached a maximum then fell,
Above 1213 °C the oxidation curves were of similax shape
to those of the undoped coke, and as seen in Figure 5.4.b
the rate of reaction of the doped coke approached that of
the untreated. The value of E, calculated from the lower
temperature results is 192 kJ mo1™L,

Above about 1150 °C the inhibiting effect of B0,
diminishes. Below this temperature B,03; treatment greatly
reduces the reactivity of Nantgarw coke. Lumps which have
merely been soaked in B203 solution éhow a reduced rate
of reaction to CO; at 1000 °C. The rates of reaction of
Cwm and Polish coke are also greatly reduced by 8203
doping. Rates at 955 °C can be compared (Tables 5.4.g
and i.) as lumps and granules react similarly at this
temperature.

‘ In the CO, gasification of the Australian brown coal
char Figure 5.4,d shows diffusion becoming rate limiting
at about 950 °C. B,O3 doping reduces the thar reactivity
in the zone of predominantly chemical control of rate,

But as to be expected has no effect when diffusion of CO,
becomes rate limiting. If the inhibition is less at

highexr temperatures the effect is hidden by the control

of in-pore diffusion.
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Values of the kinetic parameters for the coke and

the char are summarised in Table 5.4.k. The great
difference in coke and char reactivity is reflected in the
values of the pre-exponential factor A. The difference in
-Ep values between doped and untreated material, although
greater for the char, is within the possible experimental
error in determining Ep. Thus the presence of B,03 does
not appear to significantly alter the Activation energy of

the Boudouard reaction..

Material E,(kJ molml) + ’ A(g s~1 g=1)
20 kJ mol=l

Nantgarw coke: 186 4 x 10 .
Nantgarw coke 192 1.3 x 10
Australian brown 194 6.3 x 10%
coal char (in chemical control

zone)
B,0_-doped char 231 2.5 x lO6

2°3 . .
(in chemical control
zone)

Table 5.4.k. Kinetic Parameters for the Boudouard Reaction.

It has been stated (Chapter 2, reference 2) that at
high enough temperatures all cokes have equal
reactivities. Thig is likely to be when the nature of
the carbon surface does not govern the rate of reaction,
i.e, when diffusion of COz does govern the rate.
Comparing the coke and char results (plotted together in

Figure 5.4.h) this may happen at about 1600 Sc, which may
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be reached in the hearth zone of the blast furnace. Thus
1000 °C is chosen for coke "reactivity" tests as it is
-the lowest temperature at which rate of reaction may be
measured in a convenient time and where diffusional
effects are a minimum.

Thus it would be expected that in the air oxidation
of cokes they would have equal "reactivities'" above about
650 °C and this is mo;gi_ out for Nantgarw, Cwm and
Polish cokes as shown in Table 5.3.j.

Figure 5.4.g compéres the three cokes in the Boudouard
reaction at 955 9C, the initial rate of reaction being
similar to the industrial reactivity test value (where
moist COp is used). The "Nantgarw ratio'" is maintained
for Polish coke but decreases for Cwm coke. Above 60%
burn off the build up of ash is likely to affect the rates

of oxidation.
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5.5 Mathematical Analysis

The previous results have indicated over wﬁat
temperatures chemical or diffusion control operates for
Nantgarw coke and Australian brown coal char oxidation
in air and in CO,.

Under chemical reaction control, for shrinking non-
porous particles,the "conversion function" of time/(time
of complete reaction) is given by l-(l—X)l/F where X is
the fraction reacted and F a shape factor which is 1, 2 and
3 for infinite slabs, long cylinders and spheres
respectively, as. discussed in Chapter 1.3.1l. The surface
of the coke lumps, as shown by SEM (Plate4.l}contains
regions of cylinder«like geometry. In the first half of
the burn-off, before surface ash accumulates, it is
possible to compare the experimental oxidation wvalues
(from the appropriate temperatures) of air or COz burn off
with those calculated from this eqﬁation.

The formulae for diffusion control with the same
éurface geometries also‘given in Chapter 1.3.1.

An arbitrary time of complete reaction of 15 hours
was chosen and for values of X from 0.05 to 0.95 at Q.05
intervals the reaction time t was calculated and values of
X versus t plotted for the 3 surface geometries under both
chemical and diffusion control. The programme for the
calculation was written in Fortran 77 (Appendix 1l).on the
PRIME system and the data plotted by a Calcomp plotter.
The curves for the models under chemical and diffusion

control are shown in Figures 5.5.a and b fespectively.
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Because the ratio of the original surface area to
volume of the particle enters the chemical control equation
(in a linear fashion) the time to burn off a particular
fraction can be seen to be shortest for spheres and longest
for slabs. The time of complete reaction is also

' proportional to the initial size of the particle. For
diffusion control the time taken to burn off a particular
fraction is shortest for spheres and longest for slabs.

From the oxidation curve of Co, gasification of Nantgarw
coke at 1212 °C the times taken to react fractions 0.05 to
0.50 at 0,05 intervals were tabulated. Time of complete

reaction was 2.70 hours, giving a time of half reaction

of 51 min. Values of reduced time were then plotted versus
the functions for cylinders and spﬁeres under chemical
control of-rate as shown in Figure 5.5.c. Similar graphs
were obtained for the air oxidation of Nantgarw coke below
670 °C. Better correlation is seen from the cylinder than
the sphere model, although the latter gives a linear plot
above 0.15 fraction reacted. 1In this initial burn off the
nmaximum surface develops for Nantgarw coke, as described
in Chapter 6, and the assumption of a non-porous solid is
probably least justified in the initial part of the burn
off.

- Similar correlation with the cylinder model in the air
oxidation of graphite flakes under diffusion control was
obtained by Ozgen and Randz.

Although the surface of the coke is very irreguiar the

application of the models for simple geometries can be

useful,
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CHAPTER SIX

6.1 Introduction.

Coals, cokes and chars are highly porous materials.
For the quantitative characterigation of internal pore
structure, thé pore volume, surface érea and pore size
distribution need to be estimated. A large pore volume
does not always imply a large surface area, since this is
dependent on the pore size distribution. Pores are
classified as macro (r>=25 nm), meso (r = 1 to 25 nm) and
micro ( r<l nm) where r is the pore radius.”

Active carbons differ in properties from other
porous materials in that
(i) they have a wide range of pore sizes,
"{ii) due to the non-polar nature of carbon, dispersion

forces play a large part in adsorption.

Measurement of surface area by gas sorption rests an
the determination of the monolayer capacity (xp). When
this quantity is multiplied by the area occupied by a

single adsorbed molecule (A;) the surface area in mzag-l

=20
is calculated from S = fﬂ_NAm x 10 when Ap is in square

Angstrom units, N is thgéAvogadro constant, M is. the
molecular weight of adsorbate, and xp is expressed in g
adsorbate per g of solid. It is assumed that the adsorbate
molecules close pack on the surface. Calculation of
adsorbate cross sectional areas (from liquid density,
critical constan£ data etc.) is discussed by Gregg & Sing2

and with respect to carbons by Sutherland.> Values of

2 2
16.2 R for Nz and 17,0 8" for CO, were taken in the
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present work, at 77 K and 196 K respectively.

In characterising a solid by physicél adsorption
measurements, some model of the adsorption process must
be applied. In Langmuir's original treatment a kinetic

approach led to the isotherm.
= XmbP
1+bp

where b is an adsorption coefficient

and x is the amount sorbed per g adsorbent at equilibrium
pressure p. The same isotherm may be derived on statistical
mechanical grounds. Thus a graph of g versus p is linear
and x, may be calculated from the slope. Langmuir's
equation was used in the present work to evaluate surface
areas of the original, burnt off and doped Australian brown
coal char, where Type I isotherms were obtained (described
in Chapter 4). The equation cannot be used successfully
on non-porous 6r wide pore adsorbents due to multilayer
formation and/or capillary condensation.

For the cokes studied in this work where Type 2
isotherms were found, surface areas were estimated from
the BET equation using N, sorptionféﬁ_?? K. Derivation
and discussion of the BET equation is given by Gregg4 and
by Lowell®. The equation was used in the form

-k - i ,(e=l)p

*x(p,-P) X XnS Po
whgre x is the amount sorbed per g adsorbent at

equilibrium pressure py po the S.V.P. of the adsorbate
Ey-Ea

RT
of adsorption of the first layer and Ez that of subsequent

and ¢ is a constant equal to exp( )+ Ej is the heat
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layers (and taken as the heat of liquifaction of the
adsorbate).

Thus a plot of —E2—— versus gb shonld give a

x(Po~P) 1
. . ( C-l) . . .
straight line of slope Yo and intercept ;;E Adding
slope and intercept gives % .
m

Adsorption dnto porous materials often gives rise
to hysteresis, i.e. the desoxption branch of the isotherm
differs from the adsofption. Observation of a reproducible
isotherm hysteresis can be associated with a certain type
of porosity in the adsorbent. The relationship between
shape of hysteresis loop and pore geometry is classified
by de Boeré, who distinguishes 5 basic types based upon
15 idealised pore geometries.

Adsorption into wide pores can be treated by assuming
that bulk condensation occurs in the pores and this is
governed by the Kelvin equation. The S.V.P., p above a
curved surface of a liquid in a capillary will be lower

than that of the open surface pg and

1nR =" 2Y¥V cos o-
Po IRT

where K is the surface tension of the liguid, V the molar
volume, r the radius of the capillary and © the angle of
contact of liquid and solid. Often 6 is taken as zero.
In practice a finite desorption step is considered,
giving a method of calculating pore size distribution.
For non-intersecting c¢ylindical pores the mean pore

radius r = EHE where Vp is the total pore volume and S the

S
surface area of the pores. The use of this formula fails

to give a real value of r below a certain minimum as xg
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(in volume units)— V.

The concept of surface area for microporous
adsorﬁents is often criticised. Instead of layer by layer
filling (implied in the BET treatment), Dubinin? suggested
that adsorption results in volume filling of pores, due to
an adsorption force field in the entire volume of micro-
pores. This is based on the approach of Polanyi to the
force of adsorption as an intermolecular potential
gradient. The adsorption potential at a point at or near
the surface of the adsorbent being defined as the isothermal
work done by the adsorption forces in bringing a molecule
from the bulk gas to that point. Micropores are
commensurate with the size of adsorbed molecules and the
adsorption must depend on the nature of the system as a
whole. The fundamental equation of the Dubinin approach
is

W = Woexp(~ %)n ,

where A is RT ln(%g), W

o 15 the mass of gas adsorbed when

all the micropores are filled and W the mass of gas
adsorbed at a particular relative pressure, E is a
characteristic free energy, depending on the system and

n is a small integexr. No physical meaning is ascribed to
n, When n=2 the equation becomes the well known Dubinin-
Radushkevich (D-R) equation

2
W = Woexp {-— B(PI) 1092(@)}

where B is a structural constant and F an affinity constant
ie quantities that depend on the nature of the adsorbate

I
and adsorbent,
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In the present work open micropore volume of the
char was calculated using the equation in the form

, P,
log W= log W, - D 1092(59)

o2
where D 2.303 2%, .

Thus W, was evaluated from the intexcept of a plot of
log W versus logz(gg). To obtdain the micropore volume
from W, the liquid density was used. The D-R equation
applies to a homogeneous system of micropores and
strictly should be summed for the contributions for each

class of micropore.
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6.2 Review of Surface Area Studies on Cokes and_Brown

Coal Chars.

Microporosity in carbonaceous materials is reviewed
critically by Marsh and Rands, who consider coals and
their resultant cokes as '"essentially microporous
materials'”., Nzladsorption at 77 K is considered to give
unrealistically low values of surface area and COz at
195 K not completely satisfactory results. Two linear
portions of the Dubinin-Radushkevich plot are often found
for cokes, coals and polymer carbons depending on degree
of burn off.

The inadequacy of N2 at 77 K to obtain surface areas
of coal products is discussed by Marsh®, Lamond and
Marshlo and Marsh and wynne-Jonesll. Anderson12 et al
compare Ny, COz and methanol as adsorbates on carbons
and coals, computing surface areas from the BET or
Langmuir equation.

Chiche et a113 examined the porosity of two cokes by
CO2, Hp0 and methanol adsorption in relation to that of
the parent coals. Carbonisation was performed more slowly
and at a lower temperature than that used industrially,
resulting in cokes with some microporosity. The D=R
equation was used to evaluate pore changes on carbonisation.

Surface area changes of several cokes on gasification
by CO2 and Hp0 at 1000 ©C were studied by Bastick and
Guerini? by N, adsorption at 77 K, up to 60% burn off,.
Specific surface area passed through a maximum at about

20% burn off, which was somewhat greater for H,0 than CO2
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gasificatioﬁ,' This surface area development was greater
for coke granules (0.75 mm) than coke lumps (15 mm). From
a consideération of pore size distribution surface area
increased by disappearance of separating walls between
the smaller pores.

The surface area of a metallurgical coke on reaction

with 0, at 475 °C and 550 °C and CO, at 875 °C and 950 °C

2
was measured by Grillet and Guérin15 at 10%, 25% and 50%
burn off. Surface area development was essentially the
same, being greatest for the 25% burn off and least for

the 50% samples.

Formed coke and a calcined char were reacted in CO,
at 900 °C and surface area changes investigated by Blake
et al?gas part of a reactivity study. Specific surface
area, determined by BET N sorxption was initially high
( 200 m?g~l) and increased continuously up to approximately
60% burn off,.

Rates of gasification in COp at 950 9¢ and surface
area development were investigated by Fassotte and
Saussezl7 in a comparative study of metallurgical and
formed cokes. Surface areas were determined by H20
adsorption at 25 °C. The low reactivity of metallurgical
coke was attributed to low initial surface area which
developed only slightly during gasification, in contrast
to that of the formed cokes.

Thus coke surface areas have been measured aftex

partial gasification by several workers. Changes in

surface area may be expected to reflect structural changes
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by the oxidising gas and be useful in assessment of coké
degradation in the blast furnace.

Many studies have been made on porosity and surface
area changes in gasification of polymer chars and coal
chars., Cameron and Stadyrla describe the pore structure
of brown coal chars as made up of two distinct pore
systems.,

The development. .of porosity in brown coal chars on
activation with COz between 1123 K and 1273 K was studied
by Berger et afgby benzene and CO, soxption at 298 K and
mercury porosimetry. High surface area was associated
with micropores and very narrow mesopores. Activation
resulted in a well developed macropore system. The
reactivity of coal chars in general is influenced by the
level of macro and transitional porosity. Chars which
contain a high proportion of these "feeder" pores allow
reactant gas to diffuse to the inhternal surface of the
micropores. Gray and Misra20 consider macropore structure
to primarily determine char reactivity by controlling rate

of access of COz to the internal surface.
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6.3 Experimental Procedure

6.3.1 Nantgarw Coke Study

Surface areas of 5 mm Nantgarw coke lumps and 8203
doped coke lumps gasified by air or COp at several
temperatures were determined by N, sorption at 77 K using
the BET equation. Measurements were made using the
apparatus described in Chapter 3.2.1., The SVP of nitrogen
at 77 K was taken as 1 atﬁosphere plus a small correction
(26 mm Hg) for thermal loss, which had been determined by
previous calibration. The cross sectional area of Np was
taken as 16,2 32 at this temperature, thus the area
occupied by 1 g is 3,483 x 103 m2. Where 0.25 g of sample
was not available aluminium counterweights were added to
the sample bucket and the appropriate buoyancy calculated
for each sample. The vacuum balance was first calibrated
using Ny at room temperature to determine the volume
displaced by counterweight, bucket and pyrex hangdown
threads. The buoyancy correction was particularly
important on samples of low surface area (~1 ng_l), its
effect.often outweighing the gas uptake especially at
higher relative pressures., Samples were outgassed at room
temperature for at least 40 min., although loss on pumpirg
out was small ( 0.l mg).

Samples ¢f Nantgarw coke and doped Nantgarw coke
were burnt off to various extents in air at 500 °C and
1000 °C in a muffle furnace using shallow alumina boats.
A sampie burnt off under static air on the Mass flow

balance was used also.
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Samples were burnt off in dried COp flowing at
40 cm?® min~! using the furnace of theMassflow balance
at 1000 °c, or.. a tube furnace at 1400 OC.‘Temperature
of the latter was checked with aﬁ optical pyrometer,
Several samples were heated at 500 OC, 1000 OC or 1400 °c

under nitrogen to determine the effect of heat treatment

alone.,
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6.3.2 Comparative Coke Reactivity Study

Two other metallurgical cokes supplied by Imperial
Smelting Processes (Cwm and Polish cokesi were studied.
Initial surface area was determined after outgassing at
200 °c. Adsorption work was performed on the vacuum
balance described in Chapter 3.2.2, by Nz sorption at
77 K. This balance had also been calibrated using Ny at
room temperature.

Samples for air oxidation wexe prepared in a muffle
furnace. CO2 burn off samples were prepared on the STA 781
thermal balance using the TG only hangdown and furnace at
1000 °c. All subsequent CO2 burn off samples were prepared
on this instrument, where burn off was continuously
monitored, allowing preparation of a better spaced set of
burn off samples.

Doped samples were from the same batch, prepared as
described in Chapter 4.

Burgt off samples were outgassed at room temperature

and the complete adsorption isotherm determined for most

of them.
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6.3.3 Brown Coal Char Study.

Nitrogen adsorption isotherms at 77 K of the
original, doped and heat-treated char were determined
us;ng the vacuum balance described in Chapter 3.2.1. The
char was heat treated under nitrogen using the furnace of
the Massflow balance.

Samples of char (1.4 to 0.71 mm) and of B,0, doped
char were prepared to various degrees of burn off in
COpz at 910 OC on the STA 781 thermal balance (furnace
set to 950 ©°C) using the TG only hangdown.

CO2 adsorption at 196 K was measured for these
materials on the vacuum balance described in Chapter 3.2.2,
using approximately 0.l g samples. The low temperature
was achieved with an ether/crushed CO, slush bath, keeping
the solid COz constantly replenished. Samples were out-
gassed for several hours at room temperature and held in

vacuo overnight. As the uptake of CO5 was about 200 mg g"l

the buoyancy, which was calculated as about =200} g atmfl;-
was neglected, The cross sectional area of CQOz at 196 K
was taken as 17.0 Rz giving a surface area for 1 g of

CO, of 2.326 x 10° nZ.

Surface areas were determined from Langmuir or BET
plots and the micropore volume from CO, adsorption using
the Dubinin-Radushkevich equation.

SVP of COp at 196 K was taken as 1.86 atmospheres.

The cross sectional area and SVP are wvalues calculated

from the liquid density at -56 °C and the extrapolated

liquid vapour pressure as described by Anderson et-al;’?
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A value for the ligquid density as 1.23 g em™> for Co, at

195 K is given by Dovaston et alzl. The value of 1.14 g

cm T, as given by Keattch and Dollimore22 was taken in

the present work.
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6.4 Surface Area of Nantgarw coke and B203 doped

Nantgarw coke gasified under various regimes..

6.4.1 Results

The surface areas of Nantgarw metallurgical coke
(initially approximately 5 mm diameter lumps) buxnt off
in air at 500 °C and 1000 °C are given in Tables 6.4a and
6.4,b and presented graphically in Figures 6.4 and 6.4.b.
Data for the 8203 doped coke burnt off in air is
similarly given in Table 6.4.c (500 °c burn off) and
Table 6.4.d (1000 °C burn off), and plotted with the
original coke results. Doped samples wexe all from the
same batch. Complete burn off for doped Nantgarw coke
was at 90.2% weight loss, the 1.4% difference from the
undoped coke being the weight of 8203. Percentage carbon
burn off, rather than percentage burn off is plotted in
all the cocke results.

The buoyancy effect was approximately -600 pg
atmosphere_l using about 0.2 g of coke sample and taking
the density as 1.48 g em™ 3. For samples over 50%. burn
off the effect of the ash was calculated using a value for
ash density of 3.0 g cm™3. The buoyancy then became =400
to -330 ng atmosphere_l. The contribution of approximately
1% 8203 on doped samples made a difference of about
4ng atmosphere—l less to the buoyancy correction, ie,
although included in the calculation, it was not
significant.

Surface area per g of starting material: was

(L00-wt. loss)

calculated as specific surface area x 100 ’
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and is tabulated with the specific surface areas determined
experimentally._ Linear BET plots were always obtained, and
whexre the whole isotherm was determined it was of Type 2,
Figure 6.4.c shows the complete isotherm for two 500 °C

air burn off samples together with that of the original
coke,

The specific surface areas of Nantgarw coke burnt
off in COz at 1000 °C and 1400 ©C are given in Tables
6.4.¢ and 6.4,.f and plotted in Figures 6.4.d and 6.4.e.
Values for 3203 doped coke burnt off at 1000 %¢ and
1400 °c are given in Tables 6.4.g and 6.4.h and plotted
with those of the undoped coke. - _

The ash had melted in the 1400 °C burn off samples
and some remained as globules in the :alumina boat.

Several complete isotherms for 1000 ¢ CO2 burnt
off samples are given in Figure 6.4.f. Open circles
represent adsorption points; closed circles desorption-
points.

The specific surface areas of heat treated coke and
doped heat treated cokes are given in Table 6.4.i and the
complete isotherms of original and heat treated doped
coke are plotted in Figure 6.4.g.

The particle size of the coke ash from 500 °¢ and
1000 °C burn off is shown by electron microscopy in Plates

6.1 and 6.2,
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Table 6.4.a

Specific surface area variation of Nantgarw coke lumps

burnt off in air at 500 °C.

% burn % carbon specific surface surface per g
off burn area (m2g-1) starting
off . maieria;(ng‘ll

0 0 ' 3,60 3.60

6,9 7.5 6.42 5,98

13.9 15.2 10.92 9.40

28,2 30.8 3.73 2.68

37.9 41.4 3.78 2.35

60.2 65,7 4.12 1.64

71.9 78.5 5.88 1.65

91.6 100 : 8.93 ___0.75

23(on 25 24.95 (static air

massflow) burn off )

Table 6.4.b.
Specific surface area variation of Nantgarw coke lumps

burnt off in air at 1000 °cC

% burn % carbon specific surface surface per
off burn off area (m2 g-1) g starting
material
(m2 g-1)
0 0 3.60 3.60
14.9 16.3 4,08 3.47
29.3 32.0 4.33 3.06
52,2 57.0 4,36 2.08
63.4 69.2 3.03 1.11
76,2 83.2 2.19 0.52

91.2 100 0.1
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261

specific surface area m2 q-1

Figure 6.4.b.(below)
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Table 6.4.c.
Specific surface area variation of B303 doped Nantgarw

coke lumps burnt off in air at 500 °c.

% burn % carbon specific surface surface per
p

off burn off area (m? g~1) starting
) material(m%g'l)
0] 0 2.61 2.61
7.3 8.1 2.76 2.56
15.3 17.0 2.16 1.83
29.2 32.4 1.51 1.07
52,4 58.1 1.36 0.65
62.8 69,6 2.15 0.80
82,9 91.9 2.39 0.41
90.2 100 3.98

Table 6.4.d.
Specific surface area variation of B203 doped Nantgarw

_coke lumps burnt off in air at 1000 °C.

% burn % carbon specifi¢ surface surface per g

off burn off area (m< g-1) starting
material (m?g=1l)
0 0 1.46 1.46 ‘

20.7 23,0 3.19 2.53

26.4 20.3 3.04 2.24

45.8 50.8 2083 1-53

58.6 65.0 2.95 1.22

60.1 66.6 l.74 0.09

82.9 21.9 ) 0.91
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Table 6.4.e.
Specific surface area variation of Nantgarw coke burnt off

in CO2 at 1000 °c.

% burn % carbon specific surface surface per g
off burn off area (m2 g-1) of starting
material (m2g-1)
o o 3.60
10.0 10.6 10.19 9.17
18.3 20.0 9.90 8.09
22.3 24,4 6.25 4,86
37.7 41.2 4,16 2.59
48,3 52.7 3.66 1.89
60.5 6.1 2.97 . 1.17
75.7 82.6 0.88 0.21
91.6 100 0.1 -

Table 6.4.f.
Specific surface area of Nantgarw coke burnt off in COp

at 1200 °c,

% burn % carbon specific surface surface area
off burn off area (m2 g-1) per g of
starting
material (m2g—1)
O 0 1.43
9.8 10,7 0.75 0.68
24.0 26.2 1.04 0.79
32,6 35,6 2.22 1.50
58.2 63.5 6.39 2.67
69,3 75.7 3.006 0.94
88,3 ‘ 96.4 0.7 0.08
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Figure 6,4.e.(below).
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Table 6. 4, O
Specific surface areas of 8203-doped Nantgarw coke burnt

off in COz at 1000 °cC.

% burn off % carbon burn specific surface
of £ area (m? g-1)
0 0 1.46
3.3 3.7 1.00
14.2 15.7 1.37
24,1 26.7 1.01
35.9 39.8 1.07

Table 6.4.h.

Specific surface areas of Bp(O3z-doped Nantgarw coke burnt

off at 1400_°c in COz.

% burn off % carbon specific surface surface area
burn off area(ng'l) per g of
starting

material (m2g-1)

35.0 38.8 3.11 2.02
55.0 61.0 5.75 2.59
79.3 87.9 } 0.53 O.11

Table 6.4.1i.

Specific surface areas of Heat Treated Nantgarw Coke.

Heat treatment temperature specific surface area
aC (m2 g-l)
500 (Bz03-doped) 2.61
1000 ( " L 1.46
1400 (original) 1.43
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6.4.2 Discussion

The development of specific surface area with degree
of hrn.=-0ff for Nantgarw coke depends on temperature and
gasifying agent, The ash coﬂtent of Nantgarw coke .was found
as 8.4%, so as the carbon is burnt away the amount of ash
remaining on the coke surface can be célculated..eg, in
Table 6.4.3 for the 1000 °C air burn off samples. The
percentage-ash on the coke surface plotted against
percentage carbon burn off, Figure 6.4.h, shows that after
about 50% burn offy, surface ash builds up rapidly. In the
blast furnace coke is descending, and moving rapidly in
the region of the raceways. In the laboratory samples
surface ash was left on the coke and so0 during the latterx
half of the burn off will affect the surface area. From
the Tammann temperatures of the principal ash constituents
(Table 4.3.j of Chapter 4), it can be seen that Nantgarw
‘coke ash is likely to sinter at an appreciable rate at
1000 °C but not at 500 °c. Thus the specific surface area
of the 1000 °C ash was very low and its progressive build
up greatly lowered the coke surface area, as seen in
Figure 6.4.b. The specific surface area of the 500 °C

ash however was almost 9 ng:l

and its build up on the coke
during the latter part of the burn off tended to increase
specific surface area,

Transmission electron micrographs of the 500 °C and
1000 °C ashes, shown in Plate 6.2, illustrate the difference

in particle size induced by sintering. Surface morphology is

shown in the scanning electron micrographs of Plate 6.1, and
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Table 6.4.3j.
Surface Ash on. Burn-off for 1 g of Nantgarw Coke,

(assuming 91.6% carbon 8.4%-asﬁ).

% burn % carbon caxbon separated coke surxrface ash
off  burn off lost ash (g) remaining as % of
{g) + surface material
i ash (q) remaining
14.9°  16.3  0.140 0.0l4 0.851. 1.65
29.3 32.0 0.293 0.027 0.7Q7 3.82
52.2 57.0 0.522 0.048 0.478 10.04
63.4 69.2 0.634 0.058 0.366 15.85
76.2 83.2 0.762 0.070 0.238 29.41
91.6 100 0.916 0.084 0.084 100
100
90 ¢
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Figure 6.4,h, Accumulation of Surface Mineral for
a Coke of 8,4% ash content.
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similarly reveals the larger aggregéte.size and rounded
surface of the particles of the 1000 °c sintered ash.

The presence of B,0; in the 500 °C ash lowers its specific
surface area. Although 8203 constitutes only 1 to 1.5%

of the initial coke weight, it represents about 12% of

the ash material when the carbon has burnt away. The

B2O3 might be expected to lower surface area and stick

ash lumps together. This is shown in the scanning electron
micrographs of Plate 4.9,

Thus during the latter part of the buxrn off the ash
plays a role in blocking available surface., When -
oxidation takes place above the Tammann temperature of the
ash (ie in all CO2 burn off, and in air burn offs above
650 0C) the accumulating ash greatly lowers surface area.
In the first half of the burn off this effect is minimal
and the temperature regime more important.

Isothermal oxidations in air (Chapter 5) have shown
that 500 °C is in the zone of chemical control of rate
and 1000 °C in the diffusion controlled zone. In CO,
both 1000 OC and 1400 °C are in the zone of predominantly
chemical control.

Assuming that the coke lumps are non porous

contracting spheres or cylinders, the surface areas on

burn off can be calculated, as these values are proportional

1 Rk
/3 and r /2 respectively, where r is the radius. The

to r
changes in specific surface area (for a material with an
initial value of 3.60 ng_l) for the contracting sphere

and contracting cylinder models are plotted in Figure
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6.4.i. The values for the twe models diverge rapidly
after about 40% burn off.

In air at 1000 °c specific surface area increases
up to about 50% burn off almost in keeping with the non-
porous model (Figure 6.4.b). Oxidation is taking place
at the coke surface resulting in progressive surface
ablation and loss of surface area per g of starting
material. The B,03 doped coke shows a similar trend.

However for burn off in air at 500 °c the specific
surface area'of the coke (Figure 6.4.a} increases rapidly
up to about 15% burn off. This may be explained as due
to opening of closed pores. The specific surface area
then falls back to almost the original walue as pore
walls are consumed. The sample burnt off in static air
conditions on the Mass flow balance gave a much higher
specific surface area than any of the samples prepared
in the muffle furnace.

Surface area development for the B,0O, doped samples
on air burn off at 500 9C is much reduced, the values
falling even lower than those of the lOOO‘OC air burn off
samples. B203 does not have a sharp melting point but
softens .at about 400-°C .and glthough-its"ability-~r-

" to spread may not be so great at the lower temperature,
the time to achieve the same percentage burn off is much
longer.

Figures 6.4.d and 6.4.e show that the surface area
of Nantgarw coke gasified in COz increases during burn

off Both at 1000 “C and 1400 °C. The 1000 °C burn off
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is similar to the 500 °C air burn off, as noted by Grillet
and Geurinls, resulting in a maximum surface area at about
15% burn off. The isotherms of Figures 6.4.c and 6.4.f
indicate pore development in the macro and mesopore range,
the area of the hysteresis loop representing cumulative
pore volume. The hysteresis loop closes at a relative
pressure of 0,30 to 0.35. The minimum pore radius,
calculated from the Kelvin equation then lies between

0.79 nm and 0.91 nm.

3203 doping again reduces surface area of coke burnt
off in CO, at 1000 °C and to a greater extent than in the
air burn off at 1000 °C or at 560 %. ‘Rates of reaction
in air and CO, at 1000 O¢ differ by a factor of ten and
rates in CO, at 1000 @C and air at 500 °C are comparable.
{Chapter 5.}

At 140Q °C the specific surface area does not
increase markedly until about 40% carbon burn off (Figure

6.4.e), and its maximum is less than at 1000 °c. Rate
of reaction is very much faster and more carbon must be
lost from the external surface, creating less porosity.
This creation of internal surface as reactant gas diffuses
into the pores is responsible for the loss of coke strength,
as noted by many workers (eg. Chabter 2, reference 27}.
B203 doping does not lower specific surface area

on COp, burn off at 1400 °c, and is probably running off

the coke surface, Its effect on rate of reaction also

diminishes at this temperature, as shown by isothermal TG.
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Thus the effectiveness of B203 in reducing surface
area is illustrated in this series of results. Heat
treatment of doped coke leads to a lowexr specific surface
area (Table 6,4.i), which is maintained during burn off,
except at 1400 °c.

Comparison of the isotherms of original Nantgarw
coke and the heat treated doped coke (Figure 6.4.g) would
suggest that B203 blocks macropores and larger mesopores,
although it is not possible to determine this at reaction

temperatures.

276




16 3 : o
Key:~ circleg =

contracting
15 + . sphere model

_ squares =
14 contracting
cvlinder model

13 4

0

o 12 <
4]

=

g 11 4
L[]

N

G

@ 10 -
9 o
Yt

g G
a o
O

w

ol 8
Q

[}

[a R

n

o

5 u// S
// Q
n’ o
/ﬂrz
4 4 A
L Y
‘o-f‘

3

20 40 60 80 100
percentage weight loss
Figure 6.4.i, Variation of Specific Surface area with

weight loss for two non-porous models of Initial
specific surface area 3,6 m2 g-l

277




6.5 Comparative Reactivity Study of Three Metallurgical

Cokes.

6.5.1 Regults

The ash content of Cwm and Polish cokes was found to
be 8.8 and 10.9% respectively and their gas densities in
No as 1.40 g em™3.

The surface areas of Polish coke burntoff in CO»
are given in Table 6.5.a and plotted in Figure 6.5.a. The
initial value was 1.61 ng-l after outgassing at 200 °C
and only 0,35 ng-l after cutgassing at room temperature.

The initial specific surface area of Cwm coke was
1.19 ng-l after outgassing at 200 °C. The variation on
burn off in CO, at 955 °c is given in Table 6.5.b and
pPlotted in Figure 6.5.a, which also shows the results for
Nantgarw coke at 1000 °C burn off on the same scale.

Nitrogen adsorption isotherms at 77 K are shown,
for various degrees of CO, burn off in Figures 6.5.b and
and 6.5.c for Polish coke and in Figure 6.5.d for Cwm
coke,

Surface areas of air burnt off Cwm and Polish cokes
are given in Table 6.5.c and values for 8203-doped,
burnt off samples {(in air and COp) in Tables 6.5.d and
6.5.e.

Adsorption isotherms of doped Cwm and Polish cokes

burnt off 15% in COz at 955°°C are shown in Figure 6.5.e.
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Table 6.5.a.

Surface area of Polish coke burnt off in CQO, at 955 °c.

% burn % carbon specific surface surface area
off burn off area(m2 g-1) per g of
starting
material
0 0.. l.61 l.61
5 5.62 12.08 11.48
15 16,83 44,406 3779
25 28.09 55.95 41.96
35 39.33 58.84 38.25
45 50.56 58.28 32.05
55 61.80 49,49 22,27
65 93,03 14,67 5.14
89 100 1.20 0,13

Table 6.5.b.

Surface area of Cwm coke burnt off im CO; at 955 °c

% burn off % carbon specific surface area

burn off (m2 g-1)

0 0 1.19
3 5.48 23.01
8 8.77 18.55
15 . 16.45 20.74
20 21.93 40.38
24 26.32 18.78
35 38,38 28.70
45 49,34 14,59
51 55.92 29.01
60 65.79 13.29
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Table 6.5.c.

Specific surface area of Cwm and Polish Coke Burnt off

in air at lOOO'QG;

% burn off specific surface
area m? g'l

Cwm coke 36.0 17.45

Polish coke 36.2 34,10

Table 6-5.dc

Specific surface areas of burnt off 8203-doped Cwm coke.

% burn off specific surface area
m2 g-1
33,6% in air at 6.51
1000 °C
15.0% in COp at 8.90
955 oC

Table 6.509.

Specific surface areas of Burnt off B 0;-doped Polish coke.

p
% burn off specific surface area
37.9% in air at i6.12
1000 ©C
15.0% in CO, at 27.15
955 OC
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6.5.2 Discussion

The initial specific surface arxeas of Nantgarw, Cwm
and Polish cokes are 3.60, 1.19 and 1.6l ng_l respectively.
They thus bear no relationship to their industrial
"reactivity" (Table 4.3.a.).

Burn off in COp; at 955 °c was expected to increase
the specific surface area of Cwm and Polish coke, with
accumulating ash lowering surface area at higher burn offs.
The ash content of Polish coke is greatest, but still only
about 12% of sample weight by 50% burn off,.

For Polish coke, values followed a smooth curve.
Maximum specific surface area was reached by about 35%
burn off and this was maintained until half the carbon
burn off, Considering surface area per g of starting
material (Table 6.5.a) it can be seen that surface is
initially increasing despite carbon being removed. The
area and point of closure of the desorption branch of
the isotherms of Figures 6.5.b and 6.5.c would indicate
that this extra surface is generated through the develop-
ment:0f a whole range of pore sizes. At 5% burn-off only
meso and macro pores are present. These increase in
cumglative volume and smaller pores develop by 25% burn
off. This porosity is increased at 45% burn. off,
maintained at 55%, and is diminishing at 65% burn off.

The sharper "knees" of the 45% and 55% burn off isotherms
show that the pore size distribution is displaced to the

fine pore €nd of the size range.
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The specifid surface area values for Cwm boke gave
a greater spread of results, seeming to represent two
series of samples, although prepared from the same batch.
Cwm may be a more heterogeneous coke. Both Cwm and Nantgarw
are made from coal blends. The isothexms of Figure 6,5.d
again show tﬁe increase in porosity due to a range of pore
sizes.

In a study of blast furnace coke of similar physical
properties, Aderibigbe and Szekely23 measured total
porosity as a function of burn off. Pores contributing to
molecunlar diffusion (d>35um) increased with increasing
burn off, whilst those contributing to Knudsen diffusion
(d<<32 nm) decreased slightly at first and then increased.
It was concluded that the increase in porosity of the coke
was dite to the enlarging of large pores. It was not possible
to study the total porosity of the coke in the present
work.

The maximum specific surface area for Nantgarw, Cwm
and Polish cokes in CO, burn off is at 15, 25 and 43%
carbon burn off respectively. From this the mean maximum
pore radius T may be calculated (Appendix 2).

Results are summarised in Table 6.5.f, where it can
be séen that this pore radius is smaller for Cwm and
Polish than Nantgarw coke. The calculation assumes

cylindrical pores and a maximum development of porosity,

but the values are useful for comparison.







The mean freé path, X, for COz at 1000 °C is
calculatedzgs 0.57 pm(570 nm). When the Knudsen number
EEEBIO‘Qaseous diffusion proceeds mainly by the Knudsen
mechanism, but when this is <£0.0l molecular diffusion
predominates. Thus Cwm and Polish cokes have pores where
Knudsen diffusion operates, although it is not known what

fraction this is of the total porosity.

Iable 6.5"fcl

Pore Development of Three cokes on CO, gasification.

Coke Mean maximum pore Knudsen number
radius (nm)

Nantgarw 33.4 ' 8
Cwm 15,8 30
Polish 15.3 30

Although the initial specific surface area of the
cokes bear no relation to '"reactivity', its development
does. The surface area is greatest for the most "reactivem"
coke, as summarised in Table 6.5.Z, taking a mean value for

Cwm coke.
Table 6.5 oS

Coke Reactivity Rate of reaction Maximum
by Nantgarw in CO2 at 95510C specific
ratio test. %106 g ™ g™ area

(From Table 5.4.9) me gjl

Nantgaxw 1 6,96 10

Cwm 1.55 13.89 28

Polish 3.06 30.88 59







Thus a coke &f high "reactivity" is one where
specific surface area can develop and be maintained. The
curves of Figure 6.5.a after about 10% burn off, follow
the pattern of the DTG curves of Figure 5.4.4g.

Al though a large specific surface area may develop,
not all of it may be accessible to reactant gas. The
specific surface area increases by approximately 1:3:6,
but the actual rate of reaction in COs only increases by
approximately 1l:2:4.

When Polish and Cwm cokes are burnt off in air at
1000 °C some surface develops (Table 6.5.¢c), although this
is in the zone of diffusion control of oxidation and the
specific surface area of Nantgarw coke increases little.
This is probably the maximum 1000 °c air burn off increase.

The specific surface area of the doped cokes burnt
off in COp is reduced, as expected. The amount of ByOj
retained by Cwm and Polish cokes is less than for Nantgarw
and the percentage surface area reduction is also less, as
shown in Table 6.5.h, Reduction in rate of reaction in
COs, at 955 °C is considerable (from Table: 5.4.i.) even
for the small amount of 3203 retained. Rate of reaction

of doped Cwm coke was more variable than the other two.

287




Table 6.5.h,

Coke 7] 8203 % yeduction in % reduction in
retained specific surface rate of CO,
area at 15% oxidation at
burn off in CO, 955 °C
Nantgarw 1.1 to 86 - 58.9
1.5
Cwm .8 57 variable (80%
to 30%)
Polish 0.2 39 53.9

The results of this woxk suggest that the
effectiveness of B,03 as an inhibitor of the Boudouard
reaction on coke is due to its ability to block available
carbon suxface, which is not the same as the total surface.
Blocking of larger pores, ie those where gasification

mainly takes place, is the important factor in reducing

rate of reaction,
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6.6 Surface Areas of Brown Coal Char.

6.6.,1 Results

Figure 6.6.a shows the N, adsorption isotherms it 77 K for

2
the original and 8203 doped char, Specific surface area
values are given in Table 6.6.a for these and for heat
treated material, estimated from Langmuir plots.

Typical Langmuir plots for CO, adsorption at 196 K
on the burnt off char are shown in Figure 6.6.b.. Dubinin-
Radushkevich plots for the same results are given in
Figure 6.6.c using semi log graph paper. The intercept
on the W axis gives the weight of CO, in the micfopores
{in mg g-l char) and open micropore volume is calculated
from this using 1.14 g cn3 as the liquid density of C02
at 196 K. Results are tabulated in 6.6.b with specific
surface areas, calculated from Langmuir's equation.

Dubinin-Radushkevich plots for the doped char burnt
off at 910 °C in CO2 are shown in Figure 6.6.d, and results
are tabulated in 6.6.c, with specific surface area values,
from COz adsorption at 196 K.

‘The variation in specific.surface area with weight
loss in.CO, at 910 °¢ is plotted for the original and

doped char in Figure 6.6.e and the variation in open

micropore volume similarly in Figure 6.6.f1,
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Table 6.6.a

N, sorption by Australian Brown Cocal Char at 77 K.

2
Material Specific Material Specific
surface surface
area area
original 440 B203 doped 206
charx char
original
. ¢char heat -
treated at
500 9C 542
under N, (BET 396) doped char 483
heat-treated
at 500 2C
under N2

Table 6.6.b,

CO2 sorption by Australian Brown Char Coal at 196 K.
* burn off at 710 °C

% weight % carbon Specific Surface Wo Open
loss at burn off surface area per mg micropore
910 °cC agea g original CO volume
in CO5 m® g1 material g cm3 g‘l
m2 g—l
O 0 527 527 240 0,211
13 1.2 554 547 230 0.202
26 16.3 853 714 350 0,307
40 32.6 938 632 355 0,311
32,6% o930 627 % 375« 0,329%
51,2 1045 510 390 0.342
68 1313 420 510 0,447
79.7 1662 337 550 0.483
(BET.1129)
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Table 6.6.c

CO2 sorption at 196 K by B203 doped Australian Brown Coal

Char.

% weight loss Specific Wo -1 Open
in CO, at surface mg CO, g Micropore
910 ©C area chax volume
m< g~ cm> g=1
o 490
13.0 533 230 0.202
25.5 632 270 0.237
(BET 483)
41.5 1121 380 0.333
(BET.695)
57.0 1551 485 0.425
(BET: 849)
72.5 1776 500 0.439
(BET 930)
810 1861 400 0.351

(BET 952)
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6.6,2 Discussion.

Preliminary investigation of the char had shown that
heat treatment never completely removes volatile matter,
and in this woxk the char had only been dried at 110 °¢c
for pretreatment. Thus the first 12% weight loss
represents the volatile matter. Percentage carbon weight
loss is calculated on this basis and allowing for 2% ash
content and, in doped samples, 2% 5203.

Surface area per g of original char (specific surface

100 = percentage carbon loss
100

during the initial part of the burn off despite carbon

x ) is seen to increase
being removed from the surface., (Table 6.6.b.) The
specific surface area increases by 200%, but the open
micropore volume by about 130%. This would suggest that
additional surface is created by the enlargement of meso

and macropores. Isothermal studies have shown that 910 ©

C
is within the zone of chemical control of rate., These
porosity measurements would suggest that reaction of C02
occurs within the larger pores of the char.

The Langmuir plots of Figure 6.6.b show linear regions.
At low pressures (<50 mm Hg) some curvature is seen,
which was more pronounced for the burnt off doped samples.
As wider pores form a larger fraction of the total
porosity as burn off increases, the Langmuir equation may
not be applicable due to multilayer formation and/or
capillary condensation. The validity of surface areas

caiculated from this equation is open to question due to

the simplified picture of the surface and the idea of
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localised adsorption, but the treatment is useful here in
comparing the doped and original chars.

.As seen in Figure 0.6,e 8203 treatment has not
reduced the spegific surface area of the char on burn off
in CO,. Values are even- higher after 40% weight loss than
for the undoped material.

For a material of 2% inerts (volatile free char) and
4% inerts (volatile free doped char) the build up of
surface ash is not significant until about 80% weight loss,
as plotted in Figure 6.6.g., The specific surface area of
the doped char is levelling off at 81% weight loss due to
this accumulation of surface material, whereas that of
the undoped char is still increasing.

The reduction in rate of reaction in COp at 907 °C

by B,0, treatment is from 403 x 10™° 9 s-lgfl,to

6 a s‘%;%Chapter 5.4)., Thus it is not the total

168 x 10~
surface area that is important; but that fraction of it
containing pores greater in size than micropores.

The time taken to burn off a particular weight of
carbon is much greater for the doped samples. If some of
the larger pores are blocked an increase in open micropore
volume compared with the undoped char may occur. The open
micropore volumes, as plotted in Figure 6.6.f are similar
although a greater increase in that of the doped char does
occur between 40 and 70% weight loss.

The maximum relative pressure obtainable was about

0.54 using Co, at 196 K. Nitrogen soxption at 77 K can

attain a relative pressure of 0,96 and the isotherms of
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Figure 6.6.a show that a complete range of pore sizes
exists in the char, and the doped char. Before heat
treatment the additive is present as H3303.

The calculated specific surface areas (from Langmuir
plots), given in Table 6.6.a are lower than those obtained
from co, sorption, as discussed in Chapter 4.

From the specific surface areas determined by

nitrogen sorption B,03 doping reduces 542 m? g-l to

483 n® g~', a reduction of 10.9%, The comparable CO,

sorption results give a reduction of 3554 m? g-l to

2 g"l, ie 3,8%. Although the nitrogen results may

5332 m
underestimate the specific surface area (by micropores not
being accessible to N, at this temperature) the blockage

of the larger pores by B,03 is indicated.







References

X. “Microweighing in Vacuum and Controlled Environments™
p.163, Czanderna & Wolsky (Eds.}, 1980, Elsevier. —
Volume 4 of 'Methods and Phenomena., Their
Applications in Science and Technology."

2. S:J, Gregg & K:S.W. Sing. "Adsorption, Surface Area and
Porosity', 1967, Academic Press.

3. J.W. Sutherland. "Porous Carbon Solids". R.L. Bond
{(Ed.), Academic Press, 1967.

4. S.J.Gregg. "The Surface Chemistry of Solids",1961,
Chapman and Hall.

5. S. Lowell, "Introduction.to. Powder Surface Area",1979,Wiley.

6. JsH. de Boex, Adv., Catalysis, 1956, 8, 18,

7 M.M.‘Dunininf Chem. Rev. 1960, 2, 235,

8. H. Marsh & B. Rand, Proc. 3xrd Conf. Industrial
Carbons and Graphite, 1970, SCI London, 172-83.

9. H. Marsh, Fuel, 1965, 44, 253-68,

10, T.G. Lamond & H. Marsh, Carbon, 1964, 1, 281-92.

11. H. Marsh & W.F.K. Wynne-Jones, Carbon, 1964, 1,

269-79,

12, R. B. Anderson, J. Bayer & L.J.E. Hofer, Fuel,

1965, 44, 443-52,

13. P. Chiche,_H. Marsh & $. Pregermain, Fuel, 1967,

46, 34150,

M. Bastick & H. Guerin, J, Chim. Phys. et Phys.
Chim. Biol. 1961, 58, 97-105.

Y. Grillet & H. Guerin. Comptes Rendus - Academie
des Sciences Paris - Serie C 1970, 270 pt. 9,

757=60.

5

302




16.

17.

18.

i9.

20.

21.

22.

23.

J. H. Blake, G.R. B(':)pp, J.F. Jones; M.G. Miller

& W. Tambo, Fuel, 1967, 46, 115-25,

W. Fassotte & M. Saussez. Institut National des
Industries Extractives. Bull. Tech. No.42, 1973,

A. Cameron & W.O. Stacy. Aus. J. Appl. Sciencg,
1959, 10(4), 449-57,

J. Berger, T. Siemieniewska & K. Tomkow, Fuael, 1976,
55, 9~15,

N.B. Gray & V.N. Misra. Proc. Australia-Japan Extractive
Metallurgy Symposium (Australia) 1980, 419-29.

N. G. Dovaston, B. McEnaney & S.M. Rowan, Proc. 3rd
Conf., Industrial Carbon and Graphite, 1970, SCI
London 212-8,

C.J. Keattch & D. Dollimore, "An Introduction to
Thermogravimetry", 2nd Edition, 1975, Heyden, p.9%
D.A. Aderibigbe & J. Szekely, Metallurgical .

Transactions B, 1982, 13B, 513-5.

303




CHAFPTER SEVEN

DYNAMIC TG/DTA STUDIES

Introduction

Experimental Procedures

Results
7¢3.1 Coke and carbon oxidations
7¢3.2 Quantitative DTA in the Boudouard Reaction

7.3.3 Comparison of three cokes

Discussion

7.4.1 COp and Air Oxidations of Coke, Char and
Other Carbons

7.4.2 Quantitative DTA in the Boudouard Reaction

7.4.3 Comparison of Nantgarw, Cwm and Polish

Cokes

304




"CHAPTER SEVEN

7.1 Introduction

The previous chapters have described experimental
work on carbons and cokes at constant temperature,
pressure and gas compoéition. Under industrial conditions
coke lumps are subject. to a time-dependent temperature
and gas composition during their descent in the blast
furnace. Thus it is more realistic to employ dynamic
thermal analysis methods in studying their reactions.

By dynamic methods a whole temperature range can be
studied quickly and continuously. With a sensitive
thermal balance the sample size can be small and heating
rate slow, reducing thermal gradients in the sample,
Simultaneous TG/DTA was carried out on the Massflow thermal
balance for air oxidations of the carbons. The higher
furnace temperature of the STA 781 thermal balance allowed
an investigation of air and CO2 oxidation of the materials;
it gave also simultaneous DTG data.

Dynamic thermal methods have been applied to the
oxidation of lead sulphidel and zinc su.lphide2 for the
Zn/Pb blast furnace, and to the oxidation of nickel ore
concentrates by Jayaweera and Dunn3. There have been
relatively few applications of dynamic methods to the
oxidation of coke, in contrast with the large number of
isothermal studies.

Dynamic TG and DTA have been used to obtain kinetic
parameters, although practicai and theoretical difficulties

arise, as discussed in Chapter 2.3.1, particularly for
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solid state reactions. No quantitative kinetic analysis
from TG data was attempted in the present work, but the
effect of rate of heating and gas flow were investigated.
The effect of fast heating rate on a TG curve is generally
to increase the temperature at which a reaction appears

to start anq to extend the range over which a weight loss
is observed. Rates of 5 to 10 °¢ min™t are commonly
employed.

A DTA curve is usually characterised by the
temperature of the start of a change (the temperature of
the point of iﬂtersection of baseline with extended
straight line of the ascending side), the temperature of
the peak, the temperature at the maximum rate of reaction
and the temperature at the end of the change. These are
complex functions, as described by Blazek (Chapter 2,
reference 58). Kinetic faétors‘are known to influence the
shape of a DTA peak. Variat;ons in activation energy and
frequency factor change the position and size of a peak
but have little change on shape. Change in order of -
reaction’greatly affects the shape of a DTA curve, the
higher the oxder the broader and more symmetrical the peak,

For first order reactions Kissinger4 developed a
method for obtaining kinetic parameters from the variation
in peak temperature with heating rate, and extended this
to reactions of any order, provided the latter does not

change during the course of the reaction,>

Based on heat flow equations of the fomm
2T _ E_VZT
ot °cC
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(where:jo is the 2nd derivative of temperature T, with
respect to dimensional coordinates, t the time, k the
thermal conductivitm/C'the densify and ¢ the specific
heat capacity) in combination with the Arrhenius equation,
Kissinger derived

d(lng};]?) = - -E—A d(%m)
where ¢ is the heating rate (g%) and T, the temperature at
which rate of reaction is greatest, which temperature he
took as the peak temperature of the DTA curve.

Sevexal DTA curves are recorded at the same
sensitivity and sample weight but different heating rates.
Peak temperatures are recorded and a graph is plotted of
ln(g%/qf) versus %h' A straight line is obtained of
slope - -%& .

The premise that the DTA peak temperature coincides
always with the maximum rate of reaction is incorrect and
the above method is widely criticised. However the
simultaneous TG/DTIG/DTA functions of the STA781 thermal
balance had shown that in the air and COp oxidation of
Nantgarw coke and Australian brown coal qhar these
temperatures were very close., Isothermal studies had
shown that diffusion was not rate limiting for the CO2/
Nantgarw coke reaction at least to 1350 °Cso an
unchanging order of reaction could be assumed. It was
hoped that this method would give useful comparative
information on the xeaction of the B,0, treated coke and

2°3

char. Isothermal studies rely on determination of amount
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of material burnt off, The DTA curve made no assumptions
as to degree of burn off and in fact does not yield such

information.

A comparative study of Nantgarw, Cwm and Polish cokes

was also made by dynamic thermal methods. .
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7.2 Experimental Procedures

7.2.1 Initial air oxidations were carried out on the
Massflow balance described in Chapter 3.1.1, applying the
appropriate buoyancy correction to the TG curve(which had
been determined by finding the apparent weight gain at
various heating rates using A1203 in reference and sample
crucibles.) TG chart speed of 12" h™! was used and the
weight loss calculated and replotted. The chart fgll width
was set at 20 mg and it was possible to achieve a
sensitivity of O.1 mg, Silica crucibles were used with
calcined Al,0, as DTA reference material. DTA amplifier
sensitivity was 100 pV full scale except for graphite when
250 pV was used and the trace was replotted. DTA baseline
was made as linear as possible by_adjustiqg the three screws
of the ceramic head containing the crucibles and the DTA
chart was run at 3" h™T, Flowing air was introduced from
the lower inlet port after passing through a rotameter,
adjusting the flow to 1 1 min~+,

Air and COp oxidations were carried out on the STA
781 thermal balance described in Chapter 3.1.2. Pt/Rh
crucibles were used with calcined A1203 as DTA reference
material. TG buoyancy effect was negligible. DTA baseline
was set by adjusting the feet of the balance unit and the
gas flow was adjusted on the integral flow meter. CO2
was first dried by passage through MgClO4. Recorder
chart speeds of 100 and 200 mm h™ ' were found to be
suitable. DTA amplifier range and DTG range had to be

found before a set of experiments, by trial and error.
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For the investigation of particle size a char sample
was crushed and sieved fractions taken. Coke was more
difficult to crush and samples of greater particle size
range < 180 pym) were used. In all other runs
single coke lumps or char granules 1.4 to 0.71 mm were

used. The crucibles limited the coke lump size to about

3 mm diameter.




7.2.2 In the study of variation in peak temperature with
heating rate, approximately 3 mm diameter lumps of Nantgarw
coke were used, giving samples of about 13 mg. The CO2
flow was set at 50 (35.2 em> min~!) and the furnace heated

1 until a sample temperature of 900 °c was

at 45 °C min~
reached. The temperature programme was then selected. DTA
amplifier sensitivity of 40 pV and recorder chart speed of
100 mm hr™! were used., 500-710 pm coke granules were
similarly treated using the same sample weight.

3 mm lumps of Nantgarw coke were doped with B,0; as
previously described, 1.56% of sample weight being
retained for that batch. It was not possible to completely
burn off the doped coke at rates higher than 8 °C min™t
before the completion of the temperature programme, s0
fewer results were obtained than for undoped lumps.

Australian brown coal char granules 1.4 to 0.71 mm
were similarly stgdied using approximately 12 mg samples
and the same CO; flow rate, and by heating the sample at
1

45 °C min™" to 500 °C before selecting the temperature

programme, The programme limit was set at 1200 °c.
Recorder chart speed of 100 mm h™' and DTA sensitivity of
40 pV, and 80 pV for heating rates above 6 °¢ min~t were
used, (the DTA amplifier ranges having been previously
zeroed).

Doped char from the same batch as used in isothermal

work was similarly studied.




7.2.3 Cwm and Polish coke lumps of approximately 3 mm
diameter were selected and reacted in COp at two heating
rates, treating them as for Nantgarw coke., The temperature
programme was selected when a sample temperature of 800 °c
had been reached (on heating the furnace at 45 °c min'l).

A value of R of 8.314 JK T mol™t! was taken in the

calculations.
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7.3 Results

7+3.1Y Coke and Carbon 6xidations

Static air oxidations at 5-°C m3'_n-l of Nantgarw

cokey, PMC graphite, Australian brown coal char and the
Hopkin and Williams charcoals characterised in Chapter
4 are shown in the TG curves of Figure 7,1 and simultaneous
DTA curves of Figure 7.2. Flowing air oxidation TG and
DTA results of the materials are given in Figures 7.3 and
7.4 at the same heating rate.

The reaction of these carbons. with COz at a heating

rate of 10 °C min~ 7t

and gas flow 21,1 cm® min~t is shown
by TG in Figures 7.5 and 7.6 and the corresponding DTA
curves are given in Figure 7.7. These results were

obtained using the STA 781 thermal balance as were the

following air oxidations.

TG/DTA/DIG results for air oxidation of Nantgarw
coke (lump) heated at 10 °C min~! and air flow 43.5 cm>
min~! are shown in Figuré 7.8 and TG/DTA results for the

coke heated at SOC I'nin"l

at two different air flow rates
in Eigure 7.9,

TG/DTA/DTG results for two of the Australian brown coal
char samples of different particle size, oxidised in air
flowing at 17.4 em® min™t and heated under a temperature
programme of 5 °C min~! are given in Figure 7.10 and the
thermal analysis of this material (as a single lump) at
1

the same heating rate but air flow of 43.5 cm° min~t in

Figure 7.11.
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7.3.2 Quantitative DTA in the Boudouard Reaction

The TG curves for the oxidation of Nantgarw coke
lumps in CO2 flowing at 35.2 cm3 minul are given in
Figure 7.12 and the simultaneocus DTA curves in Figure
7.13., Similar results were given by the 500—719P m
granules, although the DTA curves were slightly flattened.
2 to 12 °C min~' were the heating rates between which it
was possible to obtain a measurable rate of reaction and.
to complete the reaction before the temperature limit of
the furnace was reached (a sample temperature of about
1450 °C under flowing atmosphere conditions). Values of
the temperature by which burn-off was complete for the
heating rétes employed are given in Table 7.1.

The TG and DTA curves for the BZQB doped Nantgarw
coke are given in Figures 7,14 and 7,15 respectively.

The DTA curves are replotted, with a common temperature
axis in Figure 7.16 for Nantgarw coke lumps and Figure
7.17 for the B,05-doped Nantgarw coke, where the shift in
temperature of peak minimum may be more easily seen.
Values for the heating rates emploved are given in Table
7.2 for Nantgarw coke lumps, Table 7.3 for S500-710p m

granules and Table 7.4 for doped lumps, together with

e L4

+m
Results for different particle sizes in the CO»

4T 1
calculated values of 1n (a?/qg) and £

oxidations of Nantgarw coke at 6 © min~1 are given in
Table 7.5. The temperature at which the TG curve is
first seen to deviate depends upon the sensitivity of the

balance, and the extrapolated onset temperature was found
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from the DTA curve as the intersection of the tangemntto
the greatest siope of the leading edge and the projection
of the baseline. The time of complete burn off was the
same for each sample.

The DTA traces for the oxidation of Australian brown
coal char at heating rates 2 to 15 °C min™! in CO, at the
same flow rate are shown in Figure 7.18 and for the 5203
doped char in Figure 7.19. The results are replotted on a
common temperature axis in Figures 7.20 and 7.21
respectively.

Temperatures of complete burn off for these heating
rates are given in Table 7.6 for the char and 7.7 for the
doped char.

The sample temperature at peak minimum (Tp) of the
DTA curve for the several heating rates (@) are presented

for the char in Table 7.8 and for the doped char in Table

7.9 together with the calculated values of ln(%f) and i .

Tn

The effect of particle size of the char on the COs

oxidation at a heating rate of 4 °¢ min~t

is tabulated in
7.10. The time of complete reaction was again the same for
each sanple.

TG results for the coke and char at several heating

rates and fox doped material, plotted on a common

temperature axis are shown in Figure 7.22.
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Figure 7.12. CO, oxidation of Nantgarw coke under several
temperature programmes (after rapid pre-heating to 990 °C).

Dotted line - result from Figure 7.6 at 10 9C min~1 heating rate.
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Figure 7.13, DTA of CO, oxidation of Nantgarw coke lumps
under different temperature programmes, after rapid
pre-heating to 990 °C.
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Table 7.1

Variation in temperature of complete burn off with

heating rate for Nantgarw coke in CO,.

Temperature °C Heating Rate °C min~t
1263 lumps 2
1256 granules 2
1309 lumps 4
1342 granules 4
1373 granules 5
1407 lumps 6
1380 granules 6
1425 lumps 8
1428 granules 8
1450 lumps 10
1449 granules 10
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Figure 7.1y. CO, oxidation of Bo0g~doped Nantgarw coke
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heating to 990 ©C)
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Figure 7.15, DTA of CO2 oxidation of BpOg~-doped Nantgarw
coke under several temperature programmes, after rapid
pre-heating to 990 ©C.
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7.16. DTA of CO» oxidation of Nantgarw coke

lumps under several temperature programmes
(°C min=1)
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Figure 7.17. DTA of COs oxidation of Bzos-doped
Nantgarw coke under several temperature
programmes (°C min~l)
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Table 7.2. Nantgarw Coke Lumps in the Boudouard Reaction

Ni1e

Rate of heating Temperature Temperature %% 2 ;94
HComin™) oL e o e W

(oC) (K) (min=+tK—1) (K=*)

12 1404 1677 4,267x10 -12,365 5.963

10 1362 1635 3.741x10~ -12.496 6.116

8 1341 l6l4 3.071x10 ~12,694 6.196

6 1317 1590 2.373x10 ~12.951 6.289

4 1234 1507 1,761x10 -13.250 6.636

2 1206 1479 0,914x10 -13.905 6.7ﬁi




Table 7.3. Nantgarw Coke Granules in the Boudouard Reaction

Rate of heating Temperature  Temperature art 1n( daT ) . :;_9_4
daT (QC min_l) of Peak of Peak dt/,rz dt/Tz Tm
dt ' minimum minimum Ty, _m m (K—l)
(°c) (K) (min~1x=1)
14 1411 1684 4.9368x10"° .12.219 5,938
12 1369 1642 4.,4508x10™°% ~12.322 6.090
10 1352 1625 3.787x10"%  -12.484 6.154
w -
gq 8 1324 1597 3.137x10"%  -12.672 6.262
6 1298 1571 2.431x10"°%  _12,927 6.365
5 1263 1536 2.119x10”%  ~13.064 6.510
4 6

1213 1486 1.811x10" ~-13,221 6.730







Table 7.4. 13293 Doped Nantgarw Coke in the Boudouard Reaction

Rate of Heating Temperature Temperature ar g, 4r 10%
aT o nin-l) of Peak of Peak ay dt/p2 ) Tm
at Minimum Minimum Ty, (min"iﬂl{"l) (K—'l)
(ec) (K) -
10 1459 1732 3.334x107°  -12.612 5.774
8 1397 1670 2.869x107°  -12.762 5.988
o 7 1383 1656 .  2.553x107° 12,878 6,039
o
6 1397 1670 2,151x20"%  -13,049 5.988
5 1366 1639 1,8613x10° -13.194 6.101
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Table 7.5. Effect of Sample Division in the CO, oxidation of Nantgarw Coke

at 6 °C min'%(for 12.5 mg samples)

Particle Sizes Temperature of
Firxst Deviation of

TG curve °C

Extrapolated onset
temperature from DTA
curve ©C

3 mm diameter 1045
lumps

500-710 ym 1029
granules

crushed coke 899

particles <180 ym

1111

1096

997
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Figure 7.21. DTA of CO, oxidation of B,0g~doped
Australian Brown Coal Char under several
temperature programmes (©C min-1)







Table 7.6, Variation of temperature of complete burn off

with heating rate, for Australian Brown Coal

Char in CCs.

Temperature °C Heating rate °C min™"
913 2
971 4
982 6
1002 8
1032 ' 10
1065 15

Table 7.7. !ariation of temperature of complete burn off

with heating rate for BzO3fdoped Australian

Brown Coal Char in COp

Temperature °C Heating rate °C min:'l

1007 2
1081 4
1136 6
1155 8
1188 10
1213 12
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Table 7.8. Australian Brown Coal Char in the BRoudouard Reaction

Rate of Heating Temperature Temperature dart artr 104
9T °¢ pin~t of Peak of Peak dtyp 2 1n( gt .2) Tm
at Minimum Minimum T —lmwl m -1
(°C) K ’ (min "K 7)
15 995 1268 9.329%107° -11.582  7.886
10 961 1234 ' 6.567x10~° -11,933 8.104
8 954 1227 . 5,314x10° ~-12.145 8,150
6 942 1215 4.064x10~° ~12.413 8,231
3 4 936 1209 2.737%10 ° -12.809  8.271
N
6

2 879 1152 1.507x10" ~13, 405 8.681




g

Table 7.9. 8203 doped Australian Brown Coal Char in the Boudouard Reaction.
Rate of Heating Temperature Temperature df 1 aT ;94
4T (o nin=ly of Peak of Peak at/y2 n( gt .2) T
dt " Minimum Minimum Ty .=l -1 m -1

n (min~K™) (K 7)
12 1041 1314 6.950 ~11.877 7.610
10 1022 1295 5.963 -12.030 7.722
8 1006 1279 4,891 -12.228 7.819
6 994 1267 3.738 -12.497 7.893
4 958 1231 2.640 -12.845 8.124
2 915 1188 1.417 ~-13,467 8.418




Table 7.10 Effect of Sample Division in the CO, oxidation of Austxalian

Brown Coal Char at 4 °C minf}(for 112 _mg samples.)

Particle Size Temperature of First Extrapclated onset
Deviation of TG curve temperature from DTA
oC curve °C
1.4 - 0.71 mm 697 798
125 « 75 um 670 766

che

< 63 um 666 744







percentage weight loss

E

500 600 700 800 900 1000 1100 1200 1300 1400
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Figure 7.22. CO, oxidation of Nantgarw coke and Australian
Brown Coal Char and of B203-doped material, by TG.

Key:
A - Australian brown coal char. Heating rate 4 °C min-1l

B — 11 T " " " " 6 9 min-1

C - BpOz-doped Australian brown coal char. Heating rate 6 9C min=21
D - Nantgarw coke. Heating rate 2 9C min~

E - 1t " " " 5 OC min-l

F - "n " 1 " 10 °C min=1

G

- Bp0j~doped Nantgarw coke. Heating rate 5°C min=l
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7.3.3 Comparison of Three Cokes.

The results for the oxidation of Cwm and Pelish cokes

“in CO, at the same flow rate as previously used (35.2 cmsmin-

are shown in Figure 7.23 and the simultaneous DTA curves in
7.24 for heating rates of 6 and 10 °c min_l. The results
for Nantgarw coke, already presented are included for
comparison. The extrapoclated onset temperatures of the

DIA curves together with those of Nantgarw coke lumps are

given in Table 7.11.
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Figure 7.23. CO, oxidation of Three Cokes by 1G.
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Figure Z.24. DTA of CO, oxidation of Three Metallurgical
Cokes at Two Rates of Heating.
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Table 7.11.

{(a) Cwm coke.

DTA of Cwm and Polish Cokes in COp

Difference

Heating_ rate Extrapolated Temperature Difference Temperature
oC min™ onset of First from of Second from
temperature Peak Minimum  Nantgarw Peak Minimum - Nantgarw
oc oc oc °c °c
10 1004 (Nantgarw 1118 ~113 1431 +69
11027)
6 l0l2(Nantgarw 1184 ~-26 1280 ~37
1111)
(b) Polish Coke.
Heating rate Extrapolated Temperature Difference Temperxature Difference
°C min=1 onset of First from of Second from
temperature Pealk Minimum Nantgarw Peak Minimum Nantgarw
oC oC oc Oc oc
10 972(Nantgarw 1096 -135 1256 ~106
1027) '
6 991 (Nantgarw 1155 -55 1260 -57
1111)







7.4 Discussion.

7.4.1 CO2 and Aixr Oxidations. of Coéke, Char and Other Carbons

It was possible to oxidise all the carbons at a
heating rate of 5 °C min™! under static air conditions in
the Massflow thermal balance. As shown in Figure 7.1 the
charcoal and Australian brown coal char oxidation began
between 400 and 500 °C, the coke at about 600 °C and the
graphite about 650 ©C., The weight loss of the char and
charcoals before 300 °C was due to loss of volatile
material and the corresponding endotherm is seen in the
DTA traces.

The presence of two peaks in the DTA during the air
oxidation of carbons has been noted by several workers and
is discussed in Chapter 2;3.2. As diffusion becomes rate
controlling the shape of the DTA peak is likely to become
sharper and less symmetrical, but.the effect of sample
weight, experimental conditions etc. governs the shape and
number of peaks. Two DTA peaks were observed inthe air
oxidation of the coke, char, graphite and activated,

1 on the Massflow

charcoal at a heating rate of 5 °C min~
balance., (Figures 7.2 and 7.4), but a single peak for the
coke (Figure 7.9) and an asymmetric peak for the chaf
(Figures 7,10 and 7.11) on the STA781 at the same heating
rate. At a DTA peak maximum the rate of heat evolution (ox
absorption in the Boudouard reaction) by the sample matches
the rate of heat transfer to the reference, and the DTA

curves most likely reflect the different sample environ-

ment of the two thermal balances.
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The condition of the sample greatly affected DTA peak
shape and area. That for a single lump of Nantgarw coke
(Figure 7.2) is broad and shallow. The greater peak area
for the crushed sample is. probably due to the better
thermal contact of the sample with the crucible. Sample
weight, as seen in the DTA trace of Australian brown coal
char, also greatly alters peak shape. Thermal gradients
must have been considerable in the larger sample as the
carbon had completely burnt off by the end of the
temperature programme.

B,0; doping inhibited the initial stage of the static
alr oxidation of Nantg;rw coke (Figure 7.1) but had little
effect above about 750 0C, in keeping with results of the
isothermal studies. Char oxidation was impeded throughout
the burn off in static air by 8203 treatment.

Under a flowing air atmosphere the TG/DTA behavioux
of the powdered charcoals was little altered, but the
Australian brown coal char, activated charcoal and Nantgarw
coke oxidations proceeded more rapidly with consequent
shaxpening of the DTA peaks. The limiting effect of gaseous
diffusion may not affect the finely powdered carbons
(Norit, charcoal for chromatography and decolourising
charcoal) at such low temperatures as for the coke and char.

The CO, oxidation of the charcoals, coke and graphite
on the STA781 thermal balance places them in the same order
of "reactivity" (Figums 7.5 and 7.6) as the air oxidations

ie decolourising charcoal the most "reactive", Nantgarw

coke and PMC graphite the least. The same oxder of

352







"reactivity" is found from isothermal oxidations in CO,

at 910 OC, {Table 5.4.5.). The corresponding DTA traces
of Figure 7.7 show the endothermic nature of the Boudouard
reaction (with a small endotherm due to loss of volatiles
for char and charcoals). Crushed char gave a sharpened
peak, though the same initial and peak temperatures as
granular char.

In the COo oxidations of Nantgarw coke and Australian
brown coal char of Figure 7.6 the.simultaneous DIG trace
is shown. Rate of reaction for the char increased until
almost complete burﬁ off, whereas that for the coke
reached a maximum and then declined, similar to their
behaviour under isothermal conditions. A similar shaped
DTG curve was found for crushed coke heated at 5 ¢ min'l
although the maximum was attained at a lower temperature
than that at 10 °C min~t heating rate.

The maximum rate of reaction in CO, under a

1

temperature programme of 10 °C min™" 1

was 1920 pg min"

(at 1007 OC) for 22,93 mg crushed char and 1530 Mg min~t

(at 1014 OC) for 24.39 mg char granules. This corresponds

5 1 -1

to a rate of reaction of 140 x 10"~ g s~ g - for crushed

char and 105 x %0-5 gs~! g1 for char granules. The
comparable rate for the isothermal oxidation of char
granules is 97.2 x 1073 g st g'"l (Table 5.4.) at
1014 °c.

Similarly the maximum rate of C02 oxidation for 24.90
mg‘Nantgérw coke from Figure 7.6 is 1120 R9 min~t at

1310 °C. This corresponds to a rate of reaction of
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74.97 % 16> g s~ g1 which is higher -than that

found from isothermal oxidation at 1310 °C as given in
Table 5,4.a.. Larger sample weight was used in the
isothermal work but as diffusion is not rate limiting,
rates in terms of g s’l g_l may be compared.

The effect of flow rate and particle size in the air
oxidation of Nantgarw coke and Australian brown coal char
was more conveniently followed on the STA 781 thermal
balance although initial oxidations had been done on the
Massflow.

Figure 7.9 shows that a slower air flow does not
alter the rate of oxidation of the coke until about
740 °c. Above this temperature rate is slower and the DTA
peak broadened by a lower air flow. Diffusion control is
to be expected above 750 to 800 °C. The maximum rate of
reaction, from the DTG curve of Figure 7.8, occurs at
835 bC. As this is in the zone of diffusion control, rate
in texms of gs * ¢! cannot be compared with isothermal
results.,

Particle size had a much smaller effect than aix
flow rate on the oxidation of the char. Eight sieved -
fractions of crushed char of 1.4 mm to-<63me were studied
at a heating rate of 5 °c m:i.nf"l and the same air flow rate.
The TG curves were little altered and the DTA curve
smoothed for more finely divided material as shown in
Figure 7.10. 'The crushed material oxidised somewhat less
rapidly than the lumps, possibly due to destruction of

macropores of the original surface. Increased air flow
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rate greatly increased the rate of char oxidation as seen
in Figure 7.11.

The strongly exothermié nature of the reaction is
seen by the disruption of the linear increase in sample
temperature in Figures 7.8 to 7.11.

The effect of particle size and flow rate for the
Boudouard reaction of the coke and char was not investi<
gated in detail.

Smallef particle size for the coke and the char
lowers the temperature at which the reaction appears to
start Tables 7.5 and 7.10 respectively; but is not greatly
significant in that the time of complete burn off is
unaltered. DTA extrapolated onset temperatures are lower

for smaller particle size.

355




7.4.2 Effect of Heating Rate on Coke and Char in the

Boudouard Reaction.

In the €O, oxidation of Nantgarw coke a higﬁer rate of
heating led to faster burn off with consequent sharpening
of the DTA endotherms as would be expected., Reaction was
complete at lower temperatures the lower the heating rate
(Table 7.1) with some variation between lumps and granules.

For severai heating rates there was a shoulder on the
leading edge of the DTA trace similar to that seen in the
exothexrms of the air oxidaticns on the Massflow balance.
This appearance in the DTA curve therefore cannot be
correlated with the kinetic order of reaction but is a
func%ion of sample environment etc.

The variation in peak minimum Ty with heating rate ¢
can be seen when original results are replotted against
sample temperature for Nantgarw coke in Figure 7.16, doped
coke in Figure 7.17, Australian brown coal char in Figure
7.20 and the doped char in Figure 7.21.

Values of ln(%ﬁ” versus %ﬁ are plotted in Figure 7.25
for Nantgarw coke lumps and granules. Less reliance is
placed on the 2 and 4 °c min-l results for ccocke lumps and
it was not possible to distinguish definite minima at
these heating rates for the granules. It was hoped that
granules would give better results as it was possible to
get sample weights closer than for lumps.

The points fall on reasonable straight lines, the
slope of which yields a value for the activation energy of

1 1

158.4 kJ mol ~ for coke lumps and 159.9 kJ mol™" for the
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with Heating Rate ¢ for Nantgarw Coke in +the Boudouard
Reaction.
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granules, which is somewhat less than that obtained from
isothermal TG (186 kJ mol 1).

In comparing the TG curves of the doped coke and char
with that of the undoped material (Figure 7.22) the
inhibiting effect of B203 can be seen to be due to a
slowing of the initial part of the oxidation.

The DTA curves for the doped coke have a similar
appearance to those of the untreated coke although peak
minimum.is at a higher temperature for the same heating
rate. This is alsc seen for the doped char but the DTA
curves are rounded and spread and easily distinguished
from those of the untreated char.

Smaller variation in temperature of DTA minima were
obtained for BO3 doped coke and these are alsc plotted

in Figure 7.25. The 10 °C min~?t

result is included although
burn off was not complete at the end of the temperature
programme and the final 35% = of reactioh was continued
under isothermal conditions. As the range'of_gate,bf'heating over
which results could be obtained was narrow fs to 8°¢C min‘l)
the spread of results is poorer than for the untreated
coke, The slope of the line joining these points, and
therefore the energy of activation for the reactién,
appears the same as for ﬁndoped coke.

It was possible to burn off the char in CO32 at faster
heating rates than the coke as rate of reaction was
appreciable at lower temperatures. As with Nantgarw coke,

the temperature of complete burn off was higher

the higher the heating rate, and these temperatures were
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raised for the B,05 doped char (Tables 7.6 and 7.7)}. The

inhibiting effect of B,0, at the initial stage of the

3
reaction is seen in Figure 7.22, the volatile matter
being lost before 500 ©°Cc. similar TG curves were seen at
other rates of heating. The increased proportion of inert
material in the doped char leads to a rounding of the curve
in the final 10% weight loss.

The estimation of temperature of DTA curve minimum
Tpm with rate of heating § was easier than for the coke and
In

doped and original char.

values of 1n(%ﬁ9 versus L are plotted in Figure 7.26 for

This plot yields a value for the activation energy

1

for the Boudouard reaction of 176 kJ mol fdr the char and

169 kJ mol‘l for the 5203 doped char. Again the values are

lower than those from isothermal studies (194 kJ mol™t

for the char and 231 kJ mol~t

for the doped char) although
the difference between the values for the doped and
original char would suggest that the presence of 8203

has not altered the energy of activation for the reaction
and tends to support the view that it acts by a physicai

blocking of surface rather than by chemical means.
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7.4.3 Comparison of Nantgarw, Cwm and Polish Cokes.

At a heating rate of 6 °C min™t (Figure 7.23.a)
dynamic TG places the cokes in the order - Nantgarw, Cwm,
Polish = in increasing reactivity, as do isothermal tests.
Cwm and Nantgarw cokes differ only slightly in reactivity
and the simultaneous DTA curves are very similar.

At both 6 and 10 °C min~t

rates of heating Polish

coke is clearly more "reactive'. The DTA curve has a
steeper leading edge and prominent peak, which is just a
shoulder on the curves for the other two cokes. The

studies reported in Chapter 6 have shown the large increase
in specific surxface area for Polish coke in the first half
of the carbon burn off in COp and the TG/DTA results show
a correspondingly high rate of reaction.

At a heating rate of 10 °c min-l Cwm coke burns off
faster than Nantgarw coke but after about 35% weight loss
the order is reversed. Extrapolated onset temperatures
for Cwm and Polish cokes are lower than for Nantgarw coke.
This is generally less affected by changes in experimental
conditions than is peak temperature.

Where differences in coke reactivity are high dynamic
thermal methods could perhaps be used in reactivity
testing, but where differences are small only‘low rates
of heating are likely to give comparable results with
isothermal tests.

Aderibigbe and Szekely (Chapter 2, reference 63)
suggest that reaction of a coke particle at low

temperature has an activating effect, enhancing subsequent
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“reactivity" of the material. On comparing the TG results
from CO, oxidation of Nantgarw coke under a temperature
programme of 10 °¢ min™t from Figure 7.6 (in which the
sample was programmed from room temperature) with that

from Figure 7.12 (in which the sample was rapidly preheated
to 990 OC) an increased rate of reaction for the former
sample can be seen. This is shown as a dotted line in
Figure 7.12, and may be due to this activating effect of
particle gasification at lower temperatures. At the pre-

heating rate of 45 °c min™%

the furnace takes about 25
minutes to reach 1000 °c. At 10 %% min~! this is not
reached for almost 2 hours. The previous calculation on
rate of reaction from the DIG curve of Figure 7.6 has
shown the increase ovexr the isothermal rate.

Thus simple (isothermal)} coke reactivity tests are

unlikely to completely predict behaviour in blast furnace

conditions.
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CHAPTER EIGHT
CONCLUDING SUMMARY

This thesis embodies studieés on the deactivation of
carbons by boric oxide additives, especially in relation
to zinc/lead blast furnace practice.

The research commenced with the characterisation of
a wide ranging selection of carbons, inéluding metallurgical
cokes, coal char and graphite. The surface and solid state
properties were examined by a variety of physico-chemical
techniques.

The deactivation of carbons by boric oxide solution
treatment was investigated, in relation to possible
industrial use in the zinc/lead blast furnace., Studies
were then carried out with respect to the reactivity of
carbons towards air and carbon dioxide in the following
manner,

Firstly the development of surface area and porosity
after carbon burn off at different temperatures was
investigated by gas sorption using the standard equations
developed by the various approaches to gas-solid
interaétions. Variations of specific surface with percentage
carbon burn off are correlated with development of
porosity and reactivities of the cokes. Reactivity of
the coal char, and other carbons, was correlated with the
pore size distribution. Results are discussed for coke and
coal char in relation to the build-up of coke ash during

carbon burn off and sintering of the products.

Isothermal TG studies of the carbons has provided

information on the kinetics of the oxidation reactions.
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Attenipts have been made to fit the kinetic data into
models based on idealised surface geometries.

Simultaneous TG/DTA/DIG studies under dynamic
conditions have been carried out to determine the effect
of heating rate, particle size and gas flow rate on the
~oxidation reactions. It is well established that these
parameters govern thermal analysis data. Weight changes
have been compared with those occurring under -isothermal
conditions.

Mechanisms have been proposed for the inhibition of
the oxidation of the carbons by boric oxide additive. It
is hoped that the results would lead to formulation of
optimum conditions for the industrial combustion of
metallurgical cokes,

Further studies would be useful to extend methods
geveloped in this work to cokes of wider origin, e.g.
éetroleum and domestic cokes. A study of the effect of_
different heating rates on the oxidation of a range of
cokes and the effect of thermal pretreatment would be
particularly useful, SEM wifh the quantitétive estimation
of ash minerals by electron microprobe analysis could
yield information on the interaction of ash inclusions
"with the carbon surface.

Examination of coke ash is becoming important; as
thexe are situations where cokes of high ash content
(up to 25%) have to be used. Coke may be demineralised,
by acid leaching or plasma ashing, and the carbon (which

will still contain trace elements) examined.
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Appendix 1. Brogramme for the calculation of the fraction reacted-

functions for the three surface gecmetries, and fug cn the PRIME 850_

- toP.
c: SPECIFICATION
C= B E AN EE Y TR R

INTEGER I.NP

DOUBLE PRECISION TAL,TCC(100),TSP(100),TSL{100).ALF(100),

# LALF, TCSP(100), TCC{100), TCSL(100),
DATA LALF/1.G/» FALF/0.0/, NF/20/, TAL/15.0/
EXFERIMENTAL. VALUES FOR REDUCED TIMES

A P E S AN RN K E AN NNSE RS RS s .. 2 BB ENNREEEEw

N WRY

ALF (1)=FALF

oo 10 I=2sNF

ALF{T)=ALF(I-1)+L ALF/ (NP#1.0)
10 CONTINUE

THEORETICAL TIME VALUES
DO 20 I=1.NP
TCSL(I)=TA1#¥{(1—-(1-ALF(I})¥*x1)

TCC(I)=TA1x(1—-(1-ALF{I))#%0.3)
TCSP{I)=TAl#{(1—-(1-ALF (1)) #*0. 33333

o

ARGLOG=1-ALF{I)
TCID)=TA1#(ALF (I +{(1-ALF (1) ) *LOG{ARGLOG) )
SP(D=TAL1#(1=-3# (1-ALF (I} y##(2/3.0)+2%{1-ALF(I))})
TSLIII=TAL*ALF (I)3##2
20 CONTINUE

FILES TG TSP TSk TCC TCSF TCsL

OPEN({FILE="DC” s UNIT=7, STATUS="UNKNOWN" )
OFEN(FILE="DSP~ , UNIT=8, STATLS="UNKNOWN" )
OPEN{FILE="D5L" , UNIT=%, STATUS="LINKNOWN~ )

OPEN(FILE="CC” . UNIT=10,STATUS="UNKNOWN")
UFEN(FILE="CSF" -, UNIT=11.STATLIS="UNKNIWN" )
OFEN(FILE="CSL" s UNIT=12, STATUS="UNKNIWN")
C WRITING NP AND COORDS TO FILES
C b
WRITE(7, 100)NF
WRITE(3: 100)NF
WRITE(%:; 1001NP
WRITEC(1D, 100Q)NFP
WRITE(11:;100)NP
- WRITE{(12, 100)}NF

continued., , -
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O 30 I=1.NF
WRITE(7,ZO00)TO(IY-ALF(I) '
WRITE(S, Z00)TSP(I),ALF(I)
WRITE(?,200)TSL(I).ALF{I)
WRITE(10,200)TCC(T).ALF(I) -
WRITE(11.200)TCSP(I)>ALF(T)
WRITE(12,Z200)TCSL(I)-ALF(I)
30 CONTINUE

CLOSE(7)
CLOSE(S)

- CLOSE(%)
CLOSE{10)
CLOSE(11) ) .
CLOSE(12) - : ' _ <

WRITE STATEMENTS

oooOn

WRITE(1,300)
WRITE(1,200)FALF:LALF
WRITE(1,400)
WRITE(1,100)NP -
WRITE(1,500)
: WRITE(1,200)TAl
c FORMAT STATEMENTS

100 FORMAT(1IS)

C 200 FORMATI(2F10.5)
200 FORMAT(SX.F10.5:“:“,F7.5)
00 FORMAT(//26H #%#3% RANGE OF ALPHA ##xx //1H )
400 FORMAT(//28H ####NUMBER OF POINTS s##xx //1H.)
500 FORMAT(//31H ##xx TOTAL BURN OFF TIME #%x:#//1H )
) END

«hottam,

ED> &
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Appendix 2.

Calculation of mean maximum Pore Radius for Cokes.

For Nantgarw coke gas density = 1.48 g cn=3, ash = 8.4%

and initial surface area 3.60 m2<g-l.

For 1 g of coke total volume =‘ii28 cm3l= 0.676{gm3

Volume of the carbon (B, = 2.266 g cm—% =2 on3
x e 2,266

= 0.441 cm>

Thus total pore volume = 0,235 cm3 gﬂl of original coke.

1

Maximum specific surface area of 10.2 m? g = is found at

15% carbon burn off (13.7% weight loss}.

Surface area per g starting material = 10.2 x 0.863 m2

= 8,803 m°

For 1 g of a non-porous material of initial surface area

3.60 m2 g"l a. weight loss of 13.7% would lead to a surface.

2/3
area of 3,60 x {0.863) / m® = 3.263 m>

Thus the development of surface of 1 g of coke is

8.803 - 3.263 m® = 5.54 m°

Assuming all the burnt carbon f&rms pores 5,54 m2 is

equated with the surface area of the pores.

The volume of coke burnt away at 13.7% weigh£ loss

= 2237 3 = 0.0926 cm®

This gives estimates for the surface area dnd volume of the
pores developed from 1 g Nantgarw coke. For cylindrical
pores the ratio of volume/area is % where r is the pore

radius.




0.0926 x 10°° m

5.54

Thus

Wik

16.7 nm

Giviné a value of r of 33.4 nm, which may be regafded as
a mean maximum pore radius,

The values for Cwm and Polish coke may be similarly
calculated using the data presented in Chapter 4. (density

and ash) and Chapter 6( surface area developed on burn

off).
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VACUUM BALANCE AND RELATED STUDIES OF CARBONS USED IN ZINC-LEAD FPRODUCTION
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John Graymore Chemistry Laboratories, Department of Environmental Sciences,

Plymouth Polytechnic, Plymouth, PL4 8AR, Devon, England

ABSTRACT

The reduction of metal oxide to metal is an essential step in the
extractive metallurgy of zinc and lead. The performance of metallurgical cokes
in this reaction is governed by inter alia, their reactivity. In this research
the reactiv}ty of selected carbons, including some metallurgical cokes, is
investigated as follows. The surface and §plid state properties of the
materials are examined by vacuum ﬁic:ohalance and microscopic technigues.
Their oxidation is studied by thermogravimetry and differential thermal analysis.
The extent of reaction is correlated with reaction conditions, for example,
temperature apd time of oxidation, flow rate and surrounding atmeosphere, and
particle size, porosity and crystallinitcy of the carbons.

The nitrogen adsorpticn isctherms of the carbons were recorded at —196°C on
a CI Mark II microbalance; specific surface areas were calculated by the BET
method. The oxidations were carried out on a Stanton-Redcroft mass flow
balance, mcdel MF-H5; the TG and DTA curves were recorded simultaneously on the
same sample. The crystallinity and particle size were characterised by
scanning and transmission electron microscopy (Jeol SEM35 and Philips EM300
electron microscopes).

Results are presented for a selection of charcoals, graphites and cokes,

INTRODUCTION

Production ¢of zine and lead by pyrometallurgical processes reguire
metallurgical cokes of suitable reactivity (1}. They are usunally hard low-
reactivity cokes from high~temperature carbonisation (900-10509(:) . In zinc-
lead blast Ffurnace practice, the reducing agent is carbon monoxide produced
from the coke with air blast. Since zinc oxide has a high heat of farmation,
reduction only commences at temperatures as high as 1100—1300°c, dependent
also on the nature of the lump oxide or lump sinter f£rom prior reasting of the

sulphide ores. Thus a good metallurgical coke for this process must have an

0040-6031/81/0000—~0000/$02.75 © 1981 Elsevier Scientific Publishing Company
v
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optimum combination -of physical and chemical properties, notably particle shape,
strength, high carbon content and low reactivity. Since prime coking coal is
becoming less readily available, "formed" cékes have been devoeloped in which
blends of "non-coking” coals are incorporated into the briquettes.

) In the present research, the microstructure of types-of both (soft)
graphitising and (hard) non-graphitising carbon were studied, including graphite
used in the steel industry and ccke and coal char used in zilne production. The
surface and solid-state properties of the materials were examined by vacuum
microbalance and microscopic techniques. Their oxidation, studied by TG and
DTA, was correlated with reaction conditions, e.g. temperature and time of
oxidation, flow rate of the surrounding atmosphere and particle size, porosity

and crystallinity of the carbons.

EXPERIMENTAL

Surface areas of the materials were determined by a gravimetric B.E.T.
method (2), using nitrogen gas sorption at -196°C recoxded on a vacuum
microbalance, CI Microforce Mark 2B, which gave g to mg sensitivity, using
samples of 0,25 g or less. The adsorption isotherms also indicated any
wicro- or meso~porosity present {(from hysteresis) and pore size ranges.
Average crystallite sizes (equivalent spherical diameters) deduced from the
specific surfaces of the less porous materials were compared with aggregate
sizes observed by optical- and electron-microscopy (Jeol SEM 35 and
Philips EM 300). Macroporosity of some of the materials was determiped by
liquid displacement.

Preliminary TG and DTA studies of the oxidation of some of the samples were

made, wusing a Stanton-Redcreoft Mass-flow Balance, MF-HS.

RESULTS AND DISCUSSION

Micro-structure of MNantgarw coke, Australian coal char and PMC graphite

Cokes have pregraphitic structure, since during their formation they pass
through a plastic phase {wvhen the smaller structural units can align), whereas
chars do not pass through a plastic phase, so that they can be expected to have
a structure related to the parent material.

The Nantgarw coke and the PMC graphite gave type II nitrogen adsorption
isotherms (Fig. 1).

The B.E.T. equation was applicable to the lower relative pressure ranges
(0.05 to 0.30) eof the isotherms to determine the surface areas of the
materials, from which the average crystallite sizes could be deduced using the

X-ray density value of 2.266.
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26004 Mantgarw metallurgical coke

Hg. of
nitrogen
adsorbed
per q of
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Relative pressure p/Po

Fig. 1. Adsorption of nitrogen at ~196°C on Nantgarw coke and PMC graphite.

The PMC graphite had the lower surface area of 1.4 ng'l compared with
3.6 ng"l for the Nantgarw coke, corresponding to average crystallite sizes
of 1.9 and 0.74 um respectively.

The PMC graphite has no micro- or meso-porosity, since no adsorption
hysteresis was shown. The Nantyarw coke had no microporosity and enly a limited
amount of meso-porosity (pore sizes of 20-500 A widths), showing adsorption
hysteresis only above a relative pressure of 0.35. Both samples had macro-
porosity (pore sizes over 500 A), as evidenced Ffrom apparent density

measurements by liquid displacement (compared with the X-ray density of graphite)
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Charcnal activated for gas

adsorption
300 EN

Australian brown coal char

100
mg of
nitrogen
adsorbed
per g of

sample

Relative pressure p/po

Fig. 2. Adsorption of nitrogen at —196°C on Australian brown coal char and
charcoal activated for gas adsorption.

which indicated pore volumes of 13% for PMC graphite and 40% for Nantgarw coke
{less a small amount of mesopore volume for the latter). Low magnification
scanning electron=-micrographs showed the irregular shape and pitted surface of
the Nantgarw coke. Its graphitic nature could be seen in the transmission
electron-micrographs, with sharp edges to the particles.

The Australian brown coal char gave a type I isotherm like a- sample of
activated charceal (Fig. 2). The hysteresis loop for the:coal char closed only
at very low relative pressures, indicating considerable porosity with a full
range of micro- and meso-pore sizes. Surface areas were calculated from a
Langmuir plot and are shown in Table I.

Optical microscopic observations showed that the Australian brown coal char

lumps vary from 0.5 to 5 mm, Low power scanning electron-micrographs showed

viidi
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TABLE 1

Specific surfaces of carbons

Material Isotherm type Specific surface, mZg-1
Nantgarw coke 11 3.6
PMC graphite Ix 1.4
Ahustralian brown coal char I 410
Charcoal activated for gas sorption I 948
Chromatographic charcoal II 824
Decolourising "Norit GSX" Charcoal iI 824
Decolourising HW 299200 Charcoal I 698

that the surface has no large indentations like the Nantgarw coke and
trapsmission electron-micrographs showed no sharp edges to the particles.

Chromatographic and decolourising charcoals

Samples of chromatographic and decolourising charceals gave type IX
nitrogen adsorption isotherms, showing no microporosity but socme mescoporosity,
(Fig. 3}, with pore sizes covering most of the range {20-500 A). A sample of
Norit gave an adsorptien iscotherm almost identical with that of the
chromatographic charcoval. Specific surfaces calculated from the isotherms by
B.E.T. plot are shown in Table 1.

Oxidation of Nentgarw metallurgical coke

In Flg. 4, TG and bTA data are presented for the oxidation of Nantgarw coke
in static (fully-lined curves) and in flowing air {brcken-lined curves), for a
heating programme of 5°C min~! rise in temperature. In static air, oxidation
takes place mainly between GOO-QOOOC, wirth a broad exotherm over this
temperaturé range. The oxidatién occurs at correspondingly lower temperatures
in flowing air (mainly between SOO-BSDOC) and the DTA exotherm separates into
2 peaks at about 650o and soooh. This behaviour contrasts with that of the

finer materials (chromatographic and decolourising charcoals) which give anly
a single sharper DTA peak which is shifted slightly by flowing air to lower
temperatures. The 2 peaks given by the granular materials (Nantgarw ccke,
PMC graphite, Australian brown ceal char and charcoal activated for gas
sorption) are ascribed to changes in the oxidatien kinetics, in that at higher
temperature the rate is diffusion-controlled (3,4).

Preliminarv experiments have been done on reduction of coke and char
reactivity by additives such as boric oxide, By03. Thus the pore volume of the

Australian brown coal char is reduced when it is heated with B,03 (at about 450°¢y .
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Charcoal for chromatography
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Fig. 3. Adsoxption of nitrogen.at‘-lgsoc on chfomatographic and decolourising
charcoals
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- Nantgarw metallurgical .coke

Fraction
oxidised

300 400 500 600 700 80O a0 1000
Temperature °C

Fig. 4. Oxidation of Wantgarw metallurgical coke (TG and DTA datal
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REACTIVITY OF COKE AND COAL CHAR USED IN ZINC-LEAD PRODUCTION

Margaret A. Carter, D.R. Glasson and S.A.A. Jayaweera

Johh Graymore Chemistry Laboratories, Department of Environmental Sciences,
Plymouth Polytechnic, Plymouth PL4 8AA, Devon, England, U.K.

Production of lead and zinc by pyrometallurgical processes reguires
metallurgical cokes of suitable chemical and physical propertiesl.
Nantgarw metallurgical coke is preferred for its high strength gut low
"reactivity"” (measured by weight .loss in carbon dioxide at 1000 C). The
high cost of suitable cokes has led to the fnvestigatfon of suitable
alternatives such as Australian brown coal char. In the present research,
samples of Nantgarw coke and Australian Brown coal char have been oxidised
isothermally in air or carbon dioxide at different temperatures. Kinetics
and rates of oxidation have been correlated with changes in surxrface area
determined by gas sorption. Effects of constituents in the ash and borlc
oxide additive on the reactivity have been determined between Soo-—-14oo c.

EXPERIMENTATL

Thermogravimetric studies of the oxidation of the coke and cozl char
samples in air or carbon dioxide were made using a Stanton-Redcroft Mass-
flow balance MF-HS5. Larger samples of coke at various dzgrees of "burn-off"
were prepared in a furnace at temperatures of 500, 1000 and 1400 C, using
coke lumps of approx. 5 mm diameter. Surface areas were determined by a
gravimetric B.E.T. method? using nitrogen gas sorption at 77K, recorded on
a C.I. mark 2B microbalance3.

Boric oxide-doped samples of coke Jvere best prepared by pouring 2.5% B,0Oj
solution over preheated coke (200 °c}, which retained about 1 wt—% BpOz.

Then the B,03 was melted in at about 500°C (just above m.p. of B,03, but
negligible oxidation). This is in accord with semi-technical scale
experiments. Thus on a full industrial scale, addition of B,;03 when the
coke is gquenched would be the most suitable procedure. The-Australian
brown coal char adsorbed more B,03 {(about 2 wt-%) from solution. In the
laboratory, it was filtered on a sintered glass cruC1ble gnd dried at 110°C.
This doped char was heated under nitrogen at $00° or 1000°C for 4 h before
surface area determinations were made.

RESULTS AND DISCUSSION

Coke oxidation

Variations in surface area during oxidation of Nantgarw coke in air oxr
carbon dioxide are presented in Fig. 1. At lower % burn-offs in air at
looo7c, Fig. L(a), (BpO3 absent) the surface area changes are almost in
accordance with the oxidation proceeding at a linear rate inwards from

the outside of each particle (contracting sphere model). The broken-lined
curve indicates the changes expected for approx. spherical particles of
initial surface area of 3.6 mZ 1. At higher % burn—offs, the surface area
decreases, falling to a very low value as the ash sinters. Since the
amount of ash is about 9 wt-% of the coke initially, the ratio of surface
ash to unburnt carbon becomes guite appreciable (10— 100%) during the
second half of the oxidation. 1In carbon dioxide, oxidation at 1000 C,
Fig. l(b}, is comparatively slow, since the Boudouard reaction, C + CO; =+
2C0, only becomes established above about 300° C. There is initial
development of porosity in the mesopore region (2-— 50 nm width) but not
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in the micropore region (< 2 nm width), from nitrogen adsorption hysteresis
of the coke.

In the atmospheric and Boudouard oxidations, cf. Fig. l{(a) and (b), B;03
additive reduces surface area and there islittle or no development of porosity.
Thus the ash sintering is important in the later stages, while B0z is more
effective in the earlier stages of burn-off in reducing surface activity.
Similarly the slower oxidation in air at 500 C, cf. Fig. l(c), leads to
development of surface and porosity, which is suppressed by B,05 additive.
There is very little sintering of the ash, since its major components, o
FeoQz, Si0g gnd Al,03 have Tammann Temperatures (half m.p. in K) of 650,
730 and 890 C®. Hence oxidation in the later burn-off stages evidently
proceeds by an advancing interface inwards from the outside .0of each particle
which gives 2/3-order kinetics at the lower temperature zone (500 - 650 C},
but at higher temperatures the oxidations are faster and are controlled more
by gaseous diffusion. The B03 additive raises the temperature at which
diffusion becomes rate-controlling and increases the enerqy of activation
for the lower-temperature regicn.

In the Boudouard oxidation of the undoped coke at 1400°C, cf. Fig. 1(d),
there is scme development of porosity'in both meso- and micro-pore regions.
Maximim surface area is given at a later stage of buxn-off than at 1000 C.
Some of the ash fuses and runs off the coke particles and B,03 additive is
less effective. Therefore the ash and the 3283 additive have a greater
influence on the coke oxidation at about 1000 C. In carbon dioxide burn-off,
the coke becomes very brittle and dusty, in keeping with the greater loss

of mechanical strength reported by other workers®.

Coal char

The Australian brown coal char had a full range of micro- and meso-porosity
and a specific surface of 410 ng—l, It contained only 2% ash. Tge char is
activated somewhat by heating in nitrogen for % h at 500°C or 1000 C {Table) .

Surface areas from nitrogen adsorption isotherms at 77 K (from Langmuir plots)

Heat treatment under H, SOOOC lOOOOC
Undoped char (m%g 1) 542 460
B,03-doped char (m g~} 483 434

The activation is reduced by initial B,03 doping (2 wt~% B,03 adsorbed),
possibly by blocking of micropores. Thus the char reactivity is reduced in
air oxidations in the lower temperature zone (500 — 650 C). The By0O3 melts
above 450--50000, the liguid giving progressively better surface spreading
as the temperature increases and the viscosity decreases. In the highex
temperature zones, viz., 650-—-9000, and above 900 C, where diffusion becomes
rate-contreolling, the B,03 appears to have a negligible effect on the rate

of air oxidation.
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VACUM BALAYCE AND RELATED STUDIES OF COXES AND CHRRS USED IN ZhLIC-LEAD PROTUCTION

MARGAKEY A CARTER, D.R. GLASSON and S.A.A. JAYAWEEHA

John. Graymore Chemistry Leboratories, Department of Environmental Sciences,
Flymouth Polytechnic, Plymouth FL4 BAA, Devon, England

ABSTRACT

Zinc-lead blast-fumace practice requires cokes having high mechanical
strength and low reactivity (measured by weight loss in carbon dioxide at
1000 °C). Nantgerw and Cwm metallurgical cokes are preferred, but the high
coots and scarcity of good coking coals have led to the “investigation of
suitable alternmatives such as Polish coke and Australian brown coal char,

In the present research, reactivities of the coke and cher samples have
been compared. Thermogravimetric studies of their oxidation in a.:Lr or carbon
dioxide were made using Stenton-Redcroft mass-flow balances, Larger coke
sainples at verious degrees of bum-off were prepared in a furnace at 1000 ¢
using coke lumps of approximately 5 mm diameter. Surface areas were dstermined
by a gravimetric B.E.T. method using nitrogen gas at 77 X, recorded on a C.I.
Electronics merk 2B microbalence, Kinetics aﬁd rates of oxidation have been
correlated with changes in surface ares and porosity. Effects of constituents
in the ash and boric oxide additive on the coke reactivity have been determined,

In the earlier stages of oxidation of the cokes in carbon diexide at 1000 0'C,
the surface area increases considerably, reeching 2 maximm at sbout 205
burn-off for the indigenous cokes but at sbout 40% for the Polish coke. These
chenges in surface area are attributed to formation of pores at the-surface,
including opening of initially closed pores &s the burning proceeds,

In the later stages of oxidation, the surface areas decrease to very low

values as the ekhes sinter with loss of porosity and impede oxidation.
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ABSTRACT ..

Dynamic TG studies cof the effect of boric oxide on a coke and a char

M. A&. Carter, D. R. Glasson & S. A. A. Jayaweera
John Gra&mqre Chemistry Laboratories
Plymouth Polytechnice

Plymouth PL4 BAA.

The blast furnace prodﬁction of zinc and lead requires metallurgical

cokes of low reactivity. Boric oxide is known to act as a negative
catalyst for the oxidation of coke., In this work the effect of boric
oxide on the reactivity of Nantgarw:coke and Australian brown coal char
towards air and carbon dioxide has been studied by simultaneous TG/DTG/DTA.
The effect of.heatihg rate, gas flow rate and particle size on the

oxidations has been investigated.
Results are presented also for several other carbons and compared with

those for Nantgarw coke and Australian brown coal char, Comparisons are

made also with earlier work by isothermal TG.
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