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Abstract

One of the major components of the primary aluminum fabrication process is carbon
anode manufacturing. High density, low electrical resistivity, and consistence of the quality
of anodes are ofitmost interest in aluminum industrirhis work was undertakeno
determingthe desired coke properties which have notabfgcton coke/pitch wetting and
theinfluenceof some of these properties on anode quality, and finally to identify thedacto
effecting the consumption afdustrial anodes throughout the eatorocess.

Wettability of a coke by pitch provides important information abahie compatibility
of a coke/pitch paiand mixing conditionsThe ability of a liquid pitch to wet petroleum
coke can be determined by means of the sedsile testDifferent surface characterization
techniques (SEM, optical microscopy, #H, XPS, etc.) are used to establish the relation
between the surface characterstaf different calcined cokesnd their wettability by
pitch. Physical characterisicsuch as gstalline length, porosity, and shape abke
particles were measured by XRD, pycnometer, and optical microscope, respectively. The
factors that had the greatest influence on pitch wettability were coke porosity, particle
shape, crystalline length, anddity surface chemical compositions.

The available anodguality petroleum coke is not sufficient to cover the need created by
the increase itheworld aluminum production. Understanding the consequences of varying
calcined coke quality is necessary togbly compensate and adjust the anode pasteerecip
in the subsequent use of coke order to obtain economically viable production of

aluminium. A new anode recipe y(ladjusting the medium fractiom the paste) was



proposedbased on the predictions ah ANN model which resulted in improved anode
properties

Combined effects of coke calcination &yanode baking level, amsiilfur content on
anode properties were studied. Undaltined coke gained interest as raw material for
anodes used in aluminunrgaluction since it was reported in the literature that anodes
produced with this coke have lower €€activity in the electrolytic cell. The cokified
pitch and the petroleum coke reactivity become similar in anodes made ofcafteed
coke depending otheir baking conditions. Reactivities of the anodes produced from
undercalcined coke were compared with those of the anodes produced from standard
calcined coke. The former exhibited lower air reactivity and dusting (due to air reactivity)
as well as sintar CO, reactivities and lower dusting (due to £@activity) at lower baking
temperature Additionally, increase in sulfur was found to increase the air reactivity and
decrease the carboxy reactivity. Dusting due to both air andré€x@tivities decresed as
the sulfur content increased. Increasing baking temperatures decreased both of the
reactivities and dusting.

The effects ofthe process paranters of industrial anode productias well asthe
impact ofraw material properties on pitch distributimnanodes were studied. Pitch acts as
thebinder material for coke and butt, and its homogeneous distribution in a green anode has
a great influence on the properties of baked anodes. An image analysis technique was
developed by the UQAC/AAI Chair, whiclwvas used to analyze and quantify the weight
percentages of pitch in greemd baked anodes. This studgmonstratedhat the pitch

distribution in a green/baked anode is dependent on different process parameters and raw



materiab used. The influence of topellow pressure, paste recipe (amount of fine and
recycled butts), and anode properties (crystalline length and electrical resistivity) on anode
CO; reactivity was studied extensively by developamgANN model. It was found théte

CO; reactivity increaes with increasing anode crystalline length, amount of fine particles,
recycled butt content, and elgcal resistivity and decreasesith increasing bellow
pressure.

During mixing, the coarse particles might break, which would change the anode recipe,
consequently, the anode properties. An inexpensive, garak nontoxicpitch separation
method was developedhis method helps study the kneader performance by closely
monitoring the effect of kneading action on granulometry during paste preparation.

Considering allthe findingsof this work, this thesis constitusea majortechnical and

scientificcontributionin the field ofcarbon anode production.



Résumeé

La fabricationdes anodes en carbone représente l'un des princig@axentsdu
processus de productiosie I'aluminium primaire L6int ®r °t principal
I'aluminium est de former des anodes de haute densité aveonstancewu niveau de la
qualité. Ce travail a été entreprispdub i dent i fi cation de propri
une influence significative sua mouillabilité du coke pade brai, I'évaluationd e impadt
de certaines de cgwopriétés suta qualité de anode et finalement 6 i dent i fi cat i
facteurs affectat la consommatiordes anodesindustriellesdans toutes les étapes du
procédé de fabrication des anades

La mouillabilité du coke par le brai fournit des informations importantes sur la
compatibilitédu pair coke/brai et sur les conditions de malaxdges interactionsqui ont
lieu a ce stadaffectentdirectement les propriétéimalesd e | Olaam oda&paci t ® dobL
liquide a mouiller le coke de pétrole est déterminée par le test de la-gesdike.
Différentes techniques de caractérisation de surfstteB, microscopie optique, FIR,
XPS, etc.) onétéutilisées pour établir la relation entre les caractéristigugaciquegpour
différents cokes calcinés et leurs mouillabilifgar le brai. Les caractétics physiques
comme la longueur cristallinda porosité, et la forme des particules de coke ont été
mesurées respectivement par la diffraction des rayons X (XRD), le pycnométre, et le
microscope optique. Les facteurs qui ont eu la plus grande influence sur la mouillabilité du
brai étaient la poro#it du coke, la forme des particules, la longueur cristalline, et

finalementla composition chimique de surface.



La qualit® du coke de p®trole disponible
pour couvrir les exigences survenues par l'augmentalgota production mondiale de
 6al umi ni um. La compr ®hension des cons®que
calcin® est n®cessaire pour ajuster | a rece
déoobtenir une productunon UNceo nroemd etutee (ethced al ndoad
optimisant la quantité dia fraction moyennelans la pate) présentant une amélioration au
niveau des propriétés des anodes afétdulée en se basant sur les prédiction&ind

modele de réseaux de neurones artificilNN). Les effets combinés du niveau de

calcinationgéc oke, de | a temp®rature de cuisson de
propriétés des anodeston ®t ® ®t udi ®s . L 6 i mdke®solstcalciméo u r I
comme matiere premiepourlaprodc t i on de | 6 al ucaril aétéuappodé a u g m

dans la littérature que les anodes produites dgecoke sous calcinént de faibles
réactivittsauCdans | es cuves do6é®l ectrol yse. Les r
pétroledeviennat similaires dans les anodestés avec du coke sousiciné dépendares

conditions de cuisson. L'étude a confirmé que les anodes produites avec du coke sous
calcinédémontraient une diminution des réactivités et des poussiérestanigératures de

cuisson moins élevéesDe plus, le soufreagit comme uncatalyseur dans le cas de la
r®acti vi t ® ° l 6air et C 0 mme ,. Danscettenplartiebde t e u r

| 6 ®tl'effdtedes parametres du procesdesla fabrication desnodes industriles et

| 6i nfluence des propri ®t ®s des denalesanodess pr e
ont été étudiésLe brai agit comme un liant pour le coke et le mégot et sa répartition

homogéene dans une anode crue a une grande influence sur lest@sapes anodes cuites.
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Une technique e lanalyse dimage a été développée par la chaire UQAC/AAI
permettant d'analyser et de quantifier les pourcentages en poids du brai dans les anodes
crues et cuites. Cette étudel@montréque la distribution du bralans les anodes crues et
cuites dépend des différents parametres du procédé et des matiéres premieres utilisées. Un
modele RM aétédévalpp® afin do la gpression dés dallond du haaitp ¢ e
de la recette dda pate (la quantité des fines @ks meégots) et les propriétéssdanodes
(longueur cristalline etésistivité électrique) sur la réactivité au £des anodes. Il a été
obtenu que la réactivtitau@G@u gment e avec | 6augmentation d
'anode, de la quantité desarticules fines et des mégotsdetla résistivité électrique des
anodes. Une diminution de la réactivité au,@0été observéavec I'augmentation de la
pression des ballons du haut.

Durant le malaxage, legrossegarticules pourraiengétre casséese qui changedit la
recette d'anode et par conséquéd propriétés des anodes. Une méthsiieple, non
toxique rapidee t peu c extrackon gudoraim étél d@veloppée. Cette méthode
per met  p@formahcele malalxeur et I'effet de malavxagur la granulométrie
pendant la préparation de la pate.

En considérant tous les résultats de cette étcelte theseonstitueune contribution

technique et scientifiqumajeuredans le domaine da fabrication des anodeg carbone.
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CHAPTER 1

INTRODUCTION

1.1  Background

1.1.1 Production of aluminum

The use of aluminum is experiencing sustained growth throughout the world. Over the
last few decades, the growth rate is annuaiBg@because of the exceptional properties of
aluminum. lts flexibility, corrosion réstance, light weight, and infinite capacity to be
recycled makes it highly useful material in many areas of daily life and a viable solution
in helping to protect the environment. I n
in the fields of trangort (27%), building and construction (20%), packaging (16%),
electrical supplies (10%), machinery and equipment (8%), and sustainable consumer
products (7%). Aluminum is one of the major industries in Québec and Canada. North
America produce§% of worldwide demand. The favourable see@mnomic conditions
led Canada to takthethird place among all the aluminum producing countries in the world
[1-3] (Figure 1.1). In 2014China produced 43% dhe global aluminum productiofi3].
Canada produced 60% tife tonnage of primary aluminum in North America in 2043
Over 90% of this production comes from Québec. In 2011, aluminum industries ranked

third among the major expondustries of Québec, with 11% of total exp¢ds
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Figure 1.1 Worldwide primary aluminum production in 2013

The primary aluminum production is carried out using the Hd#roult process which
is an electrolytic process that separates metal aluminum from aluminum oxide and
produces cdnon dioxide as the bgroduct. The whole process takes place in an electrolytic
cel |l known as Opotd where alumina is disso
called cryolite (NgAIFg) at approximately 960°C. Higamperage direct electrical current
a low voltage is applied through the carbon anode which is immersed in molten electrolyte.
The aluminum metal collecsn the top of the cathodand it is syphoned out at regular
intervals for further processin®]. The following equationrepresents the reaction in the

cell:
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(1.890 kg) (0.334kg) (1kg) (1.224 kg)

Several ferrous and nderrous metals are produced via electrochemical processes
where carbon is used as electrodes at indusitele production of these metdlg).
Theoretical requirement for aluminum production is 334 kg carbon per tonne of aluminum
metal. However, more than 400 kg of carbon is used to produce one tonne of aluminum.
This carbon used in tferm of carbon anodes represents about 15% of the production cost
[7]. The carbon anodes are consumed during the electrolysis process and have to be
replaced every-4 weeks depending on the size, density and reactivity (air appic e
anode and the operating conditions of the electrolytic cell. Electricity consuntjutiony
electrolysis has a significant effect on the total production cost, and a small increase in

anode resistance considerably decretsesfficiency andeconomyof the procesgs].

1.1.2 Production of carbon anodes

Green petroleum coke is calcinedartalciner. Calcined petroleum coke and recycled
butts and anodesc al | e d ¢ dareysepargted toediffexentefraclions required for a
predetermined recipe by crushing and screening.dih@ggregatés preheated to around
150-180°C to ensure thatluring mixing, pitch wets angdenetrates into thearticles.Coal
tar pitch is utilized as a binder which binds the dry aggregate together to produce anodes.
Liquid pitch is heated t@about200°C and addetb the mixer oithe kneader. Mixing time
should beoptimum to attain homogenous paste. Thereadi@nde paste is compactedan

vibrocompactor or ira hydraulic press. After compaction, anode is coalsthgwater or



air as thecooling medium Then, green anodes are baked in a baking furnace at around
1000-1300°C andafter rodding baked anodeareused in electrolysis to produce primary

aluminum.

Thus, @rbon anodes are made by bakingcampactedmixture of calcined coke,
recycled anode butts, recycled green and baked arettbsoal tar pitch. Good interaction
between coke and pitch is essential for the generation of a satisfactory bond between these
two componentsEfficient wetting of the coke particles by the binder is required so that the
binder could penetrate througbke pores and fill the voids between the coke patrticles.
This keeps the structure together and reduces electrical resifTivitWettability of coke
by pitch determines the quality of bonding between these two components and thereby
greatly affects the final anode properties. Good bonding generates high density, good
meclanical propertiesand structurallysound anode material. The interaction betweign
aggregateand binder depends on the binder characteristics, i.e., softening point, chemical
composition, surface tension, viscosiiyd the characterissof the filler such as particle
size, texture, chemical functional groups on the suyface porosity{8]. Details of anode

production steps are explained in the Figure 1.2.
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Figure 1.2 Carbon anodé&bricationsteps for primary aluminum production
Prebaked anodes consist of abou68%6 petroleum coke&0-30% anode butts and.3-
15% coal tar pitch. Different chemical and physical properties of the petnotake i.e.
porosity, grain stability, impurities, bulk density, reactivity, mechanical structure, surface
characteristicsetc. significantly affect the propertiesghavior and the performance of

anodes during thelectrolysiq1].



In the last few years, the available anaogelity petroleum cokéas been deteriorating
throughout the world. Therefore the anode recipe should be optimized according to the
availability of raw materials so that tla@ode qualit could beimproved or kept congant
The anode production plant uses three different grametityrangesn order to obtain best
particle packing to achieve higher densltythe plant, each granulometry range is blended
in such a way thahe strong aspestof individual coke fractioacan be used to maximize
the anodeperformanceas each fracn has its specifidmpact onanode properties
Blending strategy plays an important role in determining anode properties as each
individual fraction has its own importandecreasing the fine content in formulation will
certainly increase the density thie anodes by filling the coke pores dhd inter-particle
voids. Nevertheless,higher quantity of fines has undesirable efeon mechanical
properties of anode and also increases the binder demand. Hplaeger fractions of
coke and anode butt provide mechanical strength to the grmatesimultaneouslythe

impurity conteni(especiallysodium)of anode butt increases the anode reactjity

Calcination of green petroleum coke increasggrain stability and his improves the
mechanical strength of the anode. Calcination minimizes the particle shrinkage which then
minimizes the cracking of the anode during baking. It also ensures that the pore structure is
accessible to pitch which increases the density and redheeelectrical resistivity ahe
anode. Calcination of cokeduces the coke reactivity by decreasing the number of highly
reactive carbon atoms on the edge with respect to the carbon atoms in the crystal basal
plane. Calcination of coksignificantly reducesthe volatilereleasefrom the cokeduring

anode baking5]. However, it is reported in the literature that using ureddcined coke in



anode production might reduce total anode consumption and dusting in electrolysis cell. In
general, standard calcined coke is less reactive than pitch. Pitch reacts mocekinan
causing disintegration of the anode structure. Using vcalemed coke leads to similar
reactiviies for coke and pitchafter baking;thereby, this makes th@nodeconsumption

more homogeneousNeverthelessthe effect of using undecalcined coke o the anode
reactivity is dependent on the baking temperature of the anode. At high baking
temperaturg the reactivity of the anodemade from undefcalcined coke and standard

calcined coke is simild®©-11].

1.2  Statement ofthe problem

For efficient aluminum production, anodes should have certain properties such as high
density, low electrical resistivity, high mechanical strength, high thermal shock resistance,
and low air/CQ reactivity. In the aluminum reduot cell, carbon anode is part of the
electrical circuit. Due to high carbon consumption during electrolysis, it is required to
change the anode every-28 days depending on the anode size and current density. In this
process, the high electrical resistarad anode is one of the main contributors to the energy
consumption andcost during electrolysis. High density anodes have lower electrical
resistivity. Thereforea small improvement in density as well as electrical conductivity will

improve the efficieny and economy of the operation.

It is important to reduce the carbon consumption during electrolysis from both
economical and environmental aspects. Various reactions which consume additional carbon

take place in the cell. The three main consumption iaciother than electrolytic



consumptionare air burn, formation of CCand selective oxidation which also causes
dusting.Air burn takes place near the top of the anode and producggat@eactivity).

Due to reactivity imbalance between coke and piefhective oxidation takes place which
could lead to dustingl. In addition, GOproduced during electrolysis at the
anode/electrolyte interface can react with anode carbon resulting in CO formatign (CO
reactivity). If the anode is dense and less pordus,reaction takes place only on the
surface of the anode. If an anode is porous; @43 can penetrate through the pores of the

anode resulting ifurtherreaction inside as well

In order to produce high quality carbon anodes, it is required to investigate the various
aspects of anode manufacturing process (kneader performance, temperature distribution in
baking furnace, vibro compactors and compaction times), to impgtevelry agregate
recipe, and to developraethod (ANN model) that helgs determine possible recipes for

better quality anodes.

1.3  Objectives

The general objective of this project is to study the effects of coke type and coke
properties (particle size distributipporosity, bulk density, crystalline structure, chemical
composition, particle shape) on anode properties (density, specific electrical resistance,
COy/air reactivity andmechanical propertiesin addition,this study also aims to develop a
recipe forthe production of high density, low electrical resistivity as well as low ay/CO

reactivity anodes.



The specific objectives are:
1. To carry out a detailed literature review.

2. To study the effect of coke properties such as crystalline length, cokdagreatry
(size and shape), bulk density on anode properties, especially density, specific electrical

resistivity, air/CQ reactivity, and mechanical properties.

a) The effect of coke mnulometry on anode propertieBhe aim of this part is to
comprehendhe effect of medium and fine particles as well as recycled butt materials on
the green anode densigs well asbaked anodedensity, specific electrical resistivity,

air/CQ, reactivity, and mechanical properties.

b) To study the effect afindercalcinedcoke on anode air/CQeactivity and dusting.
Also, to study the combined effect of crystalline length, baking temperatace sulfur

content of the coke on air/G@eactivity and dusting of anode.

3. To study the wetting of different types of cokmkes with different crystallinity
cokes from different supplierspkes with different S contenthst coke, etc.) with different
pitches at different temperatures. This identifies the coke and pitch pairs suitable for anode
production.The measurement ahe wettability of a cokeby a pitch gives also a good idea

of optimum mixing conditions.

4. To characterize industrial anodes and compare their properties with those produced

at UQAC so that the recipe developed at UQAC could be transferred to theyndus
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a) To develop a reliable optical method to quantify pitch and pores in green and baked
anodes.

b) To investigate the effect of different production paramebershedistribution of
pitch in green and baked anodes.

c) To develop an ANN (Artificial Neural Network)modelin orderto understand the

influence of process parameters and anode properties on angdeaClvity.

5. To develop a method to extract pitch frarpaste to evaluate the performanceonf
industrial kneader. This practice will help detect the changes in coke granulometry during

kneading.

1.4  Scope

In this project, a holistic study of the type and characteristics of coke and its impact on
anode properties has been undertaken. The prajesists of studies at both microscopic
and macroscopic levels to find the relation between coke characteristics and anode
properties.

This thesis consists of seven chapté&llowing the introduction given in Chapter 1,
detailed lierature review is disssed in Gapter 2, where a brief backgrouisdgiven on
coke and carbon anodes. The methodplogal in this projectis given in Ghapter 3. In
Chapter 4, detailed studies on the wetting characteristieafiety of cokes and pitchese
presented This chapter consists of four major subdivisions. In the first subdivigiom,
results on thavettability of petroleum cokes from different suppliers by coal tar mteh

given In the following two subdivisionghe influence of coke crystallinity on wettnis
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explained based on the experimental resaisthe wetting behaviour of recycled butis
compared tdhat of calcined coke. In the last subsection, two different statistical methods
areused to identify the effect of impurities and surface compmostiof raw materials on
wettability, and the results are presentéds important to identify the best coke/pitch pairs
as well as tohave an idea on the optimal mixing conditions to be used during anode
preparation. Anode properties are closely relatedoke propertiesand factors affecting
coke properties also affect anode properties. It is essential to identify the chemical
functionality of the petroleum coke as it can interact with pitch chemically leading to better
bonding. It is also important identify the type of interaction (physical or chemical) taking
place between coke and pifalhich helps identify the suitable coke/pitch combinations
during anode production. A large number of analysis methods to studypitoke
interactions including wetting were used. Each method gives complementary information.
The effect of coke crystallity on wettingis the subject ofhe subsequent subdivision.

The characterization of laboratory made anodes prodwitbddifferent recipesausing
cokes with different crystallinity is the subject@hapter 5. This chapter is also divided in
two subsectios, starting with the development of new anode recipes atik
characterization of anodes produced from different recipes alongheititevelopment of
an ANN model for predictinghe densities ofjreen anodemadeof different recipesin
order to develom recipe for high quality carbon anodes (high density, low electrical
resistivity, low reactivity), the effect of coke granulometry and particle shape dilneng
anode manufacturing process needs to be investigated. Coke granulometry is directly

related tothe mechanical and physical properties of asobfeaddition an ANN model
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which can predict green density of anodes based on their dry aggregate, deasity
developed Also, this macroscopilevel investigation is linked intimately with the above
microscopiclevel study on cokgitch interaction. This chapter ends with ghresentation

of the results of the study on air and gf@activity of anodes produced from coke with
different crystalline lengthand sulfur contest and baked at two different teperatures.

Use of underalcined coke is getting a lot of interest according to research rescetdy
publishedon aluminum production as it seems to reduce the overall reactivity of anode in
the electrolytic cell and thus total anode consumption. iBha relatively new topic and
some publications on this topic are contradictdrge dfect of the undercalcination of

coke is also dependent on the baking conditions used in the plants. This study weet aimed
understanithg fundamentdl the effect of the degree of coke calcination combined with
sulfur content and baking temperatures on anode properties.-thildered coke can be
substituted partially or fully to produce ansdeith lower reactivity. This will reduce the
CO, emissions as well. Hence,camprehensive study was undertaken to determine the
impact of the undecalcination of coke, baking temperatueed sulfur content on anode
performance.

Chapter 6 is mostly focuseon the characterization of industrial anodes ati
influence of procesparameters and raw matesan anode properties. In the first part of
this chapterthe results ofpitch distributions in green and baked angdekich were
measured using an image analysis technique developed during the stbdYRQAC/AAI
Chaire arepresentedA statistical study was conducted ®betterunderstandingf the

influence of process parameters, equipmant raw materials used. In the following
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subsection in this chapter, an ANN maqdethich was developed to understand the
influence ofanode properties and process parameters on anogee@divity, is explained
and results are presentdddustrial kneader performancethe subject othe last part of
Chapter 6 where a rapithexpensiveand environmentally viable pitch extraction tined
was introducedwhich can be used tmonitor the distribution of size fractienin green
anods. This part of study would help understand the problems regarding the production of
anodestindustrial scaleFinally, in the last chapter, the conclussamd recommendations
are given.

This thesis gives an overview of the project and the methodology used and summarizes
the available literature related to the above studies in order to demonstrate that this work is

a step forward in the process of carboadmmanufacturing.

1.5 Originality

The originality of this projeds , in generaljts comprehensivenegsusing a systematic
approach starting with a study of cepich interactions at the microscopic level, then
investigating anode fabrication unddifferent conditions for different types of cokes of
interest and finally correlating anodgroperties with all important coke characteristics and
properties as well as with anode fabrication conditions. This will allow the production of
high quality anods with desired properties.

A new anode recipe, which resulted in improved anode properties, was proposed based

on the predictions ahe developed ANN model. The recipe was tested and validated in the
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laboratory. This recipe has a good potential for iggpbn in the plant. The approach used
which involves the utilization cin ANN model is highly original.

A detailed wettability study with a number of cokes and pitches was carried out under
the same condition3.he effect of particle shape and the mreese of butts on the wettability
of coke by pitch were studied. In the literature, there are different studies carried out under
different conditions which make their comparison difficult. The current study covers many
aspects including the structure ofkes and chemistry of pitch and coke surfaces which
explain the wetting behavior observed. This is also an original scientific contribution.

In the literature, there are studies on the effect of Lc, baking temperatatine coke
sulfur content on anodergperties. However, no study was found on the investigation of
the effect of these three parameters together under the same conditions as it is done during
this study.

Another originality of this study is the investigation of pitch redistribution durieg th
cooling of green anodes. To our knowledge, there is no similar study.

During mixing, the coarse particles may break, which changes the anode recipe and,
consequently, the anode properties. The available method for testing the particle size
distribution in paste is expensive atmhg and uses toxic solvents. An inexpensive, quick,
and environmentallriendly method was developed during this study, which is also
original.

Usually, CQ reactivity and dusting is measured using the ASTM stanaerith is a
sevenrhour test. It is difficult to understand what happens in the plant with such a short test.

During this study, 2shour CQ and dusting tests were carried out to gain better
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understanding ahe CO, reactivity,especially,thedusting phenmenon during electrolysis
and the influence of different operational parameters affecting fhieisihas not been done

before.
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CHAPTER 2

LITERATURE REVIEW

This section summarizes the informatiavailablebased on th@ublishedliterature on
the different properties of calcined petroleum ¢dke effect of different coke properties
on carbon anode propertigbe influenceof different raw material properties on wetting
phenomena, anithe effect ofanodeproduction parametersi@itch andporedistributionin

carbon anodes.

2.1 Raw materials and their impact onanodequality

Raw materials (calcined petroleum coke, coal tar pitch, recycled anode butts, scrapped
green and baked anodes) have a great influence on anode dquhéteffect of raw
materials and formulation has been considered as an essectibalfor anode production

[5]. Some of the raw material properties to be considered are:

1. Purity, structure, and porosity of cdke]

2. Binder demand, wetting capability, mixing conditions (especially temperature and time)
3. Recycled mterial properties

In anode manufacturing, raw material®erequired in large quantity aratquiredfrom
different sourcesvhich might have different properties. Thisay cause homogeneity
problem. Also the impurity level of petroleum coke has been asang which directly
affects the mechanical and physical properties of anodes. In addith@s beermbserved

that there is a change in Quinoline insolublesgontent and softening point of the pitches
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[5]. The publications available in the literature oiws tepecific topicof interestof the

current project & summarized below.

2.1.1 Petroleum ke

Coke quality is dependent on the coke production technology. The chemical and
structural properties of the green coke are influenced by coking conditions. Physical and
mechanical properties of green celae controlled by coke microstructure and volatile
matter. Coke calcinain removes the moisture content athtile combustible matter and

modifies the coke structufé3].

Green petroleum coke is produced as gimduct of petroleum refing. It is produced
by delayd coking or by fluid coking. Petroleum coke has a weak amorphous structure. In
green coke, the pores of the matrix are filled with a hardened residuum remaining from the
coker feed[5, 14, 15]. Cokes obtained from high asphaltenes feedstock contain higher
concentrations o$ulfur and metals than cokes produced from feedstagich havehigh
aromatic catent[16, 17]. Most of thesulfurin coke exsts as organicsulfur bound to the
carbon matrix[14]. Other forms ofsulfur found in coke include sulphates and pyritic
sulfur, but these rarely make up more than 0.02% of the sotéir in coke[14]. Metals,
mainly vanadium and nickel, come from the asphaltenes fraction, and calcium and sodium
from desalting processSome metals are present ¢oke but, they arenot chemically
bondedthus become part of the ash and particuldtgls Volatile matter content, trace
elements, density, and granuldnyeare the major parameters which characterize green

cokes [18]. Calcination of coke is a heat treatment process for green coke up to a
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temperature of approximately 133@50°C. Beforausing itasanode raw material, green
cokeis calcinedfor numerous reasons suah increasing C/H ratio, grain strength, thermal
conductivity and purity, and reducing electrical resistivity, air reactjvigd shrinkage
duringthe baking of anod¢19]. Calcination of coke removes the moisture trelvolatile
matter (hydrogen, methane, tar) to avoid cracking due to grain shrinkagg thebaking

of the carbon anode and aksoensure the access of binder pitch to its pduesg mixing

[5]. Cokes from different sources have different volatile content, microstrucnce,
impurity level; and it is necessary to calcinecle coke differently to get the optimum
quality for anodegrade cokg12, 18]. Identical green cokes can be calcined under identical
conditions and their various blends can also be calcined under similar condjfi8hs
Rotary kiln and rotary hearth are the typescafcinerused frequently for green coke
calcination process. Processing techniques have a great influence on the meeahdnical

structural (L) properties of the calcined cokg0-22].

Structurally, sponge coke is preferred for anode production because it has a combination
of low impurity levels, low air and CPOreactivity, a moderate coefficient of thermal
expansion (CTE), good density and enough open porosity to allow good interlocking and
bonding with a binder pitch. The sponge coke structure is intermediate between the
extremes of needle coke and highly isotropic c&tet coke is the most isotropic form of
coke. Cokes and their micrographs showing their typical structures are given in Figure 2.1.

If used in large percentages in the aggregate, shot coke can also cause mechanical strength
problems due to the lack of oparacreporosity and inability of pitch to penetrate the fine

porosity to create cokpitch bridgeq23, 24].
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Figure 2.1 Physical structuréby digital camerapndoptical micrographsf differentkinds

of coke: (a) needle coke (b) sponge cakd (c) shot cokp23, 25]

Optical and scanning electron microscopes are useful tools to study coke morphology.
During the morphological study with optical microscopy, the mdtefian exhibits optical
anisotropy. When coke samples are observed under polarized light, the coke surface looks
like a collection of units of varying sizes and colors. This arises due to interaction between
the structure antheincident light. The diffeent interfaces between colors probably appear
from the grain boundarig®6, 27]. SEM (Scanning Electron Microscopgan be used as a
quick method b examinghe coke morphology as it can provide informationtbatexture
of unpolished samples. Detailed structural analysis can be done with SEM because it has
large depth of focus, which cannot be done with optical microscope due to its small focus
depth [26, 28]. Petroleum coke is composed of mosaic/granular structure, lamella, termed
flat or intermediate structuf@6, 28]. In 2005,Neyreyet al.[29] studied the effects of coke
structure (mogy isotropic coke) on anode properties where this coke was added in varying
guantities in the blend and reported that it influenced the coefficient of thermal expansion,

reactivity, and density.
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21.1.1 Effect of calcination on different coke properties

Basd on earlier discussions, a wide range of publications are devotdbe
experimental work aimed at understanding the effect of calcination on different coke
properties which is relevant to anode properties.

Numerousresearchers reported a clear decraaselectrical resistivity of coke with
increasing calcination temperatJ22, 30-32]. The specific electrical resistivity of anode

gradecalcinedcoke is around 1000 ofn [33)].

Calcination also has an effect onllbuwlensity and real density afoke particles.
Calcined coke has a bulk density in the order of0®8g/cr. Belitskus(1991) [22] has
measured the vibrated bulk densiti@BD) of three different cokes calcineat three
different temperatures andvefound that cokéd/BD increase with increasing calcination
temperature except intermediate temperatsre

Calcination tempetare and heating rate influendbe porosity. Fast volatilevelution
due to fast heating rates increaiee porosity{34, 35]. Tran and Bhati&2007)[36] made
several important observations on porosity development during calcinatiorepoded
thatmicropore area decreaseith increasing calcination temperatufiney stated that the
the decrease in micro porosity is a result of the increase in the graphitization level of the
coke at higher calcination temperaturébey found thatabaatory calcined coke has
high graphitized structure with 600% organized carbon assembly. They also explained
that the reactive micropore volume is the void volume between carbon crystallites and

imperfections in crystallites; and due to an increasecattination temperature, the
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imperfections reduce artie crystallite growth takes place. Porosity and spedftidace

area of cokes increasat a certain temperature when desulfurization occurs. This is
accompaniedby anincrease in reactivity which isiréctly proportional to the surface area
[30, 37, 38]. Hume(1993and 1999) 17, 34] has suggested that it is important to control
the calcination conditions in order to have optimum porosity and, consequently, maintain
optimum air and C@ reactivity. Fischer and his cauthors[12] have classifiedthe
porosites as open and closed. Open pores arerggenected at the surface and closed
pores are inaccessible. Good quality coke contains more open pores (aroyma155

pum) than closed poref5].

The average crystalline lengili.;) is animportant property for coke in aluminum
industry[39]. Crystalline length is a measure of the rearrangement and alignment of the
graphite planes ankhcreases with increasing calcination temperaftde 21, 22, 32, 39
43]. The effect of calcination temperature and soaking time is shown in Figuri Gah.
be clearly seen that with increasing temperature, both crystalline length (Lc) and
crystalline diameter increasdsc is actually the crystallite size, but is called the crystalline
l ength in industry; t hus, the terminology
equal to the sgce between two hexagonal slseef carbon rings (C/2) multiplied by the
number ofsuch spaces (number of sheeis m in Figure 2.2 The crystalline diameter is

the size of the carbon ring groups in each plane.



22

L=mC/2
C2=3.354 A

7, -
ol \l

. ‘E"J'-‘ 1; Faf
Range of { i A ; ‘*{
Petroleum Cokes 40 \ 3 '

ir L ‘u I::‘

2.26 “
Xylene Density (ke/dm’)

Crystallite Size L (A)

Figure 2.2 Crystalline length based @alcinationtemperature and soaking tirfizl, 44

As reviewed byRgrvik et al [39] and Trap45], Franklino s mo d dhle stradure oft
disordered carbon by XRD is the most adequate and popddel for petroleum coke
(Figure 2.3). This model considers that graphitizing carbons are made of hexagonal sheets
of carbon rings, formed with croéisked smd individual stacks. Further heat treatment
allows these stacks to merge into bigger stacks with a preferential orientatisnthie
distance along thea x i s , perpendicular to the graphit:i

is the distance parallelo t he pl anes (fAcrystalline diamet
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Figure 231 | | ustration of FrankIl i n-@aphitimmgdadon o f
[49]

L. is used to characterize the petroleum coke calcination level and atketonine
approximately the baking level of anodgd9]. L. increases with increasing calcination
temperature but-dpacing (spacing between the planes in the atomic lattice) shows an
opposite trend to that dfc; thus, it decreases with increasing temperature. These two
properties are not affected by desulfuriaatinduced micrgporosity and can be used to
predict the calcinatiotemperaturg22, 32, 46-48]. Oberlin[49] explained that within the
wide temperature range of 7A800°C, the interlayer defecof the basic structural usiof
carbon reduce and crystallites start to grow larger. At highest calcination temperature, the
crystallites are large$t6]. Tran and Bhati§36] alsoobseved similartrend except for the
coke calcined at 1000°C after several repet#ti@oke reactivity decreases with increasing
calcination level due to increase in the size of the crysta]®@s This decreases due to
reduction ofthe number of highly reactive carbon atoms on the edge with respect to the

carbon atoms in the crystal basal pld8€]. Lavigne et al. [50] also found that the
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reactivity of coke decreases with increasing crystalline length and calcination temperature,
probably due to an increase in lattice height and the consequent decrease in highly reactive
carbon atoms in therystal basal plane. Cokes calcined under similar condition attain the
samel., but different levels of anisotropy; therefole, is not a measure of structural
differences between different cokes and their subsequent effect on coke pr¢pdrties

L. can be measured with an XRIX-Ray Diffraction) instrument using two standard
methods: ASTM D5187 and ISO 20203 based on the modified Scherer fd@8uldahe
kinetic behaviorof coke reactivity is essatially the same whether the carbon is shaped into
an anode ott is in granular formThe reactivity of cokés a function of the mass transport
of oxygen to the surface of thmarticle through the gas boundary layer. The chemical
reactivity of cokeis ako a function of the crystallinity and chemical impurities present in
the particlethat catalyze the oxidation reactions. Mass transport of oxygiae tavailable
surface area of theoke particleis affected by porosity and permeabilityl]. Another
researchehas explained the importance of porosity on the reactivity considering the type
of reaction involved. Air burn is an exothermic reaction and raises the temperature.
Increase in temperature increases the reaction rate. As a result, ogwiessilality into the
coke becomes a limiting factor for air by, 34]. In several publications, it is cited that
air/CQ, reactivity of coke is a function othe calcination level[12, 34, 41, 42, 50]. The
reaction betwee coke and air occursitrally on the external surface of thgarticlesand
rapidly proceeds into the internal pore structure. The internal reaction develops gradually.
Internal reactions are generally concentrated in the narrow pore sizeofalidenm[36].

When a certain temperatuns reacheddesulfurizationstarts Consequently, thepecific
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surface area and the porosity increase, which leads to an increase in regBfjviyr
reactivity of calcined coke is generally measured by the ignition temperature. Catghall

his coauthors[52] have proposed that tlemke air reactivity should be measured using a
thermogravimetric system at 525°C because the ignition temperature is not a true measure

of air reactivity.

21.1.2 Effect of various calcined coke properties on anode properties

For a comprehensive view dheimpact of oke propertie®n anodequality, a number
of studiesareavailable intheliterature.

l. Coke porosity and bulk density

Coke granulometry has a direct impact on the coke porosity and impurities as well as
anode strength. To produce good qudlityechanical properties, higher thermaiséance,
and higher densityanods, blending of differenparticle sizes is important[20, 53, 54].
Studiesshowthatthe bulk density & coke considerably improves for those samples which
contain a high percentage -@f+6 mesh (3.344.75 mm) or8+14 mesh (2.449.295 mm)
particles after calcinatiorf55]. Hulse[5] carried outa comprehensive study amtoposed
that higher fine (506) and coars€8-4mm, 20-40%) contens with a lower (10-30%)
intermediate particle contetgndto increasehe vibrated bulk densityMBD). In arecent
study, Belitskug56] reported asimilar approach with different butt conts@nd found an
increase in VBDVBD of dismntinuous size distributiogave thehighest valueat 25%
butt contentCoke porosity as indicated by coke bulk density has a direct impact on anode

apparent densityln a different study, rodes manufactured with low porosity CPCs
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(calcined petroleum okes) showed lower anode porosifp7]. Paz et al. [54, 58, 59|
examined the coke density and shovikdt the anode apparent density increases with
higher VBD coke Samanos and hisoworkers[53] found that anricrease of 0.1Rg/dn?

in tapped bulk densitfTBD) increased the baked anode apparent debgify053kg/ dnt.

Few aithors establishedinear relation between baked anode density ¥B® [60-62].
CorrespondinglyBelitskus in 1974[61] and Khaji et al. in 2015 [62] statedthat the
relation between green and baked anode derssiigear On the contraryl.ossius ad his
co-workers[63] could not find an obvious correlation between green and bakede
densities and VBD/TBDbf the anods whenthe anodeswere made with different pitch
content. Theyproposedthe following correlation between green anode densities and dry

aggregate densities
01 ®'QQ Q0DNé 0 YO0 p nmb 0 QO N (2.1)

Il. Cokecrystalline length

The average Lis an important property of carbon materials for aluminum electrolysis
Degree of calcination influences the chemical, physmadl mechanical properties of the
anode. Highly calcined coke produces less reactive armate poor mechanical and
chemical properties. It is necessary to find the optimum baking level, defined by the
maximum temperature. The minimum soaking time showdcbosenas to avoid the
desulfurization[31]. Different authors have shown a strong correlation between grain
stability and anode flexural strength, which increases with increasing coke grain stability
[64, 65]. Effect of coke calcination temperature efectrolytic consumption has been

discussed in various literatur®2, 50, 53]. The results are conflicting. It is reported that an
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increase in coke calcination temperature increases the anode damsalgoincreases the
anode reactivity and decsms the thermal shock resistance at lamode baking
temperatures. However, the degree of coke calcination has little effect at high baking
temperatured53]. Effect of coke crystalline length on anode reactivity is elateby
discussed in theection 2.1.1.3.

Tran and Berkovitchi66] carried out several carbon anode gasification exparis to
comprehend the exact mechanism of the air and @@ctiviies and observed that a
transformation of crystalline structure takes place in two stages: (a) initiediyggmoval of
disorganized carbon structure; (b) then with further gasificatibe,reduction in the
crystallite width due to preferential consumption of carbon from the edge sité® of
graphee layer. As smaller crystallites gasified and merged with the neighbouring
crystallites, ordered structure forms leading to incraaserysiullite height. They also
found that oxygen and GQttack different reactive sites of the crystalline structitest
reactive sites such as amorphous carbons and carbon atoms at aliphatic side chains react
rapidly with air, but CQreacts gradually withllaparts ofthe crystalline structure, and this

creates more porosityy air reactivity compared to C@eactivity.

I"l. Cokeelectrical resistivity

Electrical resistivity decreases with increasing calcination temperature when the baking
temperature is lower than the calcination temperature. Weibaking temperature is
higher thanthe calcination temperatuyé seems thathe calcination level doesot affect

anode resistivityf22]. Perruchoud has shown that anode specific electrical resistance is a
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direct function of coke specific electrical resistafi6@]. Later in 2013, Lossius anis
coworkers[63] proposedhat it is possible to make low electrical resistivity (ER) anodes
with high specific electrical resistivity (SERpkeandthe anode ER is controlleshoreby

the presence of cracks and pores in the anode rathdnyticake SER

IV.  Coke air and CQreactivity

It has beerreported byseveralresearches that coke air reactivity is not an accurate
predictor of anode performan{®l, 52, 68] as recycled butt hasgreater impact in anode
reactivity [63]. In severalliteratures it is cited that it is possible to manufacture anodes
with low anode air reactivity using high air reactivity cdkd, 52, 68]. Also, it is possible
to manufacture anodes with high anode air reactivity using low air reactivity Gokéhe
other handNdjom et al.in 2013claimed that anode CQ@eactivity reducewith coke CQ
reactivity [60]. Anode air reactivity is dependent on surface and internal chemical
impurities [52, 68, 69]. In 2001 Rolle et al. [51] proposed three reasons why the coke
reactivity cannot be used in predicting the anode reactivity. Firdteypreparabn of
aggregate changes the coke surface area to a higher extent. Secondly, many adsorbed or
loosely bonded oxygen molecules are removed during coke grinding. Thirdly, in the green
anode fabrication process, any remaining adsorbed oxygen and/or calckeeducface
area is coated with pitch. Adsorbed oxygen and calcined coke surfade teggped with
volatile hydrocarbons. Upon baking or exposure to high temperature for a long period, any

available oxygen inside the pores will react during the bakioggss
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V. Cokegranulometry

Calcined cokas available in different particle sizes which vary frafew microns toa
few centimetres. The oversized particles are passed through a crusher. This coke is
screened and sorted intedddifferent sizeractions.Carbon anodes contain various particle
size fractionsof calcined cokerecycled anode butts, green and baked rejects, and coal tar
pitch. Particle size distribution is important for anode density, mechanical strength, pore
size distribution, eactrical resistivity, air permeability, reactivitand even chemical
composition of anodefb, 70-73]. Quantities are taken fromracipe designed to give a
dense mix; voids between the coarse particles have to be filled with medium size particles
and voids between these to be filled by small size particleanlanode, coarse coke
particles and fine powders are bonded by intermédedorces and mechanical adhesion
[5].

Optimal quantites of coarse, mediumand fine fractios are required for anode
formulation to obtain good anode qualf4]. Coke powders, especially the fine powders
of anode formulation hava great influence on anogeopertieqd5, 72, 73, 75]. Theycan
fill the open porosity in the distributed system structure, which increases déhdig.et
al. (2000)[5, 76] was able tgroduce highly dense, low resisti, and mechanically stable
anodes using finer dust and optimised process conditiBlestrical resistivity clearly
reducedfrom 94 to 620 qn when theamount of particles srilar than 75 um increased
from 10% to 45%Green densityloesnot improve with the amounof ultrafine particles
while baked densityis enhanced Tensile strength, compressive strength and Young's

modulus increasewith finer particles and reach¢heir maximum value around the size
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rangewhee maxi mum VBD o c76un). Air@ermeabdity féduced from 11

to 4 nPm withan increa® in the fraction of 75 um particles from 20 to 60%. This agrees

with another publicatiorj77] which discloseda 2 nPm reduction of permeability with
smaller fine fraction.Xiao et al. (2011) and Figueiredet al. (2005) also suggested the
considerable amount (7 wt% to 28 wt%) of very fine powd27(5 & m) content
improve the anode baked density, electrical resistivity, air permeability, thermal
conductivity, air and C@reactivity for the same aggregate formulatiempurity content,

and pitch content (17 wt%y3, 75]. Vitchuset al. (2002) indicated that anode air and £O
reactivity decrease with a decrease in air permeabiii§j. However Xiao et al. (2011)

[759] witnessed a different trend because ultrafine powder has two effects on anode
reactivity. The baked anode with wit% ultrafine powder content shows the low€sd,
reactivity. Ultrafine powder can fill the porosity in anode to prevamtand CQ
infiltration; but, on the other hand, powder, especially ultrafine powder, is easier to react
with air and CQ [75, 78]. Sulaimanet al. (2012) [79] modified the anode recipe and
reduced the fineontent in recipe from 23% to 21% but ultrafine in ball mill product was
increased from 62% to 71% in order to maintain overall ultrafine content in dry aggregate
(14.515.5%)constant The changes in recipe resulted in an increase in baked density and a
decrease in electrical resistivity, and subsequently a decrease in air permé&aaitfy0]

claimed thatfiner dust © 63 pm) amount singiaandedly does not affect the properties
considerably. According to his results, vacuum pressure in viborocompactor and heating rate

along with dust conteraffect the CQand air reactivity.
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In another stdy by Ndjom et al. (2013)[60], +4 mesh particle in recip@as increased
from 22.5% to 2%% which resultedin an increase irthe baked densityf 0.01 g/cni.
Several researchers investigated the influence of grain size on thermal shock resistance and
found that increasefine particles{ O3 0 0 O m} partictes (betwaea 30um and 300um)
ratio is importani54, 81]. Fine particles also have a high specific surface areathend
specific surface area of particles increases with decreasing particle size. Higher surface area
increases the pitch demafidB] in anode recipe, but the relationship between particle size
andsurface area is different faoke particles due to variations in shape fact@s 73].
However,higher fines can causenhomogeneoudistribution of pitch and crackduring
baking[82]. Whartonet al.[70] decreased the particle sizefiofer particlesfrom 150 to 70
um, and an increase irtheir surface area by 1%g and 10 Mg, respectively was
observedThe probable reason for the difference in surface area is the exposure of closed
pore volumes and resulting increase in the surface area after grigding?enetration
ability and distribution of pitclhwerealso influenced by size distribution obke fractions
Coudercet al. [6] proposed thah particle size below 100 pm is too small and does not
allow sufficient penetration of pitch while a particle size above 200 oo large to
prevent the pitch infiltrationAccording toCaoet al.[83], coke dusts 0D 125 um andO
250 um had similar penetration behaviour with theesamp i t ch whi | e50penet r ¢
um cokeparticles wasmuch faster due to the larger infaarticle spaces Therefore, the
control of ultrafine fine powder (ball mill product and filter dust) is important for the

stability of anode quality75].
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All particle sizesare important for anode productiorBmall particles increase the
density, and larger particles gis&rength to the anode. Green apparent density and packing
characteristic®f cokeincrease as dust content increases due to the absence of porosity in
the dust. In turn, coarse material is required for anode mechanical properties. The size of
porosity al® changes with thparticlesize, and this affects the bulk density. Baked anode
properties such as strength and density inceebgeusing a dust fraction with higher
specific surfacarea It is also found that there is no change in shrinkage duringndpaki
Hulse [5] proposed that for good anode propetrtiesth carse and fine particles are

essential.

21.1.3 Anode consumptions

Carbon reactivity is an important factor in the aluminum production industry. Most of
the carbon is consumed during the cell operation but there are otbes the to excess
consumptiorwhich is not economically and environmentally viable. Schematic of specific
electrolytic consumption is shown in the Figuret.2There are four kinds of carbon

consumption:

1 Electrolytic Consumption

=

Carboxy attack
1 Airburn

1 Selective oxidation (dustingloughing)
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2ALO;+3C=4A1+3CO:

Theoretical Consumption 334 kgC/tAl

Electrolytic Consumption 334 kg/CE | Excess Consumption

Net Consumption Butts

A

N
A
A

Gross Consumption

A
A4

Figure 2.4 Specific anode consumption during electroly8i4

l. Electrolytic consumption

Carbon anode is mostly consumed in the electrolytic cell during the reduction of alumina
to produce aluminumlThe commonly used aluminum reduction process is the-Haibult
process in modern aluminum industry where carbon is used as anode material ZB)gur
In electrolysis the current efficiency affects the carbon consumption; the theretical carbon
consumption divided by the currect efficiency gives the electrolytic carbon consumption.

Pot Exhaust Gas

o+— Stud
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Gas Collection Crust Breaker with
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Crust
L - i
Frozen Ledge :;I Electrolyte
F! A1
Refractory Wall P a A e Side Wall
Steel Shell 1 - Cathode [ 1 I

[ | [ = —FCollector Bar
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Figure 2.5 Simplified crosssection ofa Hall-Heroultcell [2]]
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Il. Carboxy attack (C@reactivity)

Carbon dioxide is produced during the alumina reduction which can react with the anode
carbon to produce carbon monoxide. This reaction is endothermic in nature and known as
Boudouard reaction or carboxy attack. This reaction generally takes place atttiva b
surface of the anode where £€€volves as a result of the electrolytic reacf{ibd (Figure

2.6). Carboxy reaction is representasl shown below

86 6080 2.2)

Figure 2.6 Carboxy reaction in thelectrolysis cel[85]

Different impurities like sodium, calcium, sulfur have significant effect on carboxy
attack. Some such as sodium and calcium act as a catalyst to accelerate the[B2kction
whereas sulfur acts as anhibitor. It is also found in the literature that carboxy attack is
affected by several factors such as raw material propegtiesn mix formulation, baking
and bath temperature, and air permeabilj86]. Carboxy attack is dependent on

temperature and most favourable at high tempes(@&9°G960°Q).
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I"l. Air burn (air reactivity)

Reaction of oxygen near the top surface of the carbon anode is known as airburn. In the
temperature region of 300°C to 600°C, anode carbon at the uppangdatie sideof the

anode is oxidized by afFigure 2.7)

The following exothermic reaction takes place:

6 6 ° 60 (2:3)

Figure 2.7 (a) Schematiacepresentatiomf air burn reaction in HalHeroult cell [85] (b)

severe air burningn anode sidg21]

The most important impurities affecting air burn are vanadium, niakelsodium Raw
materialproperties baking temperature, cover material, cell design parameted anode

depth in the cell have great influences on theesictivity of the anodg86].

V. Selective oxidationdusting)

Due to reactivity imhlance between binder pitch and anode coke, selective oxidation of
the binder phase takes place. This weakens the bond structutiee phygsical loss of pitch
and coke occurs. lis phenomenon ioften called dusting.This increases the bath
temperaturavhich in turnincreases thanodereactivity. Airburn and carboxy attack occurs

at the binder matrix if theanode baking temperature is lower than that of the coke
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calcination. Hydrostatic pressure of thetbprovides the driving force fararbon dioxide

to penetrateinto the pores of anode, which results in internal reaction. This leads to a
massive problem which is not restricted omty the anode surfacgl?7]. Microscopic
analysis of anode butts confirms that internal attack is seleatidethis mosyl takes place

in the region of binder and coke fingk7]. Selective oxidation is an influencing factor
when coke calcination temperature is significantly higher than the baking tempg2&ure

A schematic representation of dusting is shown in the Fig8re 2.

Figure 2.8 Schematical representation of dustj@d]

V. Effect ofthedegree of calcination on anode reactivity

In recent timesundercalcinedcoke hasecomeincreasinglythe cengr of interest asti
appearedn several researchéisat anode produced froondercalcinedcoke has less and
homogeneous reactiviguring electrolysisThis resulted in lower carbon consumption and
subsequently less dusting in the electrolysis [d€)) 87]. In generalundercalcinedcoke
haslower real density and crystalline length compared to anode grade standard calcined
coke [9-11] (Figure 2.9.). Utilization of undercalcined coke also reduces the fuel
consumption of the calcineiHowever, due to its lower density, the anodes woaleho

be changed more frequently increasing the operation cost.
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Low Calcination Standard High Calcination
Level Calcination Level Level

Under- Standard Highly
Calcined Coke Calcined coke Calcined coke
ucc SCC HCC

Figure 2.9 Definition of undercalcined standard calcined, and highly calcined c[il@.

Undercalcined cokedoke calcined abw calcination temperature) decreases the anode
air and CQ reactivity [9, 11]. This is explained with the fact that pitchnermally more
reactive tharthe calcineccoke. Therefore, it is consumed faster than coke when in contact
with air or CQ. Deaeasing coke calcination temperature increases the coke reactivity
Thus the coke and pitchreactiviles become comparable. This results in a more
homogeneous reactivity within the anode and significantly reduces the dusting problem
(Figure 2.10)[9-11, 87]. A similar assessment has been reported earlier by Rodriguez
Mirasol and his ceauthors[88] based on their research on carbitwer reinforced carbon
composites. Additionally, Samanos and Dreydh3] attributed the improvedanode
oxidation resistance to the better cgiich interaction betweeandercalcinedcokes with

the binder pitch.
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Figure 2.10 Schematic of dusting in standard antlercalcinedcoke[89].

There have been contradicting reports in the literature regarding efi@ctiefcalcined
coke propertieson anode properties. The possible reasons could be variations in coke
crystalline length,binder level, anode recipe, baking temperatures, impurity content.
However, a number of publicatiorere also available in literature about the positive
influence ofundercalcined coke on anode consumption. Nevertheless, it seems that this
influence is dependent on the baking temperature. It is cited in different referendég that
effect of undeicalcined coke is not significant the baking temperature is higtnaugh
Another study by Lhuissieet al. (2009) [9] has shown that baking thenodes above
1100C virtually eliminates the advantage of using urnckdcined coke in anode
production on C@reactivity. Similar trend has been supported by Fischer and Perruchoud
[11]. Various authors stated thidite use ofundercalcinedcoke reduces the baked anode
density[9, 10, 53] but the difference between baked and green adedsities are mostly
compensated by higher shrinkage rate during baking and the decrease in baked density is
relatively small[9, 22, 53].

The properties of anode produced from differeatcined coke studied by several

researchers are summarized in Table 2.1.

























































































































































































































































































































































































































































































































































































































































































































































































































































