
 

 

 

 

UNIVERSITÉ DU QUÉBEC À CHICOUTIMI  

 

 

THÈSE 

PRÉSENTÉE À 

LôUNIVERSIT£ DU QU£BEC ê CHICOUTIMI 

COMME EXIGENCE PARTIELLE 

DU DOCTORAT EN INGÉNIERIE 

 

 

PAR 

ARUNIMA SARKAR  

 

 

 

 

EFFET DES PROPRIÉTÉS DU COKE SUR LES PROPRIÉTÉS D'ANODE S 

 

 

 

DÉCEMBRE 2015 

 



   

 

UNIVERSITY OF QUÉBEC AT CHICOUTIMI  

 

 

A THESIS SUBMITTED TO  

THE UNIVERSITY OF QUÉBEC AT CHICOUTIMI 

IN PARTIAL FULFILMENT OF THE REQUIREMENTS 

FOR THE DEGREE OF DOCTOR OF PHILOSOPHY 

IN ENGINEERING 

 

 

 

BY 

ARUNIMA SARKAR  

 

 

 

EFFECT OF COKE PROPERTIES ON ANODE PROPERTIES 

 

 

DECEMBER 2015 



i 

 

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 of utmost interest in aluminum industry. This work was undertaken to 

determine the desired coke properties which have notable impact on coke/pitch wetting and 

the influence of some of these properties on anode quality, and finally to identify the factors 

effecting the consumption of industrial anodes throughout the entire process.  

Wettability of a coke by a pitch provides important information about the compatibility 

of a coke/pitch pair and mixing conditions. The ability of a liquid pitch to wet petroleum 

coke can be determined by means of the sessile-drop test. Different surface characterization 

techniques (SEM, optical microscopy, FT-IR, XPS, etc.) are used to establish the relation 

between the surface characteristics of different calcined cokes and their wettability by 

pitch. Physical characteristics such as crystalline length, porosity, and shape of coke 

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, and finally surface chemical compositions. 

The available anode-quality petroleum coke is not sufficient to cover the need created by 

the increase in the world aluminum production. Understanding the consequences of varying 

calcined coke quality is necessary to possibly compensate and adjust the anode paste recipe 

in the subsequent use of coke in order to obtain economically viable production of 

aluminium. A new anode recipe (by adjusting the medium fraction in the paste) was 
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proposed based on the predictions of an ANN model, which resulted in improved anode 

properties.   

Combined effects of coke calcination level, anode baking level, and sulfur content on 

anode properties were studied. Under-calcined coke gained interest as raw material for 

anodes used in aluminum production since it was reported in the literature that anodes 

produced with this coke have lower CO2 reactivity in the electrolytic cell. The cokified 

pitch and the petroleum coke reactivity become similar in anodes made of under-calcined 

coke depending on their baking conditions. Reactivities of the anodes produced from 

under-calcined 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 similar CO2 reactivities and lower dusting (due to CO2 reactivity) at lower baking 

temperatures. Additionally, increase in sulfur was found to increase the air reactivity and 

decrease the carboxy reactivity. Dusting due to both air and CO2 reactivities decreased as 

the sulfur content increased. Increasing baking temperatures decreased both of the 

reactivities and dusting.  

The effects of the process parameters of industrial anode production as well as the 

impact of raw material properties on pitch distribution in anodes were studied. Pitch acts as 

the binder 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, which was used to analyze and quantify the weight 

percentages of pitch in green and baked anodes. This study demonstrated that the pitch 

distribution in a green/baked anode is dependent on different process parameters and raw 
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materials used. The influence of top bellow pressure, paste recipe (amount of fine and 

recycled butts), and anode properties (crystalline length and electrical resistivity) on anode 

CO2 reactivity was studied extensively by developing an ANN model. It was found that the 

CO2 reactivity increases with increasing anode crystalline length, amount of fine particles, 

recycled butt content, and electrical resistivity and decreases with increasing bellow 

pressure.  

During mixing, the coarse particles might break, which would change the anode recipe, 

consequently, the anode properties. An inexpensive, quick, and nontoxic pitch separation 

method was developed. This method helps study the kneader performance by closely 

monitoring the effect of kneading action on granulometry during paste preparation.  

Considering all the findings of this work, this thesis constitutes a major technical and 

scientific contribution in the field of carbon anode production.  
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Résumé 

La fabrication des anodes en carbone représente l'un des principaux éléments du 

processus de production de l'aluminium primaire. Lôint®r°t principal de l'industrie de 

l'aluminium est de former des anodes de haute densité avec une constance au niveau de la 

qualité. Ce travail a été entrepris pour lôidentification de propri®t®s du coke qui pr®sente 

une influence significative sur la mouillabilité du coke par le brai, l'évaluation de lôimpact 

de certaines de ces propriétés sur la qualité des anodes et finalement lôidentification des 

facteurs affectant la consommation des anodes industrielles dans toutes les étapes du 

procédé de fabrication des anodes. 

La mouillabilité du coke par le brai fournit des informations importantes sur la 

compatibilité du pair coke/brai et sur les conditions de malaxage. Les interactions qui ont 

lieu à ce stade affectent directement les propriétés finales de lôanode. La capacit® dôun brai 

liquide à mouiller le coke de pétrole est déterminée par le test de la goutte-sessile. 

Différentes techniques de caractérisation de surface (MEB, microscopie optique, FT-IR, 

XPS, etc.) ont été utilisées pour établir la relation entre les caractéristiques surfaciques pour 

différents cokes calcinés et leurs mouillabilités par le brai. Les caractéristics physiques 

comme la longueur cristalline, la porosité, et la forme des particules de coke ont été 

mesurées respectivement par la diffraction des rayons X (XRD), le pycnomètre, et le 

microscope optique. Les facteurs qui ont eu la plus grande influence sur la mouillabilité du 

brai étaient la porosité du coke, la forme des particules, la longueur cristalline, et 

finalement la composition chimique de surface. 
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La qualit® du coke de p®trole disponible pour fabriquer les anodes nôest pas suffisante 

pour couvrir les exigences survenues par l'augmentation de la production mondiale de 

lôaluminium. La compr®hension des cons®quences de la variation de la qualit® du coke 

calcin® est n®cessaire pour ajuster la recette de p©te dôanode pour ces diff®rents cokes afin 

dôobtenir une production ®conomique de lôaluminium. Une recette dôanode am®lior®e (en 

optimisant la quantité de la fraction moyenne dans la pâte) présentant une amélioration au 

niveau des propriétés des anodes a été formulée en se basant sur les prédictions dôun 

modèle de réseaux de neurones artificiels (RNN). Les effets combinés du niveau de 

calcination de coke, de la temp®rature de cuisson de lôanode et de la teneur en soufre sur les 

propriétés des anodes ont ®t® ®tudi®s. Lôint®r°t pour lôutilisation du coke sous calciné 

comme matière première pour la production de lôaluminium a augment® car il a été rapporté 

dans la littérature que les anodes produites avec le coke sous calciné ont de faibles 

réactivités au CO2 dans les cuves dô®lectrolyse. Les r®activit®s du brai cokifi® et du coke de 

pétrole deviennent similaires dans les anodes faites avec du coke sous-calciné dépendant les 

conditions de cuisson. L'étude a confirmé que les anodes produites avec du coke sous 

calciné démontraient une diminution des réactivités et des poussières à des températures de 

cuisson moins élevées. De plus, le soufre agit comme un catalyseur dans le cas de la 

r®activit® ¨ lôair et comme un inhibiteur pour la r®activit® au CO2. Dans cette partie de 

lô®tude, l'effet des paramètres du processus de la fabrication des anodes industrielles et 

lôinfluence des propri®t®s des mati¯res premi¯res sur la distribution du brai dans les anodes 

ont été étudiés. Le brai agit comme un liant pour le coke et le mégot et sa répartition 

homogène dans une anode crue à une grande influence sur les propriétés des anodes cuites. 
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Une technique de l'analyse d'image 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 étude a démontré que la distribution du brai dans les anodes crues et 

cuites dépend des différents paramètres du procédé et des matières premières utilisées. Un 

modèle RNA a été développ® afin dô®tudier lôinfluence de la pression des ballons du haut, 

de la recette de la pâte (la quantité des fines et des mégots) et les propriétés des anodes 

(longueur cristalline et résistivité électrique) sur la réactivité au CO2 des anodes. Il a été 

obtenu que la réactivité au CO2 augmente avec lôaugmentation de la longueur cristalline de 

l'anode, de la quantité des particules fines et des mégots et de la résistivité électrique des 

anodes. Une diminution de la réactivité au CO2 a été observée avec l'augmentation de la 

pression des ballons du haut.  

Durant le malaxage, les grosses particules pourraient être cassées, ce qui changerait la 

recette d'anode et par conséquent les propriétés des anodes. Une méthode simple, non 

toxique, rapide et peu ch¯re pour lôextraction du brai a été développée. Cette méthode 

permet dô®tudier la performance du malaxeur et l'effet de malaxage sur la granulométrie 

pendant la préparation de la pâte. 

En considérant tous les résultats de cette étude, cette thèse constitue une contribution 

technique et scientifique majeure dans le domaine de la fabrication des anodes de 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 annually 2-3% because of the exceptional properties of 

aluminum. Its flexibility, corrosion resistance, light weight, and infinite capacity to be 

recycled makes it a highly useful material in many areas of daily life and a viable solution 

in helping to protect the environment. In 2006, aluminumôs main applications were focused 

in the fields of transport (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 produces 7% of worldwide demand. The favourable socio-economic conditions 

led Canada to take the third place among all the aluminum producing countries in the world 

[1-3] (Figure 1.1). In 2014, China produced 43% of the global aluminum production [3]. 

Canada produced 60% of the tonnage of primary aluminum in North America in 2013 [4]. 

Over 90% of this production comes from Québec. In 2011, aluminum industries ranked 

third among the major export industries of Québec, with 11% of total exports [2].  
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Figure 1.1 Worldwide primary aluminum production in 2014 [3]  

The primary aluminum production is carried out using the Hall ïHeroult process which 

is an electrolytic process that separates metal aluminum from aluminum oxide and 

produces carbon dioxide as the by-product. The whole process takes place in an electrolytic 

cell known as ópotô where alumina is dissolved in a bath of sodium aluminum fluoride 

called cryolite (Na3AlF6) at approximately 960°C. High-amperage direct electrical current 

at low voltage is applied through the carbon anode which is immersed in molten electrolyte. 

The aluminum metal collects on the top of the cathode, and it is syphoned out at regular 

intervals for further processing [5]. The following equation represents the reaction in the 

cell: 
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═■╞ ■ ╒▼ᴼ ═■■ ╒╞▌   

     (1.890 kg)    (0.334 kg)    (1 kg)    (1.224 kg) 

(1.1) 

Several ferrous and non-ferrous metals are produced via electrochemical processes 

where carbon is used as electrodes at industrial-scale production of these metals [6]. 

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 the form 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 2-4 weeks depending on the size, density and reactivity (air and CO2) of the 

anode and the operating conditions of the electrolytic cell. Electricity consumption during 

electrolysis has a significant effect on the total production cost, and a small increase in 

anode resistance considerably decreases the efficiency and economy of the process [5]. 

1.1.2 Production of carbon anodes 

Green petroleum coke is calcined in a calciner. Calcined petroleum coke and recycled 

butts and anodes (called ódry agrregateô) are separated to different fractions required for a 

predetermined recipe by crushing and screening. The dry aggregate is preheated to around 

150-180°C to ensure that, during mixing, pitch wets and penetrates into the particles. Coal 

tar pitch is utilized as a binder which binds the dry aggregate together to produce anodes. 

Liquid pitch is heated to about 200°C and added to the mixer or the kneader. Mixing time 

should be optimum to attain homogenous paste. Thereafter, anode paste is compacted in a 

vibrocompactor or in a hydraulic press. After compaction, anode is cooled using water or 



  4 

air as the cooling medium. Then, green anodes are baked in a baking furnace at around 

1000-1300°C; and after rodding, baked anodes are used in electrolysis to produce primary 

aluminum. 

Thus, carbon anodes are made by baking a compacted mixture of calcined coke, 

recycled anode butts, recycled green and baked anodes, and coal tar pitch. Good interaction 

between coke and pitch is essential for the generation of a satisfactory bond between these 

two components. Efficient wetting of the coke particles by the binder is required so that the 

binder could penetrate through coke pores and fill the voids between the coke particles. 

This keeps the structure together and reduces electrical resistivity [7]. Wettability 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 

mechanical properties, and structurally-sound anode material. The interaction between dry 

aggregate and binder depends on the binder characteristics, i.e., softening point, chemical 

composition, surface tension, viscosity, and the characteristics of the filler such as particle 

size, texture, chemical functional groups on the surface, and porosity [8]. Details of anode 

production steps are explained in the Figure 1.2. 
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Figure 1.2 Carbon anode fabrication steps for primary aluminum production 

Prebaked anodes consist of about 65-68% petroleum coke, 20-30% anode butts and, 13-

15% coal tar pitch. Different chemical and physical properties of the petroleum coke i.e. 

porosity, grain stability, impurities, bulk density, reactivity, mechanical structure, surface 

characteristics, etc. significantly affect the properties, behavior, and the performance of 

anodes during the electrolysis [1].  
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In the last few years, the available anode-quality petroleum coke has been deteriorating 

throughout the world. Therefore the anode recipe should be optimized according to the 

availability of raw materials so that the anode quality could be improved or kept constant. 

The anode production plant uses three different granulometry ranges in order to obtain best 

particle packing to achieve higher density. In the plant, each granulometry range is blended 

in such a way that the strong aspects of individual coke fractions can be used to maximize 

the anode performance as each fraction has its specific impact on anode properties. 

Blending strategy plays an important role in determining anode properties as each 

individual fraction has its own importance. Increasing the fine content in formulation will 

certainly increase the density of the anodes by filling the coke pores and the inter-particle 

voids. Nevertheless, higher quantity of fines has undesirable effects on mechanical 

properties of anode and also increases the binder demand. However, larger fractions of 

coke and anode butt provide mechanical strength to the anodes; but simultaneously, the 

impurity content (especially sodium) of anode butt increases the anode reactivity [5]. 

Calcination of green petroleum coke increases its grain stability, and this 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 reduces the electrical resistivity of the 

anode. Calcination of coke reduces 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 coke significantly reduces the volatile release from the coke during 

anode baking [5]. However, it is reported in the literature that using under-calcined coke in 
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anode production might reduce total anode consumption and dusting in electrolysis cell. In 

general, standard calcined coke is less reactive than pitch. Pitch reacts more than coke 

causing disintegration of the anode structure. Using under-calcined coke leads to similar 

reactivities for coke and pitch after baking; thereby, this makes the anode consumption 

more homogeneous. Nevertheless, the effect of using under-calcined coke on the anode 

reactivity is dependent on the baking temperature of the anode. At high baking 

temperatures, the reactivity of the anodes made from under-calcined coke and standard 

calcined coke is similar [9-11].  

1.2 Statement of the 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/CO2 reactivity. In the aluminum reduction cell, carbon anode is part of the 

electrical circuit. Due to high carbon consumption during electrolysis, it is required to 

change the anode every 14-28 days depending on the anode size and current density. In this 

process, the high electrical resistance of anode is one of the main contributors to the energy 

consumption and cost during electrolysis. High density anodes have lower electrical 

resistivity. Therefore, a small improvement in density as well as electrical conductivity will 

improve the efficiency 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 reactions other than electrolytic 
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consumption are air burn, formation of CO, and selective oxidation which also causes 

dusting. Air burn takes place near the top of the anode and produces CO2 (air reactivity). 

Due to reactivity imbalance between coke and pitch, selective oxidation takes place which 

could lead to dustingl. In addition, CO2 produced during electrolysis at the 

anode/electrolyte interface can react with anode carbon resulting in CO formation (CO2 

reactivity). If the anode is dense and less porous, the reaction takes place only on the 

surface of the anode. If an anode is porous, CO2 gas can penetrate through the pores of the 

anode resulting in further reaction 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 improve the dry aggregate 

recipe, and to develop a method (ANN model) that helps to 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 distribution, porosity, bulk density, crystalline structure, chemical 

composition, particle shape) on anode properties (density, specific electrical resistance, 

CO2/air reactivity, and mechanical properties). In addition, this study also aims to develop a 

recipe for the production of high density, low electrical resistivity as well as low air/CO2 

reactivity anodes. 
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The specific objectives are: 

1. To carry out a detailed literature review. 

2. To study the effect of coke properties such as crystalline length, coke granulometry 

(size and shape), bulk density on anode properties, especially density, specific electrical 

resistivity, air/CO2 reactivity, and mechanical properties. 

a) The effect of coke granulometry on anode properties: The aim of this part is to 

comprehend the effect of medium and fine particles as well as recycled butt materials on 

the green anode density as well as baked anode density, specific electrical resistivity, 

air/CO2 reactivity, and mechanical properties. 

b) To study the effect of under-calcined coke on anode air/CO2 reactivity and dusting. 

Also, to study the combined effect of crystalline length, baking temperature, and sulfur 

content of the coke on air/CO2 reactivity and dusting of anode. 

3. To study the wetting of different types of coke (cokes with different crystallinity, 

cokes from different suppliers, cokes with different S content, shot coke, etc.) with different 

pitches at different temperatures. This identifies the coke and pitch pairs suitable for anode 

production. The measurement of the wettability of a coke by 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 the industry: 
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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 parameters on the distribution of 

pitch in green and baked anodes. 

c) To develop  an ANN (Artificial Neural Network) model in order to understand the 

influence of process parameters and anode properties on anode CO2 reactivity. 

5. To develop a method to extract pitch from a paste to evaluate the performance of an 

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 project consists of studies at both microscopic 

and macroscopic levels to find the relation between coke characteristics and anode 

properties.  

This thesis consists of seven chapters. Following the introduction given in Chapter 1, 

detailed literature review is discussed in Chapter 2, where a brief background is given on 

coke and carbon anodes. The methodology used in this project is given in Chapter 3. In 

Chapter 4, detailed studies on the wetting characteristic of a variety of cokes and pitches are 

presented. This chapter consists of four major subdivisions. In the first subdivision, the  

results on the wettability of petroleum cokes from different suppliers by coal tar pitch are 

given. In the following two subdivisions, the influence of coke crystallinity on wetting is 
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explained based on the experimental results and the wetting behaviour of recycled butts is 

compared to that of calcined coke. In the last subsection, two different statistical methods 

are used to identify the effect of impurities and surface compositions of raw materials on 

wettability, and the results are presented. It is important to identify the best coke/pitch pairs 

as well as to have an idea on the optimal mixing conditions to be used during anode 

preparation. Anode properties are closely related to coke properties, and 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 to identify the type of interaction (physical or chemical) taking 

place between coke and pitch, which helps identify the suitable coke/pitch combinations 

during anode production. A large number of analysis methods to study coke-pitch 

interactions including wetting were used. Each method gives complementary information. 

The effect of coke crystallinity on wetting is the subject of the subsequent subdivision.  

The characterization of laboratory made anodes produced with different recipes using 

cokes with different crystallinity is the subject of Chapter 5. This chapter is also divided in 

two subsections, starting with the development of new anode recipes and the 

characterization of anodes produced from different recipes along with the development of 

an ANN model for predicting the densities of green anodes made of different recipes. In 

order to develop a recipe for high quality carbon anodes (high density, low electrical 

resistivity, low reactivity), the effect of coke granulometry and particle shape during the 

anode manufacturing process needs to be investigated. Coke granulometry is directly 

related to the mechanical and physical properties of anodes. In addition, an ANN model, 
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which can predict green density of anodes based on their dry aggregate density, was 

developed. Also, this macroscopic-level investigation is linked intimately with the above 

microscopic-level study on coke-pitch interaction. This chapter ends with the presentation 

of the results of the study on air and CO2 reactivity of anodes produced from coke with 

different crystalline lengths and sulfur contents, and baked at two different temperatures. 

Use of under-calcined coke is getting a lot of interest according to research results recently 

published on aluminum production as it seems to reduce the overall reactivity of anode in 

the electrolytic cell and thus total anode consumption. This is a relatively new topic and 

some publications on this topic are contradictory. The effect of the under-calcination of 

coke is also dependent on the baking conditions used in the plants. This study was aimed at 

understanding fundamentally the effect of the degree of coke calcination combined with 

sulfur content and baking temperatures on anode properties. Under-calcined coke can be 

substituted partially or fully to produce anodes with lower reactivity. This will reduce the 

CO2 emissions as well. Hence, a comprehensive study was undertaken to determine the 

impact of the under-calcination of coke, baking temperature, and sulfur content on anode 

performance. 

Chapter 6 is mostly focuses on the characterization of industrial anodes and the 

influence of process parameters and raw materials on anode properties. In the first part of 

this chapter, the results of pitch distributions in green and baked anodes, which were 

measured using an image analysis technique developed during the study by the UQAC/AAI 

Chaire, are presented. A statistical study was conducted for a better understanding of the 

influence of process parameters, equipment, and raw materials used. In the following 
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subsection in this chapter, an ANN model, which was developed to understand the 

influence of anode properties and process parameters on anode CO2 reactivity, is explained 

and results are presented. Industrial kneader performance is the subject of the last part of 

Chapter 6 where a rapid, inexpensive, and environmentally viable pitch extraction method 

was introduced which can be used to monitor the distribution of size fractions in green 

anodes. This part of study would help  understand the problems regarding the production of 

anodes at industrial scale. Finally, in the last chapter, the conclusions and 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 carbon anode manufacturing. 

1.5 Originality   

The originality of this project is , in general, its comprehensiveness in using a systematic 

approach starting with a study of coke-pitch interactions at the microscopic level, then 

investigating anode fabrication under different conditions for different types of cokes of 

interest, and finally correlating anode properties with all important coke characteristics and 

properties as well as with anode fabrication conditions. This will allow the production of 

high quality anodes with desired properties.  

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

on the predictions of the developed ANN model. The recipe was tested and validated in the 
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laboratory. This recipe has a good potential for application in the plant. The approach used 

which involves the utilization of an ANN model is highly original.  

A detailed wettability study with a number of cokes and pitches was carried out under 

the same conditions. The effect of particle shape and the presence 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 of cokes 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 temperature, and the coke 

sulfur content on anode properties. 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 during the 

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 and long and uses toxic solvents. An inexpensive, quick, 

and environmentally-friendly method was developed during this study, which is also 

original.  

Usually, CO2 reactivity and dusting is measured using the ASTM standard, which is a 

seven-hour test. It is difficult to understand what happens in the plant with such a short test. 

During this study, 21-hour CO2 and dusting tests were carried out to gain better 
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understanding of the CO2 reactivity, especially, the dusting phenomenon during electrolysis 

and the influence of different operational parameters affecting them. This has not been done 

before. 
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CHAPTER 2  

LITERATURE REVIEW  

This section summarizes the information available based on the published literature on 

the different properties of calcined petroleum coke, the effect of different coke properties 

on carbon anode properties, the influence of different raw material properties on wetting 

phenomena, and the effect of anode production parameters on pitch and pore distribution in 

carbon anodes.  

2.1 Raw materials and their impact on anode quality  

Raw materials (calcined petroleum coke, coal tar pitch, recycled anode butts, scrapped 

green and baked anodes) have a great influence on anode quality. The effect of raw 

materials and formulation has been considered as an essential factor for anode production 

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

1. Purity, structure, and porosity of coke [12] 

2. Binder demand, wetting capability, mixing conditions (especially temperature and time) 

3. Recycled material properties.  

In anode manufacturing, raw materials are required in large quantity and acquired from 

different sources which might have different properties. This may cause homogeneity 

problem. Also the impurity level of petroleum coke has been increasing which directly 

affects the mechanical and physical properties of anodes. In addition, it has been observed 

that there is a change in QI (quinoline insolubles) content and softening point of the pitches 
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[5]. The publications available in the literature on this specific topic of interest of the 

current project are summarized below. 

2.1.1 Petroleum coke 

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 cokes are controlled by coke microstructure and volatile 

matter. Coke calcination removes the moisture content and volatile combustible matter and 

modifies the coke structure [13].  

Green petroleum coke is produced as a by-product of petroleum refining. It is produced 

by delayed 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 of sulfur and metals than cokes produced from feedstock which have high 

aromatic content [16, 17]. Most of the sulfur in coke exists as organic sulfur bound to the 

carbon matrix [14]. Other forms of sulfur found in coke include sulphates and pyritic 

sulfur, but these rarely make up more than 0.02% of the total sulfur in coke [14]. Metals, 

mainly vanadium and nickel, come from the asphaltenes fraction, and calcium and sodium 

from desalting process. Some metals are present in coke; but, they are not chemically 

bonded thus become part of the ash and particulates [5]. Volatile matter content, trace 

elements, density, and granulometry are 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 1150-1250°C. Before using it as anode raw material, green 

coke is calcined for numerous reasons such as increasing C/H ratio, grain strength, thermal 

conductivity, and purity, and reducing electrical resistivity, air reactivity, and shrinkage 

during the baking of anode [19]. Calcination of coke removes the moisture and the volatile 

matter (hydrogen, methane, tar) to avoid cracking due to grain shrinkage during the baking 

of the carbon anode and also to ensure the access of binder pitch to its pores during mixing 

[5]. Cokes from different sources have different volatile content, microstructure, and 

impurity level; and it is necessary to calcine each coke differently to get the optimum 

quality for anode-grade coke [12, 18]. Identical green cokes can be calcined under identical 

conditions, and their various blends can also be calcined under similar conditions [18]. 

Rotary kiln and rotary hearth are the types of calciner used frequently for green coke 

calcination process. Processing techniques have a great influence on the mechanical and 

structural (Lc) properties of the calcined coke [20-22].  

Structurally, sponge coke is preferred for anode production because it has a combination 

of low impurity levels, low air and CO2 reactivity, 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 coke. Shot 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 open macro-porosity and inability of pitch to penetrate the fine 

porosity to create coke-pitch bridges [23, 24]. 
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Figure 2.1 Physical structure (by digital camera) and optical micrographs of different kinds 

of coke: (a) needle coke (b) sponge coke and (c) shot coke [23, 25] 

Optical and scanning electron microscopes are useful tools to study coke morphology. 

During the morphological study with optical microscopy, the material often 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 and the incident light. The different interfaces between colors probably appear 

from the grain boundaries [26, 27]. SEM (Scanning Electron Microscopy) can be used as a 

quick method to examine the coke morphology as it can provide information on the texture 

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 structure [26, 28]. In 2005, Neyrey et al. [29] studied the effects of coke 

structure (mostly isotropic coke) on anode properties where this coke was added in varying 

quantities in the blend and reported that it influenced the coefficient of thermal expansion, 

reactivity, and density. 

(a) (b) (c) 
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2.1.1.1  Effect of calcination on different coke properties 

Based on earlier discussions, a wide range of publications are devoted to the 

experimental work aimed at understanding the effect of calcination on different coke 

properties which is relevant to anode properties. 

Numerous researchers reported a clear decrease in electrical resistivity of coke with 

increasing calcination temperature [22, 30-32]. The specific electrical resistivity of anode-

grade calcined coke is around 1000 ÕɋÖm [33].  

Calcination also has an effect on bulk density and real density of coke particles. 

Calcined coke has a bulk density in the order of 0.8-0.9 g/cm
3
. Belitskus (1991) [22] has 

measured the vibrated bulk densities (VBD) of three different cokes calcined at three 

different temperatures and have found that coke VBD increases with increasing calcination 

temperature except at intermediate temperatures. 

Calcination temperature and heating rate influence the porosity. Fast volatile evolution 

due to fast heating rates increases the porosity [34, 35]. Tran and Bhatia (2007) [36] made 

several important observations on porosity development during calcination and reported 

that micropore area decreases with increasing calcination temperature. They stated that the 

the decrease in micro porosity is a result of the increase in the graphitization level of the 

coke at higher calcination temperatures. They found that laboratory calcined coke has a 

high graphitized structure with 60-70% 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 increase in calcination temperature, the 
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imperfections reduce and the crystallite growth takes place. Porosity and specific surface 

area of cokes increase at a certain temperature when desulfurization occurs. This is 

accompanied by an increase in reactivity which is directly proportional to the surface area 

[30, 37, 38]. Hume (1993 and 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 CO2 reactivity. Fischer and his co-authors [12] have classified the 

porosities as open and closed. Open pores are interconnected at the surface and closed 

pores are inaccessible. Good quality coke contains more open pores (around 0.5 µm-15 

µm) than closed pores [5].  

The average crystalline length (Lc) is an important property for coke in aluminum 

industry [39]. Crystalline length is a measure of the rearrangement and alignment of the 

graphite planes and increases with increasing calcination temperature [11, 21, 22, 32, 39-

43]. The effect of calcination temperature and soaking time is shown in Figure 2.2. It can 

be clearly seen that with increasing temperature, both crystalline length (Lc) and  

crystalline diameter increases. Lc is actually the crystallite size, but is called the crystalline 

length in industry; thus, the terminology ócrystalline lengthô is used in this thesis. Lc is 

equal to the space between two hexagonal sheets of carbon rings (C/2) multiplied by the 

number of such spaces (number of sheets - 1, m in Figure 2.2). The crystalline diameter is 

the size of the carbon ring groups in each plane.  
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Figure 2.2 Crystalline length based on calcination temperature and soaking time [21, 44] 

As reviewed by Rørvik et al. [39] and Tran[45], Franklinôs model about the structure of 

disordered carbon by XRD is the most adequate and popular model for petroleum coke 

(Figure 2.3). This model considers that graphitizing carbons are made of hexagonal sheets 

of carbon rings, formed with cross-linked small individual stacks. Further heat treatment 

allows these stacks to merge into bigger stacks with a preferential orientation. Lc is the 

distance along the c-axis, perpendicular to the graphitic planes (ñcrystalline lengthò) and La 

is the distance parallel to the planes (ñcrystalline diameterò).  
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Figure 2.3 Illustration of Franklinôs model of a graphitizing and non-graphitizing carbon 

[45] 

Lc is used to characterize the petroleum coke calcination level and also to determine 

approximately the baking level of anodes [39]. Lc increases with increasing calcination 

temperature but d-spacing (spacing between the planes in the atomic lattice) shows an 

opposite trend to that of Lc; thus, it decreases with increasing temperature. These two 

properties are not affected by desulfurization induced micro-porosity and can be used to 

predict the calcination temperature [22, 32, 46-48]. Oberlin [49] explained that within the 

wide temperature range of 700-1300°C, the interlayer defects of the basic structural units of 

carbon reduce and crystallites start to grow larger. At highest calcination temperature, the 

crystallites are largest [46]. Tran and Bhatia [36] also obseved a similar trend except for the 

coke calcined at 1000°C after several repetitions. Coke reactivity decreases with increasing 

calcination level due to increase in the size of the crystallites [22]. This decrease is due to 

reduction of the number of highly reactive carbon atoms on the edge with respect to the 

carbon atoms in the crystal basal plane [30]. Lavigne et al. [50] also found that the 

Crystallites Nonorganized carbon 

Graphitizing carbon Non-graphitizing carbon 
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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 the crystal basal plane. Cokes calcined under similar condition attain the 

same Lc, but different levels of anisotropy; therefore, Lc is not a measure of structural 

differences between different cokes and their subsequent effect on coke properties [34].  

Lc can be measured with an XRD (X-Ray Diffraction) instrument using two standard 

methods: ASTM D5187 and ISO 20203 based on the modified Scherer formula [39]. The 

kinetic behavior of coke reactivity is essentially the same whether the carbon is shaped into 

an anode or it is in granular form. The reactivity of coke is a function of the mass transport 

of oxygen to the surface of the particle through the gas boundary layer. The chemical 

reactivity of coke is also a function of the crystallinity and chemical impurities present in 

the particle that catalyze the oxidation reactions. Mass transport of oxygen to the  available 

surface area of the coke particle is affected by porosity and permeability [51]. Another 

researcher has 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, oxidant accessibility into the 

coke becomes a limiting factor for air burn [17, 34]. In several publications, it is cited that 

air/CO2 reactivity of coke is a function of the calcination level [12, 34, 41, 42, 50]. The 

reaction between coke and air occurs initially on the external surface of the particles and 

rapidly proceeds into the internal pore structure. The internal reaction develops gradually. 

Internal reactions are generally concentrated in the narrow pore size range of 1-2 nm [36]. 

When a certain temperature is reached, desulfurization starts, Consequently, the specific 



  25 

surface area and the porosity increase, which leads to an increase in reactivity [30]. Air 

reactivity of calcined coke is generally measured by the ignition temperature. Cutshall and 

his co-authors [52] have proposed that the coke air reactivity should be measured using a 

thermogravimetric system at 525°C because the ignition temperature is not a true measure 

of air reactivity.  

2.1.1.2  Effect of various calcined coke properties on anode properties 

For a comprehensive view of the impact of coke properties on anode quality, a number 

of studies are available in the literature.  

I. 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 quality (mechanical properties, higher thermal resistance, 

and higher density) anodes, blending of different particle sizes is important [20, 53, 54]. 

Studies show that the bulk density of coke considerably improves for those samples which 

contain a high percentage of -4+6 mesh (3.348-4.75 mm) or -8+14 mesh (2.449-1.295 mm) 

particles after calcination [55]. Hulse [5] carried out a comprehensive study and proposed 

that higher fine (50%) and coarse (8-4mm, 20-40%) contents with a lower (10-30%) 

intermediate particle content tend to increase the vibrated bulk density (VBD). In a recent 

study, Belitskus [56] reported a similar approach with different butt contents and found an 

increase in VBD. VBD of discontinuous size distribution gave the highest value at 25% 

butt content. Coke porosity as indicated by coke bulk density has a direct impact on anode 

apparent density. In a different study, anodes manufactured with low porosity CPCs 
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(calcined petroleum cokes) showed lower anode porosity [57]. Paz et al. [54, 58, 59] 

examined the coke density and showed that the anode apparent density increases with 

higher VBD coke. Samanos and his coworkers [53] found that an increase of 0.12 kg/dm
3
 

in tapped bulk density (TBD) increased the baked anode apparent density by 0.053 kg/ dm
3
. 

Few authors established linear relation between baked anode density and VBD [60-62]. 

Correspondingly, Belitskus in 1974 [61] and Khaji et al. in 2015 [62] stated that the 

relation between green and baked anode density is linear. On the contrary, Lossius and his 

co-workers [63] could not find an obvious correlation between green and baked anode 

densities and VBD/TBD of the anodes when the anodes were made with different pitch 

content. They proposed the following correlation between green anode densities and dry 

aggregate densities: 

 Ὀὶώ ὃὫὫὶὩὫὥὸὩ ὈὩὲίὭὸώὋὃὈ ρππϷ ὖὭὸὧὬȾρππ (2.1) 

II.  Coke crystalline length  

The average Lc is an important property of carbon materials for aluminum electrolysis. 

Degree of calcination influences the chemical, physical, and mechanical properties of the 

anode. Highly calcined coke produces less reactive anode, but poor mechanical and 

chemical properties. It is necessary to find the optimum baking level, defined by the 

maximum temperature. The minimum soaking time should be chosen as 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 on electrolytic consumption has been 

discussed in various literatures [22, 50, 53]. The results are conflicting. It is reported that an 
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increase in coke calcination temperature increases the anode density, but also increases the 

anode reactivity and decreases the thermal shock resistance at low anode baking 

temperatures. However, the degree of coke calcination has little effect at high baking 

temperatures [53]. Effect of coke crystalline length on anode reactivity is elaborately 

discussed in the section 2.1.1.3. 

Tran and Berkovitch [66] carried out several carbon anode gasification experiments to 

comprehend the exact mechanism of the air and CO2 reactivities and observed that a 

transformation of crystalline structure takes place in two stages: (a) initially, the removal of 

disorganized carbon structure; (b) then with further gasification, the reduction in the 

crystallite width due to preferential consumption of carbon from the edge sites of the 

graphene layer. As smaller crystallites gasified and merged with the neighbouring 

crystallites, ordered structure forms leading to increase in crystallite height. They also 

found that oxygen and CO2 attack different reactive sites of the crystalline structure. Most 

reactive sites such as amorphous carbons and carbon atoms at aliphatic side chains react 

rapidly with air, but CO2 reacts gradually with all parts of the crystalline structure, and this 

creates more porosity by air reactivity compared to CO2 reactivity. 

III.  Coke electrical resistivity  

Electrical resistivity decreases with increasing calcination temperature when the baking 

temperature is lower than the calcination temperature. When the baking temperature is 

higher than the calcination temperature, it seems that the calcination level does not affect 

anode resistivity [22]. Perruchoud has shown that anode specific electrical resistance is a 
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direct function of coke specific electrical resistance [67]. Later in 2013, Lossius and his 

coworkers [63] proposed that it is possible to make low electrical resistivity (ER) anodes 

with high specific electrical resistivity (SER) coke and the anode ER is controlled more by 

the presence of cracks and pores in the anode rather than by coke SER. 

IV.  Coke air and CO2 reactivity 

It has been reported by several researchers that coke air reactivity is not an accurate 

predictor of anode performance [51, 52, 68] as recycled butt has a greater impact in anode 

reactivity [63]. In several literatures, it is cited that it is possible to manufacture anodes 

with low anode air reactivity using high air reactivity coke [51, 52, 68]. Also, it is possible 

to manufacture anodes with high anode air reactivity using low air reactivity coke. On the 

other hand, Ndjom et al. in 2013 claimed that anode CO2 reactivity reduces with coke CO2 

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. Firstly, the preparation 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 calcined coke surface 

area is coated with pitch. Adsorbed oxygen and calcined coke surface area is trapped with 

volatile hydrocarbons. Upon baking or exposure to high temperature for a long period, any 

available oxygen inside the pores will react during the baking process. 
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V. Coke granulometry  

Calcined coke is available in different particle sizes which vary from a few microns to a 

few centimetres. The oversized particles are passed through a crusher. This coke is 

screened and sorted into 3-4 different size fractions. Carbon anodes contain various particle 

size fractions of calcined coke, recycled anode butts, green and baked rejects, and coal tar 

pitch. Particle size distribution is important for anode density, mechanical strength, pore 

size distribution, electrical resistivity, air permeability, reactivity, and even chemical 

composition of anodes [5, 70-73]. Quantities are taken from a recipe 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 particles. In an anode, coarse coke 

particles and fine powders are bonded by intermolecular forces and mechanical adhesion 

[5].  

Optimal quantities of coarse, medium, and fine fractions are required for anode 

formulation to obtain good anode quality [74]. Coke powders, especially the fine powders 

of anode formulation have a great influence on anode properties [5, 72, 73, 75]. They can 

fill the open porosity in the distributed system structure, which increases density. Hulse et 

al. (2000) [5, 76] was able to produce highly dense, low resistivity, and mechanically stable 

anodes using finer dust and optimised process conditions. Electrical resistivity clearly 

reduced from 94 to 62 Õɋm when the amount of particles smaller than 75 µm increased 

from 10% to 45%. Green density does not improve with the amount of ultrafine particles 

while baked density is enhanced. Tensile strength, compressive strength and Young's 

modulus increases with finer particles and reaches their maximum value around the size 
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range where maximum VBD occurred (60% of Ò 75µm). Air permeability reduced from 11 

to 4 nPm with an increase in the fraction of 75 µm particles from 20 to 60%. This agrees 

with another publication [77] which disclosed a 2 nPm reduction of permeability with 

smaller fine fraction. Xiao et al. (2011) and Figueiredo et al. (2005) also suggested the 

considerable amount (7 wt% to 28 wt%) of very fine powder (Ò 75 ɛm) content can 

improve the anode baked density, electrical resistivity, air permeability, thermal 

conductivity, air and CO2 reactivity for the same aggregate formulation, impurity content, 

and pitch content (17 wt%) [73, 75]. Vitchus et al. (2002) indicated that anode air and CO2 

reactivity decrease with a decrease in air permeability [78]. However Xiao et al. (2011) 

[75] witnessed a different trend because ultrafine powder has two effects on anode 

reactivity. The baked anode with 7 wt% ultrafine powder content shows the lowest CO2 

reactivity. Ultrafine powder can fill the porosity in anode to prevent air and CO2 

infiltration; but, on the other hand, powder, especially ultrafine powder, is easier to react 

with air and CO2 [75, 78]. Sulaiman et al. (2012) [79] modified the anode recipe and 

reduced the fine content 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 

(14.5-15.5%) constant. The changes in recipe resulted in an increase in baked density and a 

decrease in electrical resistivity, and subsequently a decrease in air permeability. Tkac [80] 

claimed that finer dust (Ò 63 µm) amount single-handedly does not affect the properties 

considerably. According to his results, vacuum pressure in vibrocompactor and heating rate 

along with dust content affect the CO2 and air reactivity. 
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In another study by Ndjom et al. (2013) [60], +4 mesh particle in recipe was increased 

from 22.5% to 25.5% which resulted in an increase in the baked density of 0.01 g/cm
3
. 

Several researchers investigated the influence of grain size on thermal shock resistance and 

found that increased fine particles (Ó300Õm) to finer particles (between 30µm and 300µm) 

ratio is important [54, 81]. Fine particles also have a high specific surface area, and the 

specific surface area of particles increases with decreasing particle size. Higher surface area 

increases the pitch demand [73] in anode recipe, but the relationship between particle size 

and surface area is different for coke particles due to variations in shape factors [70, 73]. 

However, higher fines can cause nonhomogeneous distribution of pitch and cracks during 

baking [82]. Wharton et al. [70] decreased the particle size of finer particles from 150 to 70 

µm, and an increase in their surface area by 1 m
2
/g and 10 m

2
/g, respectively, was 

observed. The probable reason for the difference in surface area is the exposure of closed 

pore volumes and resulting increase in the surface area after grinding [64]. Penetration 

ability and distribution of pitch were also influenced by size distribution of coke fractions. 

Couderc et al. [6] proposed that a particle size below 100 µm is too small and does not 

allow sufficient penetration of pitch while a particle size above 200 µm is too large to 

prevent the pitch infiltration. According to Cao et al. [83], coke dusts of Ò 125 µm and Ò 

250 µm had similar penetration behaviour with the same pitch while penetration into Ò 500 

µm coke particles was much faster due to the larger inter-particle spaces. Therefore, the 

control of ultrafine fine powder (ball mill product and filter dust) is important for the 

stability of anode quality [75].  
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All particle sizes are important for anode production. Small particles increase the 

density, and larger particles give strength to the anode. Green apparent density and packing 

characteristics of coke increase 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 also changes with the particle size, and this affects the bulk density. Baked anode 

properties such as strength and density increases by using a dust fraction with higher 

specific surface area. It is also found that there is no change in shrinkage during baking. 

Hulse [5] proposed that for good anode properties, both coarse and fine particles are 

essential.  

2.1.1.3  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 other losses due to excess 

consumption which is not economically and environmentally viable. Schematic of specific 

electrolytic consumption is shown in the Figure 2.4. There are four kinds of carbon 

consumption: 

¶ Electrolytic Consumption 

¶ Carboxy  attack 

¶ Airburn 

¶ Selective oxidation (dusting, sloughing) 
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Figure 2.4 Specific anode consumption during electrolysis [84] 

I. Electrolytic consumption 

Carbon anode is mostly consumed in the electrolytic cell during the reduction of alumina 

to produce aluminum. The commonly used aluminum reduction process is the Hall-Heroult 

process in modern aluminum industry where carbon is used as anode material (Figure 2.5). 

In electrolysis, the current efficiency affects the carbon consumption; the theretical carbon 

consumption divided by the currect efficiency gives the electrolytic carbon consumption.  

 

Figure 2.5 Simplified cross-section of a Hall-Heroult cell [21]   
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II.  Carboxy attack (CO2 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 at the bottom 

surface of the anode where CO2 evolves as a result of the electrolytic reaction [17] (Figure 

2.6). Carboxy reaction is represented as shown below: 

 ὅὕ ὅᴼὅὕ (2.2)    

 

Figure 2.6 Carboxy reaction in the electrolysis cell [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 reaction [34] 

whereas sulfur acts as an inhibitor. It is also found in the literature that carboxy attack is 

affected by several factors such as raw material properties, green mix formulation, baking 

and bath temperature, and air permeability [86]. Carboxy attack is dependent on 

temperature and most favourable at high temperatures (950°C-960°C). 
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III.  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 upper part and the sides of the 

anode is oxidized by air (Figure 2.7).  

The following exothermic reaction takes place: 

 ὅ ὕ ᴼὅὕ (2.3) 

 

Figure 2.7 (a) Schematic representation of air burn reaction in Hall-Heroult cell [85] (b) 

severe air burning on anode side [21] 

The most important impurities affecting air burn are vanadium, nickel, and sodium. Raw 

material properties, baking temperature, cover material, cell design parameters, and anode 

depth in the cell have great influences on the air reactivity of the anode [86].  

IV.  Selective oxidation (dusting) 

Due to reactivity imbalance between binder pitch and anode coke, selective oxidation of 

the binder phase takes place. This weakens the bond structure, and the physical loss of pitch 

and coke occurs. This phenomenon is often called dusting. This increases the bath 

temperature which in turn increases the anode reactivity. Airburn and carboxy attack occurs 

at the binder matrix if the anode baking temperature is lower than that of the coke 

(a) (b) 
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calcination. Hydrostatic pressure of the bath provides the driving force for carbon dioxide 

to penetrate into the pores of anode, which results in internal reaction. This leads to a 

massive problem which is not restricted only to the anode surface [17]. Microscopic 

analysis of anode butts confirms that internal attack is selective, and this mostly takes place 

in the region of binder and coke fines [17]. Selective oxidation is an influencing factor 

when coke calcination temperature is significantly higher than the baking temperature [22]. 

A schematic representation of dusting is shown in the Figure 2.8. 

  

Figure 2.8 Schematical representation of dusting [21] 

V. Effect of the degree of calcination on anode reactivity 

In recent times, under-calcined coke has become increasingly the center of interest as it 

appeared in several researches that anode produced from under-calcined coke has less and 

homogeneous reactivity during electrolysis. This resulted in lower carbon consumption and 

subsequently less dusting in the electrolysis cell [10, 87]. In general, under-calcined coke 

has lower real density and crystalline length compared to anode grade standard calcined 

coke [9-11] (Figure 2.9.). Utilization of under-calcined coke also reduces the fuel 

consumption of the calciner. However, due to its lower density, the anodes would have to 

be changed more frequently increasing the operation cost. 
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Figure 2.9 Definition of under-calcined, standard calcined, and highly calcined coke [10]. 

Under-calcined coke (coke calcined at low calcination temperature) decreases the anode 

air and CO2 reactivity [9, 11]. This is explained with the fact that pitch is normally more 

reactive than the calcined coke. Therefore, it is consumed faster than coke when in contact 

with air or CO2. Decreasing coke calcination temperature increases the coke reactivity. 

Thus, the coke and pitch reactivities 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 co-authors [88] based on their research on carbon-fiber reinforced carbon 

composites. Additionally, Samanos and Dreyer [53] attributed the improved anode 

oxidation resistance to the better coke-pitch interaction between under-calcined cokes with 

the binder pitch.  
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Figure 2.10 Schematic of dusting in standard and under-calcined coke [89]. 

There have been contradicting reports in the literature regarding effect of under-calcined 

coke properties on anode properties. The possible reasons could be variations in coke 

crystalline length, binder level, anode recipe, baking temperatures, impurity content. 

However, a number of publications are also available in literature about the positive 

influence of under-calcined coke on anode consumption. Nevertheless, it seems that this 

influence is dependent on the baking temperature. It is cited in different references that the 

effect of under-calcined coke is not significant if the baking temperature is high enough.  

Another study by Lhuissier et al. (2009) [9] has shown that baking the anodes above 

1100°C virtually eliminates the advantage of using under-calcined coke in anode 

production on CO2 reactivity. Similar trend has been supported by Fischer and Perruchoud 

[11]. Various authors stated that the use of under-calcined coke reduces the baked anode 

density [9, 10, 53] but the difference between baked and green anode densities 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 different calcined cokes studied by several 

researchers are summarized in Table 2.1. 






































































































































































































































































































































































































































































































































































