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Abstract 

Pre-baked anode production for the primary aluminum industry uses only the density 

data of the green anode block (weight and height of the anode) for quality control of the 

manufactured anodes. A delay of 25 to 30 days is required after forming of green anodes to 

obtain the characteristics of the baked anodes, thus to have a feedback on anode quality 

problems. The characterization of anode paste to predict the properties of baked anodes is 

highly useful to avoid the baking of an anode which will be rejected once baked. Its 

production requires doubling of the energy used for the accepted anodes since it has to be 

recycled. A control method prior to of the baking process will reduce the greenhouse gas 

(GHG) emissions. 

The project highlights the links between the structure of green and baked anodes with 

the physical and reactivity properties of industrial anodes. An image analysis program was 

developed which introduces a concept of matrix localization inside and outside of coke 

particles. It has been found that electrical resistivity is not always related to the density or the 

bending strength directly, but rather to the homogenization of the pitch during baking, and it 

required a little more pitch than it did for the two other properties. The density is more related 

to the arrangement of coke particles within the matrix, the ability to fill the pores of the coke 

which is related to its pores’ sizes. The bending strength depends on how much the 

transformation of the matrix within the structure of the green anode is successful during the 

baking and on the distribution of coke particle sizes within the matrix. The reactivity of the 

anodes depends on the crystalline length of the anode, the microporosity of the cokes, and 

the network of macropores of the coke and that of the matrix of the anodes. The design of a 

kneader, a mold, and a rheology test of the anode paste helped highlight the optimization 

criteria for the anode paste. The raw materials and all particle sizes used in dry aggregate 

recipes of the anode in the anode plant were used in the laboratory to form pastes and cores 

from ten different paste recipes. Indicators for pitch level, density, and electrical resistivity 

of laboratory baked cores were determined. An agreement is found between the 

characteristics of the pastes, and the densities and electrical resistivities of cores in the 

baked state. 



 

Résumé 

La production d’anode précuite pour l’industrie primaire de l’aluminium utilise que 

la donnée de la densité du bloc d’anode à l’état cru (la masse et la hauteur de l’anode) comme 

contrôle de la qualité de la fabrication des anodes. Un retard de 25 à 30 jours est nécessaire 

après la mise en forme des anodes crues pour obtenir les caractéristiques des anodes cuites 

en rétroaction de problème de qualité. La caractérisation de la pâte d’anode pour en prédire 

les propriétés des anodes cuites devient un champ de recherche utile pour éviter la cuisson 

d’une anode rejetée une fois cuite. Sa production demande le double d’énergie contrairement 

aux anodes de qualité produite du premier coup puisqu’elle a besoin d’être recyclée. Une 

méthode de contrôle plus en avant du processus de la cuisson permet d’éliminer des gaz à 

effets de serre. 

Le projet fait la lumière entre les liens de la structure des anodes crues et des anodes 

cuites avec les propriétés physiques et réactives des anodes industrielles. Un programme 

d’analyse d’image a été développé avec l’introduction de la localisation de la matrice à 

l’intérieur et à l’extérieur des particules de coke. Il a été constaté que la résistivité électrique 

n'est pas toujours liée à la densité ou à la résistance à la flexion, mais plutôt à 

l'homogénéisation du brai durant la cuisson et nécessite un peu plus de brai que les deux 

autres propriétés. La densité dépend de l'arrangement des particules de coke au sein de la 

matrice, la capacité à remplir les pores du coke qui est liée à la taille de ses pores. La 

résistance à la flexion dépend de la réussite de la transformation de la matrice à la cuisson et 

de la répartition des tailles de particules de coke au sein de la matrice. Les réactivités des 

anodes sont quant à elles tributaires de la longueur cristalline de l’anode, la microporosité 

des cokes et le réseau de macropores dans le coke et la matrice des anodes. La conception 

d’un malaxeur, d'un moule et des tests de rhéologie de la pâte d’anode a permis de mettre en 

lumière les critères d’optimisation des pâtes d’anode. Les matières premières et toutes les 

tailles de particules utilisées dans les recettes d’agrégats secs des anodes à l’usine d’anode 

ont été utilisées en laboratoire pour former des pâtes et des carottes de dix différentes recettes 

de pâte. Les indicateurs pour le niveau de brai, la densité et la résistivité électrique de carottes 

cuite de laboratoire ont été déterminés. Un lien a été trouvé entre les caractéristiques de la 

pâte et la densité et la résistivité des carottes à l’état cuit. 
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Preface 

Young engineer in the field of iron ore in 1987, I was very intrigued by the method 

used to maintain the quality of iron ore pellets. In general, at this time, the simplest method 

to achieve the objective was the addition or reduction of the baking energy, binder, and 

moisture of the paste. However, the results were not always there. After 22 years in the field 

of iron ore pellets development and process control, I followed another, more inclusive 

approach for all stages of the process to obtain a quality final product. The approach I have 

developed is based on knowledge of the key variables of the sub-processes and those of the 

main process. For instance, determining the important specifications of the binder, its method 

of measurement, its addition to the system, and measurements the properties of baked and 

green iron ore pellets that can indicate a problem related to the lack or excess of binder. The 

development of upstream measures has been put in place to interact before the iron ore pellets 

are baked. Advancement in this field is continued by several metallurgists and talented 

persons and generates new knowledge continuously. 

When I first came into the field of carbon anodes for the primary aluminum industry, 

I noticed that there was a lack of key variables ahead of the baking of anodes. 

The measurement of green anode density is accessible, but alone, it does not guarantee the 

quality of the baked anode. The links between the different characteristics of baked anodes 

are not always easy to explain. This aroused my curiosity. My desire to learn more and to 

find out if there are any sub-process variables, which are the key for the paste quality control, 

were my guidelines and my motivation for my research project on the components of the 

anode paste and the structure of the green and baked anodes. The manufacturing of anodes 

for alumina electrolysis is a vast and continuously developing field where it depends on new 

knowledge. 

 



 

CHAPTER 1 

INTRODUCTION 

1.0 Introduction 

A better understanding of the relationship between anode paste components and the 

quality of the anode for the primary aluminum industry will lead to new scientific knowledge 

needed to establish new methods and control strategies to produce higher-performance 

anodes for cells and to limit greenhouse gas (GHG) emissions. 

In this project, work have been carried out in collaboration with industry in order to 

analyze the anode manufacturing parameters and the structural transformation of the anode 

during baking. The structures of the green and baked anodes have been studied to link them 

to the physical characteristics of baked anodes. The knowledge acquired from these studies 

was necessary to study the physical properties and the reactivity of baked anodes. Finally, 

rheology tests were established as a tool for predicting physical properties of baked anodes 

from the results of the characterization of the anode paste prior to green anode forming. 

In general, a rheology test allows the measurement of the characteristics of a material that is 

not completely solid on which an action or a constraint applied brings a certain sample 

behavior or a new state that can be measured. 

1.1 Economic Background 

Canada's production is concentrated in Quebec with 90 % of total Canadian 

production. Eight plants in Quebec and one plant in British Columbia complete the list of 
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Canadian facilities. Internationally, this gives Canada the fifth position as a major producer 

with 2.9 million tonnes of aluminum production recorded in 2019 (source 2019, ACC and 

E-B Data) [1]. 

The increase in the wealth of emerging countries and 2.3 % annual growth in the use 

of aluminum in transportation to reduce greenhouse gases by decreasing the weight of 

materials through the introduction of more aluminum into new vehicle models are driving 

the market. [2; 3]. 

The residue of petroleum distillation is green coke, 72 % of which is used as fuel and 

28 % is calcined to produce calcined coke. Of this calcined coke, 72 % is used by aluminum 

industry for the anode and cathode manufacturing. The remaining part is shared between the 

titanium dioxide, electrode, steel (as metallurgical coke), and other industries [4]. 

The aluminum industry is a less important player than fuel users. As a result, anode-grade 

calcined coke may ultimately become a raw material less and less availability for smelters. 

1.2 Aluminum Process - Hall-Héroult 

The aluminum process is governed by a following general chemical equation [5]: 

 2𝐴𝐴𝐴𝐴2𝑂𝑂3 + 3𝐶𝐶 → 4𝐴𝐴𝐴𝐴 + 3𝐶𝐶𝑂𝑂2 (1-1) 

Alumina, Al2O3, which is dissolved in the electrolytic bath at about 960 °C, in the 

presence of carbon (coming from the carbon anode) gives the elemental aluminum with a 

release of CO₂. This reaction occurs if an electric current passes from the anode rod to the 

cathode bar at the base of the cell.  
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The electrolysis cell operates at a high current intensity. The electric current passes at 

low voltage through the carbon anode, which is partially immersed in a cryolite electrolyte 

bath (essentially Na3AlF6, more precisely 3NaF and AlF3), and then through the liquid 

aluminum layer that is in contact with the cathode at the bottom of the cell. The current is 

then transferred to the next cell. In the electrolysis cell, the anodes are covered with a product 

(a mixture of electrolytic bath and alumina) to protect them from air oxidation and to reduce 

heat loss from the electrolytic bath as illustrated in Figure 1-1. The theoretical carbon 

consumption for the electrolysis process is 334 kg/tonne aluminum [5]. 

The remaining part of an anode at the end of its life called “butts” is recycled and 

integrated into the new generation of anodes. 

 
Figure 1-1: Electrolysis cell, butt and molten aluminum 

(©Brigitte Morais 2022, pictures [6],[7] ) 
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1.3 Anode Manufacturing Process 

As it is illustrated in Figure 1-2, the recipe for raw materials for an anode includes 

calcined coke, butts, crushed green and baked rejects of anodes and/or paste. Generally, three 

silos are used: the first one for the calcined coke, the second one for baked rejects usually 

containing butts and rejected baked anodes, and the third one for the green rejects made up 

of paste and rejected green anodes.  

Raw materials are sieved according to the type of fraction required by the recipe of 

dry aggregates used in anode paste and each dry aggregate fraction is stored in individual 

silos. The term “dry aggregate” implies cokes, butts, rejected baked anodes, rejected green 

anodes and rejected pastes which are not yet mixed with pitch at high temperature for the 

preparation of new anode paste. The dry aggregate recipe of the anode includes fractions of 

different sizes: small, medium, and large from the blend of raw materials after the stage of 

sieving. Ball mill product and filter dust captured by dust collectors in the anode plant are 

also added to the dry aggregate recipe of the anode and are considered as other dry aggregate 

fractions of the recipe. The dry aggregates and pitch used as a binder are heated and mixed 

in a kneader or an intensive mixer to form the paste. Then, the hot forming of the anode with 

a press or a vibro-compactor (vibro), its cooling and baking are carried out.  

Anodes are made generally of about 20 % recycled anodes (butts and baked anode 

rejects), and 65 % calcined coke, and 15 % pitch. The ball mill product contains about 25 % 

butts and 75 % calcined coke. During the anode production, paste and green anode rejects 

are stored and reused in the anode recipe between 2 % and 4 %. The size of the particles 

ranges from 16 mm to 8 μm [5]. 
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Pitch is used to bind coke particles with multiple constituents formed from the rejects 

and butts. There are two types of pitch: petroleum pitch and coal tar pitch, which have 

different coking values (about 48 % and 58 %, respectively). The coal tar pitch is made up 

of mainly polycyclic aromatic hydrocarbons, and some high molecular weight carbonaceous 

material. These constituents, which are the toluene insoluble (TI) and the quinoline insoluble 

(QI), are characterized by their ability to dissolve in solvents [5]. The pitch must be able to 

wet the dry aggregate particles, coat them, and form a homogenous mixture of pitch and 

particles.  

The optimum pitch amount varies from 12 % to 16 % of the mass of dry aggregates 

and depends on the properties of pitch, the type of coke, the amount of fine (<0.1 mm) and 

dust particles, and finally the temperature of the paste [4]. Pitch mixed with fines particles 

<0.1 mm is called “matrix”. Particles less than 300 μm in size are at least 38-42 w% of the 

dry aggregates; and constitute the amount of fine particles considered as the sand part of the 

matrix [5]. The paste is kneaded or mixed to cover the dry aggregates particle with the matrix 

of the anode and to obtain a homogeneous paste. The kneading is carried out in an interval 

of three to four minutes with a rotational motion of 45 to 60 RPM and a kneading power 

between 5 and 10 kWh/tonne [4]. Both dry aggregates and pitch are heated from 

150 °C to 180 °C before production the paste. 

Calcined coke has a structure containing crystallites. This structure is composed of 

monocrystals (a crystallite: an individual and perfect crystal or a region of a regular crystal 

structure in a material) “glued” to each other. The size of a crystallite can vary from few to 

several nanometers. This structure changes with thermal treatment. Green petroleum coke 
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for anode production is thermally processed by calcination to obtain a crystalline length 

ranging from 2 to 4 nm [8; 9]. The pitch moves from liquid to solid state through coking 

during the baking process of anode. That is to say, the transformation of coal tar pitch in coke 

to consolidate the anode (called “pitch-coke” after baking) takes place by heating it in the 

anode baking furnaces, where its crystalline length becomes close to that of the calcined coke. 

The baking of the anodes lasts 12-17 days to finally fix the characteristics of the anodes by 

allowing the pitch to transform into to pitch-coke, which is useful for the cohesion of particles 

and the alumina reduction in electrolysis cells [5]. 

 
Figure 1-2: Flow sheet of anode manufacturing process  

(©Brigitte Morais 2022, pictures vibrating screen [10] authorized by 
Fredrik Mogensen Ab, which is an OEM of Allagier Process Technology, roller 

crusher [11] authorized by Lessine Tailored Bulk Technologies, screening 
machine [12] authorized by Grupa Wolff safety and innovations, ball mill [13] 

authorized by 911 Metallurgist, dust extraction system [14] authorized by 
Process Equipment I. Ltd. LLP, kneader [15] authorized by Buss AG, preheater 

[16] authorized by S.Howes, forming machine (vibrocompactor) [17] 
authorized by Shandong Hwapeng Heavy Industry Co , Ltd., anode 

conveyer[18] authorized by Vollert Group, baking furnace [19]authorized by 
Skamol, and anodes [20]authorized by Qingdao Yinglong Machinery Co. Ltd.) 
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1.4 Anode Quality 

The quality of anodes is expressed by the functionality of the anodes in the 

electrolysis cell and the phenomena to which they will be exposed. In general, density, 

porosity, impurities, cracks, and other defects determine the characteristics of the anodes, 

therefore its quality. 

An anode is composed of porous particles ≥ 0.1 mm (coke and butt particle) and the 

matrix. These are the two distinctive phases that form the anode. The anode also contains 

empty pores inside the coke and pore in the matrix after forming. The cracks in the anode 

can be in the matrix or in larger coke particles; or they could be in the matrix and extend at 

the same time throughout a coke particle. On the top of the anode, a cover product protects 

it from hot air in the electrolytic cell. Figure 1-3 illustrates the components of the anode. 

 
Figure 1-3: Diagram of a part of the anode in the electrolytic bath  

(©Brigitte Morais 2022) 
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The electric current must be able to pass easily through the anode (less resistive 

anode) to allow electrolysis to occur and be performing; thus, the anode must be dense. 

However, the production of extremely high density anode should be avoided due to  thermal 

shock problems [5]. The measure of this characteristic is the specific electrical resistivity of 

the anode. This characteristic is greatly influenced by the basic structure of coke, the density 

of anode, and the distribution of pores and pitch [5]. Pitch is used to bind coke particles with 

multiple constituents formed from the rejects and butts. There is also the presence of visible 

(outside the anode) or invisible cracks (inside the anode) and various defects in the anode 

that can be attributed to kneading/mixing, forming or thermal shocks which are taking place 

during baking or cooling of anodes that influence this measurement [4]. 

The electrochemical reaction of anode consumption accounts for 80-85 % of carbon 

consumption in the Hall-Héroult process and follows the following reactions: 

 𝐶𝐶 + 2𝑂𝑂(𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑏𝑏𝑏𝑏𝐸𝐸ℎ)
−2 → 𝐶𝐶𝑂𝑂2 (1-2) 

  𝐶𝐶 + 𝑂𝑂(𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑏𝑏𝑏𝑏𝐸𝐸ℎ)
−2 → 𝐶𝐶𝑂𝑂 (1-3) 

The formation of CO₂ (carbon dioxide) dominates at the operating electrical potential 

energy of the anode in the electrolysis cell. The formation of carbon monoxide (CO) is only 

important at low current densities in the anode or for extremely reactive anodes and occurs 

on the sides of the anode. Therefore, their reactivity rates and proportions in the carbon 

consumption of the anode depend on the electric current density in the anode [8]. 

Consumption is estimated at 350 to 370 kg/tonne Al [8]. Carbon consumption by 

electrochemical reactions does not generate much carbon dust in the electrolytic bath. 
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The consumption of anode during electrolysis is influenced by its susceptibility to the 

secondary reaction to reduce carbon dioxide by solid carbon to carbon monoxide gas 

(CO₂ reactivity), Boudouard's reaction at 900 °C which is: 

 𝐶𝐶 + 𝐶𝐶𝑂𝑂2 → 2𝐶𝐶𝑂𝑂 (1-4) 

This chemical reaction is inherently slow. It is more sensitive to carbon structure than 

air reactivity on the top of anodes. The air reactivity is another type of anode reactivity that 

will be explained later. In addition, the reaction is even faster in the case of a disordered coke 

structure related to poor heat treatment during coke calcination. The rate of CO₂ reactivity 

decreases with the increase in the ratio of CO in the gas in contact with the anode. This 

phenomenon of CO₂ reactivity occurs at two locations of the anode, both in the pores 

available on the surface at the bottom and around the anode in the sections located under the 

bath crust which isolates the anode from the presence of air. Any CO₂ that enters and lodges 

into the pores of the anode will turn into carbon monoxide (CO) gas. The ability to penetrate 

the pores of the anode depends on the measurement of the quality of the anode called “air 

permeability”. The reactivity rate on the sides of the anodes is highly dependent on the anode 

baking conditions which can lead to different rates of reactivity in the anode. This baking 

problem generates considerable dust due to the different rates of reactivity. Carbon 

consumption for this reaction is estimated at approximately c [8]. 

The part of the anode outside the electrolytic bath and not under the bath crust reacts 

with air (air reactivity) according to the following reaction. 

 𝐶𝐶 + 𝑂𝑂2 (𝐴𝐴𝐸𝐸𝐸𝐸) → 𝐶𝐶𝑂𝑂2 (1-5) 

http://fr.wikipedia.org/wiki/Dioxyde_de_carbone
http://fr.wikipedia.org/wiki/Carbone
http://fr.wikipedia.org/wiki/Monoxyde_de_carbone
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The anode temperature must reach or be above the temperature of the carbon ignition 

(≈ 550 °C) for the reaction to occur. The impurities in the anode act as a catalyst. The 

presence of sodium and vanadium is known to play this role. The reaction is fast and selective 

with reactive carbon sources and it generates coke dust in the electrolytic bath [8]. The 

different rates of reactivity of the anode also comes into play for the air reactivity. During 

the electrolysis, the anodes are covered with an electrolytic bath mixture containing a certain 

level of alumina to form a crust between the anodes. It stays in powder form on top of the 

anodes to protect them from air attacks. Of course, the permeability of this cover product and 

its disposition on the anode govern the rate of the reaction. This carbon consumption reaches 

approximately 25 to 50 kg/tonne Al [8]. 

The formation of residual carbon dust in the electrolytic bath is approximately 

2 to 15 kg/tonne Al for both reactivities (air and CO₂) [8]. The air reactivity is a fast reaction 

and can produce dust in the cell. In the case of differences in reactivities of the two phases of 

the anode structure (matrix and coke), the CO₂ reactivity occurs on the side of the anode in 

the vicinity of the bath and can generate a considerable quantity of dust in the cell [8]. 

In general, both reactivities, air and CO₂, lead to inefficiency in the electrolysis 

reaction due to the loss of carbon that does not result in the production of aluminum. When 

anodes are in use, a cover product protects them. However, this coverage is not always 

complete. The reaction of air with a hot anode and the exposure to CO₂ of the anode in the 

electrolytic bath coming from the electrolytic reaction to produce aluminum involve a 

degradation of the anode as illustrated in Figure 1-3 above. There are many other parameters 

used to express the quality of an anode. 
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In general: 

 The electrical resistivity of the anode must be low to reduce energy consumption 

during the passage of the current from the anode rod to the electrolytic bath which 

will then continue to travel towards the cathode at the base of the cell. It is affected 

by the deformation of the anode holes which decreases the contact between the cast 

steel thimble that holds the anode rod and the anode. It is also be affected by the 

presence of cracks and pores in the anode structure. 

 The density must be high. It determines the ability of the current to pass through the 

anode and the lifespan of the anode in the cell due to availability of more carbon. 

 The bending strength must be high to avoid breakage during removal or placement of 

the anode in the cell and cracks that could occur during handling, storage, and 

transportation. 

 The crystalline length (Lc) indicates how advanced the transformation of calcined 

petroleum coke, or the pitch converted to coke (pitch-coke) in order to consolidate 

the anode to a more organized structure is after the baking process as illustrated in 

Figure 1-4. 

 In general, an increase in density lowers the electrical resistivity and increased the 

bending strength. It is important to avoid extremely high densities which could lead 

to thermal shock problems by increasing the thermal conductivity of the anode. 

During the replacement of the anode in the cell, this high conductivity may result in 

the breakage of the anode. 
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Figure 1-4: Lc as a function of baking temperature 

([9] authorized from R&D Carbon Ltd and reproduced from [21]) 

 

1.5 Statement of the Problem 

Figure 1-5 shows all the steps of the anode manufacturing process. The availability 

of the data during the anode manufacturing process is indicated by: a green circle (many), a 

yellow circle (few), and a red circle (none) in the column named “measure”. Several data 

exist for the solid components (coke and butts) and the liquid component (pitch). For the dry 

aggregates, the size fraction and the optimum heating temperature are the key variables. For 

the pitch, they are the quantity added to the dry aggregates and the heating temperature. For 

the mixing of the dry aggregates with pitch, the mixing power is the main variable. No 

measurement is available at this step to evaluate the quality of the paste produced. Only the 

green anode density at the anode forming step is available, and all other quality characteristics 

of the anode are found only after baking. In this study, rheology tests were developed to 

characterize the paste, long before the baking process. The new information from the 
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characterization of the paste will be able to predict the baked anode quality, which is 

potentially a new strategy to avoid baking of green anodes that may end up being rejected 

after baking. 

The issue is that the only anode property measured during anodes production is the 

density of the green anode (the unbaked anode block) which is not always a guarantee of the 

quality of the baked anode. The density of the green anode does not indicate the optimum 

amount of pitch needed to achieve the highest baked density [5; 22]. The optimum pitch level 

is not the same for anode density in green and baked states. The highest green anode density 

will not indicate the optimum pitch level since after baking the anode properties may 

deteriorate due to over-pitching. The electrical resistivity is very high for green anode since 

the pitch is in an amorphous state with a high electrical resistivity and low for baked anode 

due to the formation of pitch-coke in a crystalline state with a high Lc. [23-25]. The pitch in 

the green anode has an amorphous structure. It becomes liquid at the beginning of baking 

and spreads evenly through the pores of the anode. Eventually, it undergoes the process of 

coking. This leads to the loss of mass due to volatile loss reducing the density, to a more 

crystallize structure, and the decreasing of the electrical resistivity. 

There is a delay of 25 to 30 days before the quality of the baked anodes can be known 

starting from the time of their forming. Currently, there is no test to determine the 

characterization of the anode paste without handling it to predict the properties of baked 

anodes. In addition, the behavior of the paste is not studied as a set of parameters that can 

interact with each other. These are pitch content, dimensions and shape factors of dry 

aggregates, size distribution of the dry aggregates, chemical functional groups on pitch and 
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coke surfaces, softening point of pitch, mixing temperature, time and intensity, 

macrostructure and microstructure of the coke and butts, quantity of butts used, etc. The 

arrival of different sources of alternative cokes and pitches associated with the decrease in 

the quality of cokes on the market [26] will require a better understanding of the 

characterization of the anode paste and its relation to baked anode quality.  

 
Figure 1-5: Measurements and key variables of anode manufacturing 

(©Brigitte Morais 2022) 

 

This study addresses the lack of the anode paste characterization as a key process 

variable which allows the development of a new strategy for baked anode quality control by 

predicting baked anode properties before the baking. This will reduce the feedback time in 

the anode manufacturing process by rejecting bad-quality anodes in green state instead of 

baked state to reduce greenhouse gas emissions. 
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1.6 Objectives 

The main objective is to develop tests to characterize the anode paste flow and its 

spreading and link this information to the physical properties of the baked anode. These tests 

will make the production of good quality anodes possible by eliminating those that are not 

well prepared before they are baked. The Figure 1-6 illustrates the steps leading to a quality 

baked anode through the raw materials, the paste-making step, and the forming. 

 
Figure 1-6: Steps leading to a quality baked anode 

(©Brigitte Morais 2022, picture of prebaked anodes [20]authorized by 
Qingdao Yinglong Machinery Co. Ltd.) 

 

To achieve the main objective, rheology tests were designed and developed to obtain 

measurements to characterize anode paste as a predictive tool for the density and electrical 

resistivity of baked anodes prior to the forming of the green anodes. The tests determine the 

criteria for optimizing a paste and distinguish the influence of various raw materials on the 

manufacturing process and the quality of the anodes.  
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To understand better the future measurements from the developed rheology tests of 

this study for anode paste characterization and to be able to use them as predictive tools, the 

relation between the green and baked anode structures and their physical properties as well 

as the baked anode structure in relation to their reactivities must be studied. The anode paste 

recipe is the structural base of the green and baked anode quality. The paste after forming 

gives the green anode density and electrical resistivity; and after baking, the baked anode 

physical properties and the reactivities. To achieve this objective an new image analysis 

program was developed from the program of the Chair CHIMI of UQAC [27] to allow the 

distinction of the matrix and its location in the structure of the anode to find the relationship 

between the structures of green and baked anodes and the properties of baked anodes such 

as: density, electrical resistivity, and bending strength. The reactivity of baked anodes is 

studied starting from the properties of the raw materials and operating parameters to the 

structure of the baked anode using this image analysis software. The present research aims 

to increase the understanding of the factors that influence the quality of baked anodes. 

1.7 Originality 

Developing a method for the characterization of the anode paste (rheology test) allows 

a measurement to quantify and qualify the paste particles considering all the paste 

components is innovative. Usually, the study of the anode quality is based on a few number 

of paste components (pure coke, pure pitch, etc.) leaving the others behind such as the matrix 

and its relation with the dry aggregates. The effect of each individual component at state of 

raw material does not give any information of the paste particles behavior which will be the 

fundamental material that interact in the anode forming process. 
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The establishment of the relationship between the paste and the baked anode quality 

is original. The paste characterization test allows the understanding of its behavior before 

forming and predicting the structure and physical properties of the baked anode from the 

paste properties. The importance of this approach will eliminate the baking of lower quality 

anodes to reduce greenhouse gases and reduce the number of anodes rejected after baking. 

The energy performance of aluminum-producing plants will be increased and their impact on 

the environment will be reduced.  

The cokes, butts, and ball mill product sampled in the industry were used for the 

preliminary and experimental parts of this study. The size distribution of each was the same 

as the one used in the plant. The maximum butt particle size was 12.5 mm which is common 

in the anode plant. The use of coke, butts, and ball mill product of the anode plant with their 

exact particles sizes as well as the use of the industrial anode recipe is original. Most of the 

time, the particle size and the recipe used for studies are not entirely representative of the 

industrial anode recipe. Many studies used in laboratory experiments a specific particle size 

of the raw material (with smaller sizes than actual sizes used in the anode plant) or a recipe, 

which is similar to the matrix rather than the industrial anode recipe. 

The design of laboratory equipment for kneading and forming a core in the laboratory 

which can handle large particles to better represent the characterization of the anode paste 

made in anode plant do not exist in the literature. It requires many original and innovative 

ideas. which is also highly original. The part of the study, which is carried out in the plant, 

on the granulometry stability of the dry aggregates (particle size distribution) for better recipe 
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selection considering the natural changes in particle size occurring during the operations is 

also significant. 

In addition, testing paste characterization with a simple camera, single-point lighting, 

and the use of optical microscope image analysis software requires few technical resources 

compared to systems using more sophisticated camera, multiple types of images, and data 

processing. No manipulation is done directly on the paste; thus, its appearance or properties 

are not affected contrary to the case in a recent study in the literature review.  

Originality is also found in the novelty of the highly detailed analysis of the structure 

of the industrial anode using a large sample in the establishment of the relationship between 

the structure of the green or baked industrial anodes and their physical properties and between 

the structure of the baked industrial anode and their reactivities. In the literature review, 

studies of the anode reactivity are based on the aspect of chemical elements as catalysts or 

inhibitors, only on the micropores by nitrogen adsorption isotherm or on a small anode 

structure area (order of microns) or particles. In this study, the observation of samples of 

4.4 cm2 anode structure considering the macropores in the matrix and in dry aggregate 

particles is original. In addition, the study of the role of the matrix inside and outside the dry 

aggregates particles is significant in the anode reactivity research field. 

The approach based on in-depth analysis of several operational parameters, types of 

raw materials, and the structure of the anode, and their impact on the properties of baked 

industrial anodes in the same study is original.  

During the characterization of the cokes and butts, a relationship has been established 

between the readings of the nitrogen (N2) volume adsorbed (as function of the ratio of the 
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injected nitrogen pressures to the nitrogen saturation pressure) from nitrogen adsorption 

analyzer and the FTIR spectrometer results in order to shorten the time to obtain information 

on the structure of cokes and butts. This information is important for a fast interpretation of 

the reactivity results of the anodes. The use of an unconventional apparatus such as FTIR 

spectrometer to evaluate the structure of raw material is original. 

This research allowed our knowledge in the field of anode manufacturing to expand 

significantly. 



 

CHAPTER 2 

LITERATURE REVIEW 

2.0 Introduction 

The literature review covers the anode paste characterization and the anode reactivity 

which are the main subjects of the thesis. 

2.1 Anode Paste Characterization 

Most of the studies on the anode paste are reported in a Carbon R&D (carbon research 

and development) manual and listed by Hulse et al.[5]. Due to the large size of particles, the 

amount of solid, the physical properties of the paste particles, the low flow rate and the high 

operating temperature of the paste, there is a lack of adequate equipment on the market for 

anode paste studies [5]. 

In more recent works, the measurement of the elongation of a cylinder of paste is used 

[28-30] to measure the flow ability of the Söderberg anode paste. The Söderberg process is 

a continuously fed electrolysis cell with a column-shaped anode paste which is baked during 

the electrolysis process. Figure 2-1 shows the experimental apparatus used. Elongation is not 

a sensitive measure to the increase in the pitch rate [28]. The relationship is not linear whether 

the pitch is from either coal, petroleum oil or a mixture of the two [29]. 
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Figure 2-1: a) Cylinder of paste and b) elongation to heat 

[28; 29] 

 

To the elongation tests, the angle of repose test of the paste and the wettability test of 

a cube of pitch on a heated coke bed were used to study the problem of flow ability of the 

Söderberg paste [28]. Figure 2-2 shows the wettability test used. A set of test results indicated 

that the quality of the pitch changed despite the same specifications on arrival. The pitch 

mixture resulted in characteristics very different from the original pitch [28; 31; 32]. The 

fluidity of the pitch depends on its wetting properties; the wettability decreases with an 

increase in toluene insoluble (TI) [28]. The softening point of the pitch provides information 

on the behavior of the paste [30]. The pitch is fluid at a high enough temperature above the 

softening point, and a minimum amount of pitch is required; however, to improve the fluidity 

of the paste further is also necessary to modify the granulometric distribution of the coke 

particles. Microscopic characterization has determined that pitch and coke particles flow 

evenly together [29]. 
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Figure 2-2: Wettability of a coke by a cube of pitch 

[28] 

 

Söderberg electrolytic cells are fed by briquettes or preformed paste cylinders. Paste 

fluidity tests were carried out by Larsen et al. [30] using a deformation test at the temperature 

of a cylinder of paste as a function of time as shown in Figure 2-3. The use of the Torklep 

formula [Eq. (2-1)] [33] allows obtaining the shear rate (Vr) with the radius of the cylinder 

(R) and the change of the height of the cylinder as a function of time (dh/dt)]. The cell loading 

procedure will affect the main factors in feeding the cell: the temperature, the pressure 

column on the cylinders, and the friction between the cylinders. The paste has been shown to 

have a shear thinning behavior. It thickens when the applied stress decreases. 
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Figure 2-3: Viscosity of a cylinder of Söderberg paste 

[30] 

 

The Brookfield viscosimeter measurement approach [34; 35] was studied for a coke 

and pitch compound (CPB) with 55 % pitch and 45 % coke dust. Coke dust was a mixture of 

two fractions: -0.212 mm +0.063 mm and -0.063 mm size where the amount of -0.063 mm 

size was varied in the mixture. The CPB is considered to be an approximation of the anode 

matrix (part of fine coke and pitch). This mixture has mechanical properties affected both by 

the viscosity of pitch and by the interaction of coke particles with each other as well as with 

pitch. The more the very fine particles (-0.063 mm) are present and dispersed, the greater the 

viscosity and the power needed to break up the agglomerations of fine particles in the CPB 

are [34-36]. The increase in the percentage of coke in the total CPB has the same effect [36]. 

After the preparation of the CPB mixture, the additional kneading treatment results in the 

destruction of the agglomerates and a more uniform distribution of coke particles in the liquid 

pitch [35]. 

Fluidity properties depend on the following parameters: pitch type, pitch softening 

point, pitch rate [28; 29], quantity of fine coke particles [34], and quality of carbon aggregates 
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(particle shape and size distribution) [29; 30]. To all this must be added the kneading 

parameters [29] such as time, temperature, and the type of mixing device. 

Liquid pitch behaves as a Newtonian fluid [4]. However, the paste contains 75-85 % 

dry aggregate particles that bring with them collision and friction effects or a particle flow 

behavior. Dry aggregates are considered as a granular material which exhibits a much more 

complex flow behavior when mixed with pitch due to particle-particle and particle-pitch 

interactions. Pitch characterization and good control of the dry aggregate granulometric 

distribution are required to allow good anode paste for anode forming and attribute to baked 

anodes a good performance at the aluminum electrolysis process [30]. 

Lauzon-Gauthier [22] used an advanced anode paste image analysis method including 

image preprocessing, image analysis and image texture characteristic selection. It calculates 

the texture characteristics of the anode paste with discrete wavelet transform (DWT) and 

grayscale cooccurrence matrices (GLCM). The analysis of all image characteristics (a total 

of 42) is performed using multivariate latent variable statistical methods such as the principal 

component analysis (PCA) and the partial least squares regression (PLS). The paste samples 

are put in the aluminum containers, laid out with a spatula, and then photographed with a 

high-quality camera and lighting on each side at an angle of 45 degrees with a Fresnel lens. 

The Fresnel lens are used to allow a wider, soft-edge beam of light. The anode paste image 

is compared to the standard for the texture as illustrated in Figure 2-4. 
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Figure 2-4: Comparison of anode paste image to the standard for the texture 

(Pictures from [22]) 

 

Figure 2-5 and Figure 2-6 show that the pastes made in the laboratory are darker than 

those taken from the paste plant and some image processing has been necessary. 

The maximum size of coke particles is 4 mm, and the ball mill product of fine coke was 

prepared in the laboratory. Cracks in the paste were observed and treated by image analysis. 

The calibration of the system was carried out with several images representing different 

textures in the grayscale to allow the computer to recognize the textures of the paste. 

The paste-texture vision device made it possible to recognize the texture of the paste made 

in the laboratory for the optimum pitch level of two different cokes.  

 

   
 

(http://www.highresolutiontextures.com)
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Figure 2-5: Paste images a) laboratory paste and b) anode paste plant  

[22] 

 

 
Figure 2-6: Preprocessed images of laboratory paste a) low-pass filtered gray 

level and b) contrast enhancement  
[22] 

 

The texture analysis of the industrial paste sample, with image taken in the laboratory, 

helped detect the variations in the texture due to the normal variation of the formulation of 

the paste recipe (ratio of butts/coarse particle of coke) between different days of operation, 

operating conditions, and percentages of pitch. The normal variation in the formulation is 

caused by the variation in the incoming quantity of coarse particles of coke which is 

compensated by butts if the coarse level is decreasing and thus adjustment in pitch level has 

a) b)

a) b)
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to be done. Other tests have been carried out directly in the paste plant (sampling and taking 

images), and the interpretation of the paste texture is not as straightforward as it is in the 

laboratory. Also, at the last test carried out in paste plant, it was not possible to determine the 

optimum pitch level related to baked anode core density. All samples were found to have 

low-pitch content. The use of image analysis in combination with PCA and PLS methods is 

innovative and very complex [22]. Manual handling of the paste, the advance statistical 

methods and the sophisticated equipment give a large number of paste characteristics, and 

their interpretation is also complex.  

The rheology of the paste during forming by compaction, has been studied by Azari 

[37]. A reference dry aggregate recipe of the anode for two cokes was used which represent 

two tests. For one of the cokes tested, the fraction of large particles (>0.15 mm and <9.5 mm) 

was increased by 5 % in the recipe; and for the other coke, the fraction of fine coke particles 

(<0.15 mm) was increased by 5 %. The use of these four samples confirmed that compaction 

tests can indicate the effect of the behavior of the paste at densification according to different 

recipes. The effect of the particle size of the matrix on its ability to fill the pores and the 

impact on the quality of the final product, the anode, were investigated. During the kneading 

period, the fine particles are immersed in liquid pitch which forms a viscous material called 

the “matrix”. Matrix acts as a binder between all sizes of large dry aggregate particles. It is 

considered that the deformable component of the anode which is subjected to rearrangement 

during compaction leads to the coating of the large dry aggregate particles of the recipe and 

also the filling of their pores. The pitch/fine coke in the matrix ratio is the most important 

factor in determining the compaction behavior of the anode paste. Large particles in the 

matrix lead to higher densities. This unexpected behavior is due to the fact that larger 
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particles in the matrix have a low surface area; thus, there is more free pitch available and 

the pitch percentage increases as the surface area of the fine coke decreases (meaning low 

Blaine number). However, with a constant ratio of pitch to fine coke in the matrix, the effect 

of fine coke fineness at 6300 Blaine (vastly fine particles in the matrix) on the densification 

of the anode is less important. The rate of the displacement of the press piston has only a 

small effect on the density in the two cases studied: the matrix and the paste. The compaction 

of the matrix and the conventional paste is not a process significantly affected by the 

compaction time [38]. Creep (deformation) contributes to less than 2 % of the increase in 

relative density. 

Aryanpour et al. [39], under the same experimental conditions as those of Azari et al., 

aimed to establish an equation that expresses the behavior of the arrangement of the particles 

as a function of the applied pressure. The tests were carried out whit a laboratory press 

(68.3 mm in diameter) for mixtures of matrices and dry aggregate particles of large size. The 

fineness of the coke matrix was measured with a Blaine apparatus. The equation gives good 

correlations between the theoretical calculations and the experimental results for the fines 

with Blaine numbers below 6300. At the Blaine number of 6300 and higher, the equation no 

longer works. In general, the compaction is independent of the applied load rate. In addition, 

at a given Blaine value and an applied load of less than 60 MPa, a high relative density is 

obtained with an increase in the pitch/coke ratio of the paste [39]. 

Christopherson et al.[40] created an analytical method to track the efficiency of the 

anode manufacturing plant, which is of primary importance, as a function of particle size and 

pitch rates used. This method is based on the dissolution of small briquette of paste produced 
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in the anode plant by three different solvents (quinoline, toluene, and acetone) and the 

separation of the fine particles from the pitch using centrifuge. This method mainly allows to 

follow if the pitch dosing instruments of the paste plant are effective, and it gives a good idea 

of the particle sizes used in the anode plant. But, it does not give any information on the 

addition of pitch required and the determination of optimum pitch content. The tests require 

a great deal of care concerning the calibration and verification of the reproducibility of the 

analyses.  

Bhatia et al. [41] considers that mixtures of coke and pitch must have an optimum 

amount of pitch to achieve high density, high resistance and low electrical resistivity. A lower 

or higher amount of pitch in the coke-pitch mixture results in the degradation of values of 

anode properties. The tests were carried out with seven mixtures of different particle sizes of 

the same coke. The particle fractions were in an interval of 60 to 100 BS Mesh (British 

standard = 252 to 53 µm). The same pitch was used for all tests. The bulk density of the coke 

particles was measured before mixing them with pitch. After, the coke and pitch mixture, the 

paste was molded to produce 19 mm briquettes, which were baked to represent the Söderberg 

anodes. The optimum amount of pitch based on the relationship of the apparent density and 

the compressive strength of the baked sample is inversely proportional to the value of the 

bulk density of different combinations of coke particle size fractions before impregnation 

with the pitch. For electrical resistivity, the optimum amount of pitch is slightly higher than 

that required for density and compressive strength for all the paste mixtures that they have 

studied. 
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Sakar et al. [42] studied dry aggregate recipe of prebaked anode by adjusting the 

medium fraction with the help of ANN (Artificial Neural Network) predictions using the 

tapped density of dry aggregate and their corresponding green anode density. Several dry 

aggregate recipes (different proportions of large, medium, and fine fractions as well as butt 

quantity) and different percentages of pitch were used. The optimum tapped density did not 

correspond to the optimum green density. The ANN model indicated that decreasing the 

medium dry aggregate fraction and compensating this decrease by increasing the large and 

fine fractions in equal proportions gave a better green density compared to that of the standard 

recipe containing standard quantity of butts and pitch. The results showed that the adjustment 

of the medium dry aggregate fraction is a key parameter for green density when the 

component of the pitch is also considered together with the dry aggregate recipe. The paste 

particles have their own behavior during the anode forming which is different than that of 

the raw material particles as mentioned previously. The study of Sarkar et al. demonstrates 

that the dry aggregate tapped density did not indicate the performance of the anode 

paste.  No measurement of the paste, which is directly related to the future baked anode 

density, exists. 

The rheology of anode paste varies greatly depending on its composition: the type of 

coke, the type of pitch, the amount of pitch, and the size of the particles used in and out the 

matrix. The tests are carried out in the laboratory. In general, the largest size coke particles 

and butts are not used. The work does not focus on expanded particle size fractions in the dry 

aggregate recipes of the anode as used in today's anode plants. 
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In the field of paste characterization (rheology), to the best of our knowledge, no study 

was reported which considered all the particle size fractions used for pre-baked anodes. 

The rheological behavior of the paste is complex and difficult to characterize by a single 

parameter. The use of rheology tests for the prediction of baked anode quality is not studied.  

2.2 Anode Reactivity 

The theoretical carbon consumption is 334 kg per tonne of aluminum. In production, 

it is about 395 kg to 425 kg per tonne [5]. The increase is due to the current efficiency and 

the CO₂ and air reactivities of the anode. The release of CO₂ during the Hall-Héroult 

electrolysis process causes the secondary endothermic reaction of Boudouard [43] [Eq.(1-4)]. 

The temperature gradient between the bottom and top of the anode in the cell is 

between 400 °C and 600 °C. When the top of the anode reaches its ignition temperature and 

comes into contact with the air (air reactivity), it is consumed by exothermic reactions as 

follows [44; 45]: 

 𝑂𝑂2 (𝑔𝑔) + 2𝐶𝐶 (𝑠𝑠) → 2𝐶𝐶𝑂𝑂2 (𝑔𝑔) (2-2) 

 𝐶𝐶(𝑠𝑠) + ½𝐶𝐶𝑂𝑂2 (𝑔𝑔) → 𝐶𝐶𝑂𝑂(𝑔𝑔) (2-3) 

The CO₂ reactivity is tested using 5 g of particles from 1.0 mm to 1.4 mm of anode at 

1000 °C for 100 minutes under CO₂. The ignition temperature measurement of the 5 g 

particle sample of 1.0 mm to 1.4 mm of anode in the air is used to determine reactivity to air. 

It varies according to the materials of the anode and its baking conditions [44]. Reactivity 

can also be measured on a block of anode (a core) using the thermogravimetric method that 
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gives the percentage of sample residues (indicating the remaining part after the chemical 

reaction) and lost dust (indicative that the anode could generate dust in the electrolysis cell). 

The reaction of carbon gasification is classified by temperature [45-47]. 

The chemical-controlled regime reacts at low-temperature (400 °C to 600 °C) with a 

homogeneous concentration of gases on the surface and in the solid, but its rate is low 

compared to the rate of penetration into pores which occurs in a diffusion regime. On the 

contrary, the gas transfer regime at high temperature (>920 °C) has a low activation energy 

and therefore an extremely high rate of reactivity controlled by the mass transfer of gases to 

the surface and the diffusion of gases into carbon. The diffuse regime takes place in an 

intermediate temperature range (600 °C to 920 °C), the diffusion of the gas on the solid 

surface and in the pores as well as the chemical reaction influence its reaction rate. The 

concentration of the gas is high on the surface of the material, and it decreases with the depth 

in the sample [46; 47]. The air reactivity starts to occur between (400 °C to 600 °C) and the 

CO₂ reactivity approximately at 960 °C. The use of a random capillary model [48] or the 

observation of the penetration of CO₂ gas in the sample shows that it is deeper than that of 

air in an anode block [31], confirming the difference between the two mechanisms. The air 

reactivity is a chemically-controlled reaction and the CO₂ reactivity is controlled by the mass 

transfer of gas.  

The anode consists of coke, butt and coal tar pitch (CTP) used as a binder and is baked 

to improve its properties [9]. Coke contains impurities: S, V, Fe, Ni, and Na. Sodium 

concentrations of more than 50 ppm result from the reintroduction of butts [44; 49] 

distributed more or less evenly in the anode recipe [5]. The use of X-ray-photoelectron 
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spectrometry (XPS) and energy-dispersive X-ray spectroscopy (EDS) has demonstrated that 

butts have functional groups containing a high level of oxygen that can intensify reactivity 

[50; 51]. Pitch has fewer impurities so it should be less reactive [52; 53]. The anode matrix, 

which is made up of fine particles (<0.1 mm) of coke, butts and pitch, is preferentially 

attacked [44]. The more finely distributed the impurities in the matrix is, the more influence 

they will have [52]. However, care is required in interpreting laboratory results since 

impurities are often added to the matrix [54]. 

Tests of sodium impregnation in the anode [55] or the selection of raw materials with 

different sodium levels for the production of the anode [56] confirms that sodium greatly 

affects CO₂ reactivity and moderately air activity. Sodium is a powerful catalyst for CO₂ 

reactivity and some cokes are more sensitive than others [44]. 

In the study of Tran et al. [57], the air reactivity of low-sulfur coke (LSC ~ 1.7 % and) 

or high-sulfur coke (HSC ~ 3.2 %) is always higher than that of anodes produced with the 

same cokes without the presence of butts, hence with low amounts of sodium. This is valid 

for calcined coke temperatures from 1000 °C to 1300 °C for HSC or LSC and anode made 

with those calcined cokes for the anode baking temperatures from 1000 °C to 1300 °C [57]. 

The lower the calcination temperature of the coke used to make the anode is, the higher the 

reduction in micropores (<2nm) at very high anode baking temperature (1300 °C) is. If the 

calcination temperature is very high for the coke used to make the anode, the reduction of 

micropores is already made and the high final anode temperature has lower impact on the 

reduction of micropores for anode made of HSC or LSC. Thus, at very high anode baking 

temperature, the air reactivity decreases for both HSC and LSC anodes and the CO₂ reactivity 
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decrease for HSC anode and increase for LSC anode. However, cokes have a greater amount 

of vanadium than their respective anodes. LSC coke has about 250 ppm vanadium, LSC 

anodes have about 150 ppm since the concentration of vanadium decreases in the anode 

recipe with the addition of 30 % pitch which has low vanadium content, and a certain amount 

of vanadium is also lost during baking. HSC coke has about 350 ppm vanadium, and HSC 

anodes have about 250 ppm. Coke and anodes with HSC have higher air reactivity than cokes 

and anodes with LSC since they have the highest concentrations of vanadium and a higher 

amount of sulfur. Vanadium in coke is a catalyst for air reactivity [5]. Sulfur in coke is a 

catalyst for air reactivity and at the same time an inhibitor for CO₂ reactivity [5; 50; 58]. 

The CO₂ reactivity of LSC coke or HSC coke is about the same as those of their anode [57]. 

The Lc’s of the LSC coke are only slightly lower than that of their anode and the Lc’s of the 

HSC coke are lower than the Lc of their anode. CO₂ reactivity is always lower with HSC 

cokes and anodes than with LSC one [57] because sulfur acts as an inhibitor of the reaction, 

and vanadium (it prefers the presence of air to transform into V2O5) is not a catalyst for CO₂. 

The mixing of LSC coke <2 % sulfur with different proportions of HSC coke >3 % 

sulfur with butts to make anodes show that the increase in the proportion of HSC coke 

decreases air reactivity. In the case of CO₂ reactivity, with low proportions of HSC, it 

decreases then reaches a maximum in proportions of 40 to 60 HSC and subsequently, it drops 

for proportions of HSC of 80 to 100 % of the anode [24]. The LSC coke from these 

experiments was more porous. The addition of elemental and organic sulfur had no effect on 

reactivity [24]. Sulfur from the coke inhibits Na and Ca impurities from anodes made with 

butts as shown by Hume et al. CO₂ reactivity model [46], which is often mentioned in 

literature reviews [46; 50; 57]. The same type of experiment was carried out with the pure 



35 
 

 

baked pitch (BH) doped with dibenzothiophene (DBT, a sulfurous compound). Samples 

without DBT containing 0.15 % sulfur, had lower air and CO₂ reactivity compared to those 

with DBT. The difference in reactivity in the presence and absence of DBT is small for air 

with values of about three times more and very strong for CO₂ reactivity. CO₂ reactivity 

increases about 300 times when DBT is present [59]. When cokes are purified without 

changing their microstructure, they become more resistant to oxidation compared to their 

original state [52]. Coke impurities are introduced when high sulfur coke (HSC>2 %) is used 

[57]. 

Desulfurization of high sulfur cokes (HSC>2.5 %) [9] occurs at high temperatures 

during coke calcination and decreases the density of coke by increasing macropores between 

0.1 µm and 0.01 µm [5]. The same effect is possible for baking anodes at too high baking 

temperatures. Desulfurization increases the reactivity of the anode [60]. 

With the use of a highly calcined coke (calcined at high temperature) during the 

production of an anode, it is the pitch in the matrix that undergoes the most important 

transformation while baking. If the transformation is simultaneous for the pitch in the matrix 

and the part of the coke during the anode baking, there will be a much less difference between 

the reactivity of the two phases [60]. This is the case when under-calcined (calcined at 

relatively low temperature) coke is used. Coke and pitch transform together and their Lc 

increase. The increase in the Lc of the anode made with under-calcined cokes is greater than 

that with highly calcined coke [57; 61; 62]. This is the reason why the use of under-calcined 

coke has been investigated. Nevertheless, the improvement in reactivity is reduced by the 

low density of anodes made with under-calcined coke [62]. 
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The wettability of under-calcined cokes with coal tar pitch is much better since they 

are formed by more C=C bonds (polycyclic aromatic hydrocarbon compounds, PAHs) which 

have interacted with pitch and less C-C bonds (aliphatic compounds, long carbon chains) 

which offer fewer interactions. Under-calcined coke has more oxygen and nitrogen and forms 

more CN/CO/CS, C=O and C=OO bonds [63]. Sarkar [50] has made an exhaustive review 

of the research on the use of under-calcined coke for the reduction of anode reactivity and 

the results are not unanimous in the same direction. These experiments show that under-

calcined coke reduces air reactivity, but its effect is smaller on CO₂ reactivity. A higher 

baking temperature (1050 °C to 1150 °C) for anodes made with under-calcined coke or 

calcined coke gives much lower air and CO₂ reactivity results, which confirms that the 

reactivity is also strongly related to the baking temperature. 

The increase in the calcination temperature of coke increases the length (Lc) and 

diameter (La) of the crystallites and decreases the formation of voids and defects of the coke 

[50; 64-66], hence reducing air reactivity [62; 66]. On the other hand, the increase in Lc 

during the baking of the anode increases the active surface available for air reactivity. The 

active surfaces are located at the ends of the carbon crystallites between the micropores 

(<2 nm) and the macropores [48; 67]. They are in the form of imperfections and voids around 

the crystallites [66; 68]. The air reactivity of the anode is mainly caused by the reactivity of 

the air of the coke used in the anode recipe and subsequently by the anode baking temperature 

which increases the Lc [44]. Sakar et al.[69] found that very small pores inhibit the wetting 

of the coke by preventing the pitch penetration in the coke [70]. Thus, if the coke used in the 

anode has very small pores, they are not filled by pitch and become susceptible to be attacked 
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by air. The type of coke and more generally the type of pores determine the air reactivity of 

the anode.  

The anode prepared with 10-20 % of pitch (CTP), butts and coke, and baked at a low 

heating rate to carbonize the pitch gives equal or lower air reactivity than most known cokes 

[52; 71]. An increasing amount of the matrix decreases the overall air reactivity of the anode, 

and the deterioration comes from the coke side of the coke-pitch interface. In the case of CO₂ 

reactivity, most calcined cokes are more resistant than baked pitch and the deterioration of 

the coke-pitch interface come from the pitch side. The disparity between coke and pitch for 

CO₂ reactivity is smaller than that for air reactivity. This implies that the weakness of CO₂ 

reactivity could come from any side of the interface depending on the type of coke used. 

Pitch in anode transforms to semi-coke when baked [60; 68]. During its transformation, new 

carbon materials will continue to grow, and they will contract as they solidify. Then, this 

phase can separate from the coke particles causing cracks at the interface and giving access 

to air to reach the coke [68]. The coke in the anode is subjected to high temperatures during 

the baking of the anode. The longer the duration of heating within the temperature range of 

1 110 °C to 1 200 °C, the more the Lc of the coke will increase [64; 72] 

The structure of coke and its impurities affect both air and CO₂ reactivities [52]. 

The characterization of partially oxidized coke samples shows that the reaction with air 

begins on the outer surface of the particles. Subsequently, it progresses rapidly within the 

microstructure. Gradually, the reaction occurs in the micropores of 1-nm as the conversion 

(((initial mass – mass at time t)/initial mass)*100 %) increases[66]. A small conversion 

(about 5 %), which was achieved in laboratory by exposition to air or CO₂, is sufficient to 
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open up the micropore network [66] . Measuring the surface and pore volume of a coke based 

on the level of conversion after the gasification reaction indicates that air reactivity follows 

a logarithmic curve while CO₂ reactivity follows an exponential curve [67]. Thus, the 

reactivity of the air is faster at the beginning of the reaction than the CO₂ reactivity. 

Coke is calcined before it is used in anode production. The specific surface area (SSA) 

and CO₂ reactivity increase with a small increase in calcination temperature. Then a sharp 

decrease in both occurs when the temperature continues to rise until it reaches the 

temperature where the SSA no longer changes and the reactivity of CO₂ decreases 

sharply.[71; 72] The decrease in SSA is attributed to the decrease in the microporosity of the 

calcined coke [66]. Structural changes occurring in the coke during calcination have an 

impact on CO₂ reactivity [68]. 

The anode baked at low temperatures has a greater specific surface area than that 

baked at high temperatures. However, in both cases, the surface area is lower than that of the 

coke which was used for the production of the anode [73].  

The reactivity of the anode is not necessarily equivalent to those of the coke used. 

There is a distinction to be made between the structure of calcined coke and that of baked 

anode. The anode reactivities are influenced by several parameters: the chemistry, the nature 

and the reactivity disparity of each component of the anode structure, the manufacturing 

parameters, the specific surface area, the volume and the size of the pores of the coke and 

anodes, and even the type of sample and the tests used to measure the reactivity. 

 



 

CHAPTER 3 

METHODOLOGY 

3.0 Introduction 

The methodology includes the work carried out in industry and in laboratory. 

The industrial part required the development of an image analysis program to study the 

structure of the anodes. The laboratory part includes the design of equipment for the 

production of laboratory core and rheology tests to characterize ten different anode pastes 

before they are formed. The goal here is not to optimize a recipe to obtain the best density 

and electrical resistivity, but rather to use the same recipe (the reference recipe) with 

modifications. The experiments include changes of the granulometry (size distribution), 

pitch, addition or substitution of carbon products such as biocoke and nanoparticles in order 

to obtain different densities and electrical resistivity of laboratory cores. This allows the 

investigation of paste quality related to physical properties of the anode. The ten recipes (the 

reference core and nine recipe changes) made it possible to detect the criteria for optimizing 

a paste through the development of rheology tests (the characterization of the paste) in 

relation to the results of density and electrical resistivity of baked cores.  

3.1 Methodology 

The methodology has two main parts: the determination of the factors that influence 

the quality of the industrial anodes and the characterization of ten different laboratory anode 

pastes as illustrated in Figure 3-1. 
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For the factors that influence the quality of industrial anodes, a study on the impact 

of the structure of green and baked anodes on its properties was carried out with samples 

obtained from the industry. At this stage, a new image analysis program has been designed, 

improved and developed to obtain an assessment of the components of the structure of the 

green and baked anodes as well as the location of the matrix in the anode. The new program 

has been realized using the program previously developed by the personnel of the 

Chair CHIMI of UQAC [74; 75]. In addition, the characterization of the raw materials used 

in the manufacture of industrial anodes and in the laboratory for the preparation of different 

anode pastes and cores of the research plan was carried out.  

During the second part, the characterization of laboratory paste, required the design 

of a 500 g paste kneader and a mold to produce the anode cores of 53 mm in diameter and at 

least 130 mm in height in the laboratory. In the first step, cores were made with different 

sources of carbon, binder, etc. representing the use of ten different paste recipes. The quality 

of the cores is expressed by the apparent density (density) and electrical resistivity in the 

green and baked state. The second step involves the design of the rheology tests for the paste: 

particle flow and particle spread out. The third step covers the study of the measurements 

obtained by the rheology tests for the characterization of the paste. The rheological 

measurements were studied to identify the indicators to differentiate the effects of pitch 

levels, and the changes in dry aggregate recipes. They were also studied to determine the 

influence of the type of materials added to the paste recipe, and the optimization criteria of 

the paste in order to predict the quality of baked cores before forming, i.e. at the paste stage. 

 



41 
 

 

The purpose of the methodology is not to optimize the paste recipe but to carry out 

measurements on the anode paste and link them to the anode quality after baking. The 

establishment of this relation will help avoid baked anode rejection. The anode paste is 

affected by the input variables of the anode manufacturing process or the change in the source 

of raw materials. To determine what a good anode paste is, the study of different anode pastes 

is required. The variation of the input variables of anode manufacturing process have to be 

known and tested. The variation of the granulometry stability of the dry aggregates (size 

distribution of each dry aggregate fractions) in an anode plant was studied, and several 

recipes with different raw materials were tested (quantity or type). It also requires the study 

of the relation between the anode structure and the density and the electrical resistivity of the 

anode. This study starts with the observation of the coke and butt structures and then the 

establishment of the relation between green and baked anode structures and the baked anode 

quality. Finally, the establishment of the relation between the measurements of the paste and 

those of the baked anode density and electrical resistivity allow the prediction of the baked 

anode quality before their forming. 

The general and specific description of the sampling is presented in the next sections 

of the methodology. Some specific details of the sampling will be repeated in the following 

chapters for a better understanding of the results of analysis. 
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Figure 3-1: Global methodology of the research plan 

 

3.2 Industrial Measurement Campaign 

For the industrial component of the research plan, the samples were obtained from an 

anode manufacturing campaign in industry where compaction pressures and speeds were 

changed. For each combination of vibro-compactor pressure or speed, two anodes were made 

consecutively: one was sampled in green state and the other in baked state. The 42 green 

anodes were formed using two vibro-compactors named “A” and “B”. The 22 green anodes 

were all baked in the same section of the baking furnace. Figure 3-2 illustrates the number of 

anodes, the conditions of the tests, and the terminology describing the baking furnace. 

A special attention must be given to the identification numbers of the anodes tested. 

They have been given in the order the anodes came from the site of storage before their 
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handling for their baking. At the time, it was easier to do the handling effort prior to the 

loading of the baking furnace in another place which has more space instead of doing it at 

the end of the test at the anode plant. Thus, the anode identification number for the tests could 

be different for an anode pair in green and baked states, but they have been made under the 

same test conditions. It is the reason why anodes in green state and the corresponding anode 

in the baked state have different anode numbers.  

 
Figure 3-2: Manufacturing parameters for green and baked industrial anodes  
(©Brigitte Morais 2022, image of baking furnace [19]authorized by Skamol) 

 

The complete sampling, i.e., the coring of green and baked anodes, consists of seven 

full-height anode cores as illustrated in Figure 3-3 cut into 26 small cores of 130 mm length 

named from “A” to “D”; “D” being the one at the bottom of the anode. The names of the 

cores are composed of the letter “A” for the green anode and by “B” for the baked anode. 

The following four digits refer to the anode number followed by the core number and finally 

a last letter indicates the position of the sample along the height in the anode. For example, 

B0607D originates from the bottom of the baked anode no. 6 at the site of core no. 7. 
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Figure 3-3: Coring of green and baked anodes  

(©Brigitte Morais 2022) 

 

3.2.1 Impact of the Anode Structure 

Samples of the present study on the structure of green and baked anodes were 

obtained from the industrial anode-manufacturing campaign and the sampling method is 

illustrated in Figure 3-4. The physical, chemical properties and reactivity were measured 

using small cores of 130 mm in height (required by standard tests) from the anode. A disk of 

20 mm in height located just above the analyzed core was subsequently processed by image 

analysis. The images were generated using an optical microscope. Thus, six mosaics, each 

containing 42 photos for a total of 252 covering the equivalent of 4.4 cm2 of the disk area, 

were analyzed. The smallest particle detected is 1.75 µm. 

The study on the overall core structure uses the average result of the six mosaics. The 

dimensions and the shape factors (dimensionless measurements) of the particles were 

determined from the assembly of the six mosaics in a single image which remains a little 

smaller than the total of the six original images. This has required a change of scale 

considering that the smallest particle detected is 9.09 µm. For reactivity study, an area of 

8.64 mm2, which represents anode particles of 1.0 mm to 1.4 mm from the crushing of the 

Position of cores sectionsPosition of full-length cores

Anode no.

1

3 5

6

742
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core, was selected from the single image of the assembly of the six mosaics to locate the 

macropores and matrix inside and outside the coke particles. 

    
Figure 3-4: Sampling of the anode disk used for image analysis of the structure 

of the anode core sample 
(©Brigitte Morais 2022) 

 

3.2.2 Variation of the Particle Size Distribution in Anode Plant 

The sampling plan of raw material and the dry aggregate fractions in the anode plant 

is shown in Figure 3-5. The study of particle size in the anode plant demonstrated the 

variability of each of the particle size of the dry aggregate fractions (small, medium, large, 

ball mill product and dust) as well as each of the raw materials: coke, baked and green rejects. 

The study made the modification of the particle size distribution possible in order to represent 

a severe and realistic case used in the anode plant for the experimental part of the research 

plan. 

Disk

Core
4.4 cm2

8.64 mm2 D
130 mm

20 mm
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The particle size stability study of dry aggregates was performed using consecutive 

samples, i.e., a sample taken one after the other in a short period of time, or a daily sample, 

i.e., sample taken once per day. Consecutive samples were converted to a daily sample using 

their average. The sampling covers the entire anode manufacturing process and was 

performed over four different periods. Period 0, 1, 2, and 3. It includes the raw materials, the 

roller crushing circuit of the very large particles, and the different dry aggregate fractions 

indicated by colored circles in Figure 3-5. The results are presented in Appendix 1. 

The use of the natural particle size distribution of cokes and each dry aggregate 

fraction in the anode plant allowed to create a spreadsheet to obtain laboratory dry aggregate 

recipes of the anode similar to that used in the anode plant. Large particles up to 12,5 mm of 

butts were used as in the anode plant which is not common in laboratory experiments. 
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Figure 3-5: Diagram of the dry aggregate sampling campaign 

(©Brigitte Morais2022, pictures vibrating screen [10] authorized by 
Fredrik Mogensen Ab, which is an OEM of Allagier Process Technology, roller 

crusher [11] authorized by Lessine Tailored Bulk Technologies, screening 
machine [12] authorized by Grupa Wolff safety and innovations, ball mill [13] 

authorized by 911 Metallurgist, dust extraction system [14] authorized by 
Process Equipment I  Ltd. LLP) 

 

3.3 Laboratory Study 

3.3.1 Characterization 

The equipment used for the characterization of raw materials were the 

JEOL-JSM-6480 LV scanning electron microscope (SEM), the Nicolet 6700 FTIR 

spectrometer, the Gemini VII model 2390p nitrogen (N2) adsorption analyzer, and the Nikon 

Eclipse ME 600P optical microscope with its CLEMEX software. The CLEMEX software, 

version 7, was used to establish the quantitative measurements (dimensions) and the 

qualitative measurements (shape factors which are dimensionless) of the raw materials, coke 
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or matrix and the macropores of the structure of the anode observed on the 20 mm disks, and 

the paste particles of the rheology tests. The paste particle is an agglomerate of dry aggregate 

with pitch formed during the anode paste preparation. 

The microstructure of raw materials was obtained by analyses of the nitrogen 

adsorption isotherm and the utilization of the following methods: 

 BET (Brunauer, Emmet, and Teller) for the specific surface area using the principle 

of multilayer gas adsorption on a surface. The 10-point method between 0.05 and 

0.25 P/Po (injected pressure/nitrogen saturation pressure) was used. 

 The t-method (thickness of the monolayer) that discriminates the surface 

corresponding to the ultra-micropores (3.5 to 5 Å) from the measurement of the total 

specific surface area. The statistical thickness method (STSA) for carbon black as the 

thickness curve and BET's specific surface at 10 points were used. 

 BJH (Barrett, Joyner, and Halenda) measures the cumulative specific surface area and 

the cumulative volume of pores as well as the distribution of pore volumes according 

to the width of pores (dV/dw). It covers mainly mesopores and macropores 

(17 to 3000 Å). The carbon black STSA as the thickness curve with the 

Faas correction factor were used. 

  H-K (Horvath and Kawazoe) measures mainly the total volume and distribution of 

micropores (14 to 27 Å) volumes as a function of the width of the pore (dV/dw). The 

selection of slit-shape pore geometry was used which is representative of pores seen 

with the SEM. 
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 The degassing of the samples was carried out at 350 °C under nitrogen atmosphere 

for one hour. The use of glass rods was necessary in the control tube and the sample 

tube since the measurements of raw material were less than 1.0 m2/g. 

The range of size between 3.5 Å and 5 Å measured with the t-method will be named, 

here, the “ultra-micropores”, because their size is less than 7 Å. However, they are all by 

definition micropores (<20 Å).  

All analyses of physical and chemical properties of the anode of the industry 

measurement campaign and the raw materials were carried out by Aluminerie Alouette Inc. 

The chemical composition of the raw materials and the anode core samples are given in 

weight %. 

The following procedures were used: 

 Standard Test Method for Apparent Density by Physical Measurements 

of   Manufactured Anode and Cathode Carbon Used by the Industry 

ASTM D5502-00 (2015). 

 Standard Test Method for Electrical Resistivity of Anode and Cathode Carbon 

Material at Room Temperature ASTM D6120-97 (2012). 

 Prebaked anodes and cathode blocks - Part 1: Determination of bending/shear 

strength by the three-point method ISO 12986-1 - (Bending strength). 

 Determination of the reactivity to air - Part 1: Ignition temperature method 

ISO 12982-1. 
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 Determination of the reactivity to carbon dioxide - Part 1: Loss in mass method 

ISO 12981-1. 

 Standard Test Method for Determination of Crystallite Size (Lc) of Calcined 

Petroleum Coke by X-ray Diffraction ASTM D5187-10 (2015). 

 Standard Test Method for Real Density of Calcined Petroleum Coke by Xylene 

Displacement ASTM D5004-11 (2011). 

Air and CO₂ reactivity analyses of raw materials and anodes were done on the particle 

sizes of 1.0 mm to 1.4 mm. The determination of the dimensions and shape factors of the raw 

materials were carried out using the particles of 1, 2, and 4 mm. The tests of nitrogen 

adsorption isotherm were carried out using particles of 1 mm. 

3.3.2 Settings of the FTIR Device vs. Estimation of Raw Material Structure 

In order to obtain more rapid information on the ultra-microporosity of cokes and the 

average pore diameter of cokes and butts, the FTIR apparatus was used. Usually, these data 

are acquired by the use of nitrogen adsorption isotherm analysis. This can take nearly 16 to 

20 h or more including sample preparation while the FTIR device can give information after 

1 h for the results and the interpretation of the data takes few hours. The use of liquid nitrogen 

and its handling is a disadvantage for the nitrogen adsorption analyzer compared to FTIR 

spectrometer where no special chemical product is necessary other than spherical KBr which 

is readily availability and easy to handle. 
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The number of scans for the samples and the KBr background noise for calibration is 

64 for each. The resolution is 4 cm-1. The size of the coke particles or butts used for the FTIR 

test is between 100 μm and 125 μm. 

A relationship has been established between the readings of the nitrogen adsorption 

analyzer and FTIR spectrometer in order to shorten the time to obtain information on the 

structure of cokes and butts which are important for the interpretation of the reactivity results 

of the anodes.  

The Figure 3-6 shows the vibrational energies of the bonds of the molecules captured 

by the FTIR apparatus.  

 
Figure 3-6: Chart of energy zones detected by the FTIR spectrometer 

(CHM2520 University of Ottawa) 

 

The briquettes of pure KBr or the KBr mixed with the samples were prepared with a 

manual press. Figure 3-7 represents the spectrum of the empty chamber of the FTIR device, 

the background noise of the KBr for calibration, the nanoparticles, and a porous coke. 

The term “KBr background noise” is the spectrum obtained with a pure KBr briquette that 

must be subtracted from the sample reading before the device transmits the spectrum of the 

analyzed product. The readings are in absorbance percentage mode. The nanoparticle 

(H-heteroatome bond)
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spectrum is devoid of background noise on its spectrum as well as water vapor at the opposite 

of the porous coke. From this specific behavior of porous coke, the two methods were 

developed. 

3.3.3 Procedure to Estimate the Ultra-micropores of the Coke 

For the relationship with the ultra-microporosity of cokes, the procedure is as follows: 

 Crush the KBr (potassium bromide) with the sample to form the briquette. 

 A concentration greater than 0.7 % of the raw material is important for creating 

background noise on the FTIR spectrum as shown in the Figure 3-8. The principle is 

the increase of the raw material in the briquette to let the ultra-microporosity 

encounter the IR (infrared) beam and create signal disturbances (background noise 

on the spectrum). 

 The measurement is the set of areas of the micro-peaks of the background noise on 

the spectrum of FTIR in the zones from 1900 to 2050 cm-1 and 2450 to 2650 cm-1 

where there is no vibration energy of the molecules. So, there would be 

no interference to pick up with this weak signal. The two zones are identified with 

the blue color in Figure 3-8 with a more detail illustration at the right side of the 

figure. 
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Figure 3-7: FTIR spectrum of empty chamber, KBr background noise, nanoparticles and a porous coke sample  
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Figure 3-8: Detection of micropeaks of the background noise on the FTIR 

spectrum of coke  

 

3.3.4 Procedure to Estimate the Average Pore Diameter of Raw Materials 

For the relationship with the average pore diameter, the procedure is as follows: 

 Crush the sample, then use uncrushed KBr with the crushed sample to form the 

briquette. 

 A concentration of 1.0 ± 0.1 % of the raw material is important not to create this time 

background noise on the FTIR spectrum but rather allow the detection from the 

ambient air water vapor remained captive in the pores of the porous particles materials 

that have not been filled by KBr uncrushed particles. 

 The measurement is the set of peak areas on the FTIR spectrum in zones from 1300 to 

2020 cm-1 and 3450 to 3650 cm-1. 

 The zone from 1300 to 2020 cm-1 corresponds to the very large zone where water 

vapor is detected on the spectrum of the empty chamber of the device as shown in 

Figure 3-7. But, with the usage of the background of pure KBr briquette, this moisture 
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is removed from the signal. Therefore, it is the detection of water vapor from the 

ambient air captive in the porous coke in the briquette as shown in the right side of 

Figure 3-9. 

 The zone from 3450 to 3650 cm-1 corresponds only to a part of the second very large 

area where water vapor is detected since groups with heteroatom bonds which are 

also in the same zone are often high for the raw materials studied and would have 

generated inaccuracy. The two selected zones are shown in Figure 3-9. 

 
Figure 3-9: Detection of water vapors on the FTIR spectrum of raw materials 

 

3.3.5 Design of Experimental System Components, Preliminary Testing, and 

Experimentation 

The design of the kneader, mold and crucible for heating the pure pitch in order to 

make a core in the laboratory as well as that of rheological tests of the paste required several 

prototypes and heating tests with the equipment. Several preliminary tests have been 

conducted. First, the raw materials were homogenized by division and several flow tests of 
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pitch were carried out. Second, ten cores were made and 12 tests of the rheology of the paste 

were carried out. 

The Figure 3-10 illustrates the two types of rheological test equipment. The paste 

particle flow rheology test contains the sample cutter, and the measurement is the amount of 

paste recovered. The sample cutter is a quick cut of the paste, of a fixed duration, after placing 

the mixer in the vertical position on a support. The rheology test of the spreading of paste 

particles uses the amount of paste collected by the sample cutter of the flow rheology test of 

the paste. It is tumbled in a drum for one minute at a fix speed and then the paste particles 

are allowed to fall freely from a fixed height on a laid (a type of paper) paper of 45.7 cm to 

61 cm size. A shot over the cluster of the paste particles in middle and the isolated paste 

particles around is taken with a camera under standardized lighting as illustrated in 

Figure 3-11. The measurement of paste particle spreading rheology test consists of the 

determination of the shape factors of the cluster of the paste particles and those of isolated 

paste particles as well as the dimensions and the size distribution of the isolated paste 

particles obtained using the image analysis software of the optical microscope.  
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Figure 3-10: Types of rheological tests used for the characterization of the 

paste  
(©Brigitte Morais 2022) 

 

 
Figure 3-11: Cluster of the paste particles and isolated paste particles 

(©Brigitte Morais 2022) 
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3.3.6 The Type of Recipe Changes for Anode Paste Rheology Test 

Figure 3-12 presents the ten types of recipes which were studied by making nine 

changes to the reference dry aggregate recipe of the anode. The reference recipe consists of 

the standard blend of three cokes (STD) with 13 % pitch. The standard coke blend (STD) 

contains 40 % A1 coke, 40 % A2 coke that have the same origin, but coming from different 

batches, and 20 % coke B from another source. Changes to the standard paste included a 

change in size distribution (named “Granulo” for granulometry), binder type (the standard 

pitch no. 1 replaced by pitch no. 2), an addition of a new component, i.e., nanoparticles, the 

replacement of the standard coke blend with coke B, and subsequently the use of coke B with 

the addition of nanoparticles. The latest recipe changes were made with the addition of a coke 

substitute, biocoke. There was a reduction in the amount of pitch, the return to the standard 

amount of pitch, then the addition of nanoparticles and finally the replacement of standard 

pitch by the pitch no. 2 at the same time as the addition of nanoparticles. More specifically, 

the change in granulometry is a decrease in coarse and medium dry aggregate fractions which 

was compensated by an increase in fine dry aggregate fraction without changing the ball mill 

product and filter dust quantities. 
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Figure 3-12: Ten changes of recipe from the reference dry aggregate recipe 

studied 

 

3.4 Raw Materials 

3.4.1 Biocoke and Nanoparticles 

The source of biomass comes from the coniferous sawdust residues of the Boisaco 

company in Sacré-Cœur on the North Shore of Quebec. The samples contain 65 % black 

spruce and 35 % fir. The recovery of biocoke is 26.6 % by mass after baking seven batches 

of sawdust. The seven batches of biocoke were mixed, crushed, and remixed to ensure the 

homogeneity of the product. 
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The carbon nanoparticles are 95 % of the size of 3 nm to 4 nm, in spherical form 

with an electrical resistivity of 0.77 μΩ m. They were acquired from a specialized supplier. 

The product name is: 0510HZ Diamond Nanoparticles. 

3.4.2 Coke, Butts, and Pitch 

The three cokes used for the research plan were sampled directly at the anode plant. 

Cokes A1 and A2 were from the same source, but not from the same batch, and were also 

used for the industrial anode manufacturing campaign. The third, coke B, came from another 

source. The coke sample size was one drum of 45 US gallons each. They were sieved by size 

fractions and then each of the fractions was divided into two series (A and B) of 16 identical 

batches that were recombined to make at the end 16 identical batches as illustrated in 

Figure 3-13. 

 
Figure 3-13: Raw material division method 

(©Brigitte Morais 2022) 
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The same method was used for the division of the butt drum and pitch drum also from 

the anode plant. 

Three of the 16 prepared batches of pitch were crushed and mixed since the starting 

pitch had large particles which were not suitable to place in the pitch crucible to produce the 

paste used in the core preparation in the laboratory as well as the paste produced for rheology 

tests. The green rejects (a mixture of crushed anodes and paste) were not used as it is added 

in the plant in small percentage (less than 4.0 %) [5] because this would have caused 

variations in the quantity or quality of pitch in the paste prepared in the laboratory. 

The ball mill product consists mainly of coke particles and approximately 16 % butts 

taken from the baked rejects crushing circuit. The coke and butts are sieved in one step 

together which explains the part of butts into the ball mill product. Thus, the ball mill product 

is a raw material with its own characteristics and will be named in the text “pure ball mill 

product” to differentiate it from mixtures of the pure ball mill product with the additions of 

biocoke, nanoparticles or both. The ball mill product particle size is in microns. 

3.5 Rheology Test Equipment 

A simple camera type Canon PowerShot SX50HS, 12.1 Megapixels with automatic 

mode and an ISO 80 was used. The exposure time was 1/80. The light source was 

a photography light box mounted above the support of the paste-free particle spreading 

system. The base of the support was an aluminum plate covered with a laid (type of paper) 

paper of 45.7cm by 61 cm size changed for each experiment to accentuate the contrasts of 

the loose particles after spreading the paste particles. The laid paper has a texture of finely 
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ribbed appearance helping the particle to stay loose. The top of the support kept the camera 

at a fixed distance. The amount of paste recovered by the sample cutter of the flow rheology 

test made it possible to obtain the loose part of the paste. Once collected, they were tumbled 

into a drum equipped with lifting bars to separate the particles from each other. The purpose 

of sample cutting and tumbling at the temperature of the paste was to eliminate any 

manipulation that could change the natural agglomerations of the paste particles, its texture, 

or its appearance under light. All the images were captured using a measurement standard as 

shown in Figure 3-14 and under the same conditions. The effort to ensure the homogeneity 

of the raw materials, the correspondence of the particle size distribution of the paste recipe 

with that in the anode plant, the simplification of the image capturing equipment, and the 

image processing with the optical microscope software facilitated the measurement of the 

paste characteristics and allowed to get as close as possible to the operating conditions of an 

anode plant. The rheology test developed in this study helps avoid interaction with the paste 

which could bring bias to the real behavior of the paste. The usage of a commercial camera, 

and the Clemex software of the Nikon optic microscope presents an original and simple 

method to characterize the anode paste. The characteristics of the anode paste are the shape 

factors of the cluster of paste particles, and the dimension and the shape factors of isolated 

paste particles around it. 

 

 



63 
 

 

 
Figure 3-14: a) Type of image to be analyzed for paste particle spreading 

rheology test and b) measurement standard 
(©Brigitte Morais 2022) 

 

3.6 Dimensions and Shape Factors 

The dimensions and the shape factors were used to characterize the particles of cokes, 

butts, and also for paste particles. The dimensions of the particles include the length which 

is defined as the longest ferret measured for an object, and the width as the shortest. A feret 

is the distance between two tangents at a known angle as illustrated in Figure 3-15. It also 

includes the perimeter, equivalent spherical area, and inner and outer diameters. 

All definition and equation for dimensions and shape factors used are from the Clemex 

software [76]. 

 
Figure 3-15: Shortest and longest ferret of a particle  

(Reproduced from [76]) 
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As defined in the manual of Clemex software [76], the dimension of the inner 

diameter is the diameter of a circle centered on the gravity center of the object where the area 

expands to the nearest edges of the object to its gravity center. The outer diameter is the 

diameter of a circle centered on the gravity center of the object where the area expands to 

farthest edges of the object from its gravity center. The inner and outer diameters are 

illustrated in Figure 3-16 and Figure 3-17. 

 
Figure 3-16: Inner and outer diameter based on the gravity center of the 

particle 
(Reproduced from [76]) 

 

 
Figure 3-17: Inner and outer diameters  

(Reproduced from [76]) 
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The qualitative shape factors of the particles are the sphericity, roundness, and the 

compaction factor which are ratios of two dimensions; therefore, they have no units 

(dimensionless). The more their value is near a value of one, the more the qualitative shape 

factor approaches a perfect circle, a 2D projection of the particle. The sphericity represents 

how closely a particle resembles a sphere; a value of one means that the area of the 2D 

projection of a particle is similar to a circle [Eq. (3-1)] [76]. The roundness is a qualitative 

measurement of the roundness of the object’s edges using a ratio of four time the area of the 

2D particle projected to its area obtained by the square of the length of the particle multiplied 

by pi (π) [Eq.(3-2)]. Finally, the compaction factor is the ratio of four times the area of the 

projected 2D particle to the square of its convex perimeter assuming that a value of one 

allows good compaction of the particle [Eq.(3-3)]. The roundness and the convex perimeter 

are illustrated in Figure 3-18. 

 𝑆𝑆𝑆𝑆ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑑𝑑𝑒𝑒 =
4𝜋𝜋𝐴𝐴
𝑃𝑃2

 (3-1) 

 

 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑑𝑑𝑅𝑅𝑒𝑒𝑅𝑅𝑅𝑅 =  
4𝐴𝐴

𝜋𝜋 ∗ 𝐿𝐿𝑒𝑒𝑅𝑅𝐿𝐿𝑑𝑑ℎ ∗ 𝐿𝐿𝑒𝑒𝑅𝑅𝐿𝐿𝑑𝑑ℎ
 (3-2) 

 

 𝐶𝐶𝑅𝑅𝐶𝐶𝑆𝑆𝐶𝐶𝑒𝑒𝑑𝑑𝑒𝑒𝑅𝑅𝑅𝑅 𝑓𝑓𝐶𝐶𝑒𝑒𝑑𝑑𝑅𝑅𝑒𝑒 =  
4𝜋𝜋𝐴𝐴

𝐶𝐶𝑅𝑅𝑅𝑅𝐶𝐶𝑒𝑒𝐶𝐶 𝑆𝑆𝑒𝑒𝑒𝑒𝑒𝑒𝐶𝐶𝑒𝑒𝑑𝑑𝑒𝑒𝑒𝑒2 
  (3-3) 

A= particle area in 2D particle projection 
P= particle perimeter in 2D particle projection 
Equations are from [76] 
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Figure 3-18: Roundness and convex perimeter 

(Reproduced from [76]) 

 

3.7 Normalization of Data 

All the reactivity results (air and CO₂), physical properties, the final anode baking 

temperatures, and the Lc values are expressed with the maximum values of the industrial 

anode campaign ((value/anode max value) * 100). Thus, a value over 100 % is possible for 

raw materials if their results exceed those of the anodes. With this method, the data do not 

have a specific unit, but it is rather represented as a percentage of the maximum value. Thus, 

the range of 0 % to 100 % is used. This method of presenting data is related to the final anode 

baking temperature, Lc, apparent density, electrical resistivity, bending strength, and air and 

CO₂ reactivities of industrial anodes. This method makes it easier to compare the results of 

raw materials with those of manufactured anodes in industry. Thus, it becomes clear whether 

raw materials performed better or worse than industrial anodes. 

The sign “%” is omitted in the text, figures, and tables for the data express as a 

percentage of the maximum value of the anode campaign in industry.  
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Table 3-1 shows, the type of the measurements carried out and the samples used. It 

gives the information if the data is or is not expressed as the percentage of the maximum 

value. In the third column, if the data is expressed as a percentage of the maximum value 

obtained, the information corresponds to the “expected range” and if not, the information is 

the type of “unit” used. Some properties such as density, resistivity, surface area, diameter, 

volume, and pore distribution were not normalized. 

Table 3-1: Type of data used 

 

 

The term “express as the percentage of the maximum value” does not appear in graph 

axes since the data express as the percentage of the maximum value and the one not 

normalized are well described in this chapter in Table 3-1. This allows space for the addition 
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of the state of the sample (green and baked) in the titles of the axes of several graphs. In 

addition, the graphs with the independent variable as electrical resistivity on the x-axis have 

the y-axis on the right side of the graph. This allows to easily compare graphs side by side 

for electrical resistivity and density as independent variables since a high density is a good 

property and a high electrical resistivity is a poor property. The tendency in this case will be 

in the same direction for both graphs with this organization and will apply for any other 

dependent variables studied as a function of the independent variable of the electrical 

resistivity of the thesis.  

3.7.1 Normalization of Particle Size Distribution Graphs 

Significant precision is required for all figures of particle size distributions of raw 

material and dry aggregate used or from the anode plant presented in the thesis and in the 

appendices. Some values have been deliberately omitted or modified for confidentiality 

purposes. For particle size, the y-axis scales are absent. The x-axis scales for particle sizes 

are not standardized for all the set of studies, but rather given according to the sieve sizes 

used for each of individual particle size studied. A particle size of “1” indicates the largest 

size, “0” the smallest and “<0” smaller than the smallest size, so the amount retained in the 

pan of all the sieves used. The normalized values are calculated by subtracting the minimum 

value from the current value and dividing this by the difference between the maximum value 

and the minimum value of the set of values.  
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3.8 Dry Aggregate Fractions vs. Fine Particles 

The dry aggregate fractions are small, medium, and large and are from the sieving of 

raw materials which feed an anode plant. For the purpose of confidentiality, the range of sizes 

for each of them will not be presented in the text. The expression a dry aggregate fraction is 

different than the fine particles which have a size less than 0.1 mm as defined in the general 

structure description of the anode presented in Section 1.3. 

3.9 Final Anode Baking Temperature 

Final Anode baking temperatures were measured using graphite crucibles filled with 

a special green reference (uncalcined) coke. A calibration curve of final anode baking 

temperature vs. Lc exists for this reference coke. Once the crucibles have been recovered 

after the anode baking, the measurement of the Lc makes it possible to determine the final 

anode baking temperature using the calibration curve. The anodes studied have three holes. 

A crucible was installed in the top hole and the bottom hole of the anode as shown in 

Figure 3-19 as anodes are installed in vertical position in the baking furnace. In the same 

figure, core no. 7, which was used for the parametric study of the properties of the anodes as 

well as for the image analysis of the structure of the anode is located halfway between the 

central hole and the bottom hole. The temperature of the center hole is obtained by the 

average of the two crucibles. To properly estimate the temperature of core no. 7, the average 

of the calculated temperature of the center hole and the measurement temperature of the 

bottom hole was taken. This method satisfactorily indicated the final anode baking 

temperature to which the cores named “BXX07D” (XX for anode numbers) were exposed. 
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Figure 3-19: Installation of graphite crucibles filled with a green (Uncalcined) 

reference coke 
(©Brigitte Morais 2022) 
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CHAPTER 4 

PRIMARY TESTING AND VALIDATION OF CONCEPTS 

4.0 Introduction 

This chapter presents the final anode baking temperature obtained for all the industrial 

anodes studied since it is an important process parameter that affects the anode quality. Then, 

it is considered as an important information for the analysis of the results. The industrial 

anodes used for the study were baked in the same furnace pit. Their final baking temperature 

as well as the flue gas temperature was measured to understand better the impact of the 

structure on anode quality (see Chapter 5) and the parametric study of the reactivities of 

baked anodes (see Chapter 6). 

The validation of the raw material size distribution used in the laboratory with that of 

the anode plant is detailed. Since the objective is to predict anode quality from the anode 

paste, it is important that raw materials in the experimentation and those of the anode plant 

are the same. Contrarily, many studies use different particle sizes than those of the industrial 

anodes. This would not be acceptable in this paste characteristics study that will be related to 

the baked anode quality. 

Several concepts have been developed for the realization of the research plan in order 

to provide tools for measuring the structure of green and baked anodes, the production of 

laboratory cores, and the characterization of paste for the study of rheology.  

Each of the concept developed required preliminary testing to confirm its ability to 

perform their task. It also requires a validation of their capability to distinguish the different 
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samples tested to perform the experimental part of the research plan. In the case of the image 

analysis concept, the validation of the capability to make the distinction between anode 

structures (coke, pore, pitch or matrix) is necessary, and the terminology in case of green and 

baked anode structures has to be explained too. The equipment used to produce the laboratory 

cores requires to verify if attrition of the dry aggregate particles happens during kneading, if 

the core quality will respond to the change in different paste recipes, and which one is the 

percentage of pitch required for such a type of new developed kneader. Finally, the laboratory 

core produced must be compared to the core from the industrial anode to validate if the 

laboratory experimentation is pertinent. For the study of the paste with a new concept of 

rheology test, the correspondence between the core and paste pitch contents is important to 

make sure that a relation between the characteristic of the paste and the quality of the 

laboratory cores will be satisfactory.The final anode baking temperature, the flue gas 

temperature, the preliminary testing, the validation of the tools for the core making, and the 

rheology testing are detailed in this chapter. 

4.1 Final Anode Baking Temperatures and Baking Conditions 

The final anode baking temperature and the way the anodes are loaded in the baking 

furnace are important for Chapter 5 and Chapter 6 of this study. The final anode baking 

temperature is considered as primary data for the data analysis of those two chapters; thus, 

they are presented in this section. 

 

In Figure 4-1, the flue gas baking temperatures inside the flues of the baking furnace 

(where the hot air passes through the baking furnace) show that flue no. 3 (in green) in the 
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center of the baking furnace has the lowest temperatures. The flue 4 (in purple) has the second 

lowest temperature. The scale of the temperature is omitted for confidentiality reasons. 

The reader is referred to Section 3.2, Figure 3-2 for identification of the flue in the baking 

furnace. Flue 3 and flue 4 correspond to the two sides of the pit no. 3 used for baking the 

anodes of the compaction speed test carried out with the vibro-compactor B. The result is a 

lower final anode baking temperature for these anodes, an information to consider during the 

analysis of the results of this study. Baiteche modelled a baking furnace [77] and indicated 

that the temperatures in the baking furnace change with the position of the flue walls which 

widened at the center of the baking chamber due to deformation, the thickness of packing 

coke, and the location of anodes in the baking furnace. The gas in contact with flue walls is 

at a higher temperature than the anode, but the heating rate is about the same both in the flue 

and the pit. 

 
Figure 4-1: Flue gas baking temperature for the first 24 h 
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During the first 24 hours, the temperature gradient changes in the range from ambient 

temperature to 200 °C at first with a rate of 400 °C/h, then from 200 °C to 800 °C to a rate 

of 50 °C/h and finally after the first 24 hours to 30 °C/h [5] corresponding to the temperature 

measured during the baking of the industrial anodes as shown in Figure 4-1. After the first 

24 hours, the baking rate drops significantly, but the pitch carbonization at this time is well 

advanced (800 °C). Figure 4-3 and Figure 4-4 display the profiles of the normalized final 

anode baking temperatures of the anodes. The position and the row of the anodes in the 

furnace pit during the anode manufacturing campaign for this study are shown in Figure 4-2. 

The values of 80 represent places where there were anodes which are not used for this 

project, so no measurement was taken at these positions. Thus, value of 80 arbitrarily used 

to allow better visualization the variation of the temperature in the figure. The final anode 

baking temperature of row no2 of the pits was higher and stable where the anode used for 

compaction tests (with either vibro-compactors A and B) were baked. There was a variation 

in temperature inside the pit that is well documented by Keller and Sulger [9]. 

 
Figure 4-2: Positions and rows of anodes loaded in the pit of the furnace 

chamber 
(©Brigitte Morais 2022) 
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Figure 4-3: Final baking temperature of anodes used for compaction pressure 

test a) vibro-compactor A and b) vibro-compactor B 

 

 
Figure 4-4: Final baking temperature of anodes used for speed compaction test 

with vibro-compactor B 
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4.2 Validation of Size Distribution Between Laboratory and Paste Plant Raw 

Materials 

The size distribution of the drum of coke A1 and A2, and Coke B sampled in the anode 

plant is compared to the average size distribution of coke used in the anode plant during the 

sampling period 1, 2, and 3 of the study of dry aggregate stability as shown in Figure 4-5. 

The drum of pure butts is also compared to the baked rejects used in the anode plant on the 

same periods as shown in Figure 4-6. The agreement is very good.  

The content of the drum for each coke is similar to the average size distribution of the 

coke used in the plant. Minor differences exist in the large particle size indicated as 1.00 for 

cokes and 1.00 and 0.61 for pure butts and in the smallest particle size named “<0” as shown 

in Figure 4-5 and Figure 4-6.  

 
Figure 4-5: Comparison of size distribution of cokes used for the dry aggregate 
recipes of the core preparations in the laboratory with that used in the anode 

plant  
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Figure 4-6: Comparison of size distribution of pure butts used for the dry 

aggregate recipes of the core preparations in laboratory and that of the baked 
rejects used in the anode plant  

 

Since each drum of cokes and the drum of pure butts are sieved by particle size, the 

coke part and that of butts in the dry aggregate recipes of the cores made in laboratory are 

prepared using exactly the same size distribution of the dry aggregate recipe of the anode 

produced in the plant.  

4.3 Improvement of the Image Analysis Program 

The new program has been built using the program previously developed by the 

personnel of the Chair CHIMI of UQAC [74; 75]. The previous program calculates the 

percentage of the area occupied by the coke, the pore, and the pitch. The improvement made 

to the program in this study brings more information such as the percentage of pores and the 

matrix in the coke particles as well as at the periphery of the coke particle, the percentage of 

the area which represents the coke region, and the free matrix with its content of pores in the 
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anode structure. This additional information allows the establishment of the relation between 

the anode structure and its density, electrical resistivity, bending strength, air reactivity, and 

CO₂ reactivity, which are the subjects studied in this thesis. The next section explains how 

the two programs work. The quality of the image for the two programs is the same, but the 

previous program shows the coke, pore, and pitch and the new one the coke, pore and matrix. 

The ultimate difference is that the new program has the capability to calculate these three 

components (coke, pore, and matrix) in a specific location of the anode structure. 

The following sections explain the design of the improved program, the new terminology 

used to describe the anode structure as well as its ability to recognize the anode structure 

(coke, pore and matrix). 

4.3.1 Comparison Between the Original and the New Image Analysis Program 

The program of image analysis previously developed by the personnel of the Chair 

CHIMI of UQAC [27] involves taking an optical microscope image with an external light to 

amplify the color differences between the components of the anode structure: coke, pitch, 

and pores. The light has a specific incident angle to help the detection of pitch. The color 

detection threshold is adjusted and established to detect coke and pores. The remaining colors 

represent the matrix or the pure pitch. Then, for each of the components of the anode, an 

image is generated with new true color; red for coke, green for pitch and yellow for pore. 

The sample size analyzed is 1 cm2.  

The image analysis designed and developed in this study used a diffused light, 

incident at a specific angle different from the previous program, to improve the contrast 

between the components of the anode structure: coke, matrix, and pores. The addition of the 
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matrix, which is the mixture of fine dry aggregate particles (coke and butts) and pitch, is 

original. The sample size analyzed is 4.4 cm2 which is a positive increase of the surface of 

the anode analyzed. 

The MATLAB functions “fill” and “convhull” were added to the program. 

The function “fill” allows filling the particles of coke with red color omitting their pore or 

their matrix; thus, the entire area occupied by the coke particle is represented. The function 

“convhull” represents the area of the coke particle plus the area formed by including the 

rugosity (surface roughness) of the coke particle (the periphery of the coke particle). 

By comparing the two areas produced with “fill” and “convhull” functions for the coke 

particles (in red color) with the presence of the matrix (in green color) or pore (in yellow 

color) in the same area, it is easy to determine the pore and matrix areas in the coke or at the 

periphery of the coke. At the same time, the free matrix and the region of coke are also 

determined. The terminology used with the program of image analysis designed and 

developed in this study is explained in Section 4.3.2 and Figure 4-7. The type of images 

generated by the optical microscope is also defined in Section 4.3.4. The image generated by 

the program of image analysis is explained just after the verification and the validation 

experiments detailed below. 

4.3.2 Design of the New Image Analysis  

The term structure for this study is defined by the organization of dry aggregate 

particles and matrix distribution. Ultra-micropores are defined as pores with a size of less 

than 7 Å, micropores with pore sizes of less than 20 Å, mesopores with pore sizes between 

20 Å and 500 Å, and macropores with pore sizes of greater than 500 Å by IUPAC 
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(International Union of Pure and Applied Chemistry). Therefore, macropores were studied 

with image analysis. 

The image analysis program, which was developed and improved during this study, 

added the concept of the localization of pores and matrix within and at the periphery of coke 

particles. The glossary used for image analysis is presented in Figure 4-7. The term “cavity” 

refers to intrinsic (original) pores inside coke particles used as raw material and at the same 

time the free space at its periphery produced by the roughness of its shape. The coke region 

includes the coke particle and its periphery. The matrix that remains outside the coke region 

is called the “free matrix”. 

The cavities can be filled with the matrix and the unfilled part is considered a pore. 

Thus, the pores in the anode appear as a completely or partially empty part of a cavity inside 

or at the periphery of the coke particles. Pores are also created during the formation of the 

anode in the free matrix or due to the evacuation of volatile substances released from the 

pitch during anode baking. Image analysis shows how much the coke cavities were filled by 

the matrix.  

  
Figure 4-7: Schema of the components of the anode structure  

(©Brigitte Morais 2022) 
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Nearly the same terminology is used for green and baked anodes. Since the pitch 

transforms during baking, the meaning of the terms “free matrix and matrix” thus changed. 

The term matrix becomes, after baking, the weak structure of the anode. The matrix contains 

a blend of pitch-coke and fine coke particles after baking. The pitch-coke is less transformed 

than the original calcined coke which continues to transform during baking to a higher level 

of Lc compared to its crystalline state in green anode. The pitch-coke is the pitch which 

passes from an amorphous to a crystalline state during baking. Some of pitch-coke did not 

reach the Lc of the original calcined coke used in the green anode production. The original 

calcined coke passes from a crystalline to a more organized crystalline state after baking. 

Thus, in general, the matrix in green anode becomes a weaker structure compared to the 

calcined coke of the baked anode. The amount of free matrix has very low values in the baked 

anode structure and represents a part where new coke particles are less consolidated to each 

other; its name “free weak structure” well represents this remain structure. 

The results of the image analysis refer to the overall structure of the anode. Each result 

for a structural element (coke, pore, matrix, etc.) represents a percentage of the total area it 

occupies in the analyzed sample (the % sign is omitted in the figures and tables, but present 

in the text). The equivalent spherical area concept is used to characterize the size of pores, 

coke particles, and matrix particles as needed. The matrix particle term represents isolated 

matrix surrounded by coke or pore, which gives a form to the matrix in the anode structure. 

For the equivalent spherical area, first, the total area of pixels representing the 2D projection 

of the particle is determined. After, the diameter of the circle which has the same area is 

calculated. Then, the surface of the equivalent sphere is calculated using this diameter 

(so-called “circular diameter”). The representation of the calculation steps is illustrated in 



82 
 

 

Figure 4-8. The Clemex software of the optical microscope allows the choice of the area 

calculated by the sum of the pixel of the 2D projection of the particle or the equivalent 

spherical area as a 3D feature [76]. The equivalent spherical area is a good approximation of 

the size of pore, coke and matrix particles since they are in 3D form in the structure of the 

anode. All dimensions are expressed in calibrated units (µm/pixel).  

 
Figure 4-8: Particle size determined with the equivalent spherical area method 

[76] 

 

4.3.3 Validation of the Detection of Pore and Pitch 

The image analysis program developed for detecting the overall anode structure was 

validated using the formation of two templates. They contain predefined and virtually 

identical structures of lines and round holes intentionally made in an anode sample obtained 

from the industrial anode manufacturing campaign. The templates and their predefined 

structures of lines and round holes for the validation of the image analysis to identify pores 

of the anode structure are shown in the Figure 4-9. One of the two templates was impregnated 

with pure pitch. Thus, the formation of an empty line and an empty hole to mimic large pores 

on the first template, were filled with pitch and the second template was without pitch. 

Subsequently, both templates were polished. In the images processed by the image analysis 

program, the red color represents coke, the green color represents fine particles of dry 

aggregates mixed with pitch (the matrix) or pure pitch and the yellow color represents pores. 
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The tools used to make the lines and holes have rounded ends. The lines and holed 

are made manually which has created shallower parts when forming the empty line. Since 

the light source has a specific incident angle, only down to a certain depth of the structure 

could receive the light. This phenomenon is verified later by optical profilometer. The part 

of the shallow mark of the empty line, indicated by the letter “A” on Figure 4-9 appears as 

pitch. The deepest part of the empty line, to the right of the letter “A”, is identified as a pore. 

The line filled with pure pitch stands out as pitch. With round holes, the same phenomenon 

appears but with less emphasis due to the fact that the hole was made vertically. The pitch is 

well represented. The EpoFix (compound used as a sample carrier for polishing) is detected 

as pitch, so it must be removed by polishing. This event happened with green anodes mostly 

when the compaction pressure was low during the forming of the anodes. The pore is well 

identified, and the marks of small depth appear as pitch. The pitch and the matrix are much 

softer than the coke and butts, which are more resistant to polishing. The use of color 

thresholds in association with the height of the structural components in the sample clearly 

identifies the components of the anode through image analysis. 
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Figure 4-9: Templates and their predefined structures of a) lines and b) round 
holes for validation of image analysis to identify pores of the anode structure 
(©Brigitte Morais 2022, pictures of impregnation and polishing are from a 
camera, original pictures of a) and b) are from an optical microscope, other 

pictures are from the image analysis program) 

 

4.3.4 Validation of the Detection of Coke, Pore, and Matrix in Anode Structure 

The Figure 4-10 shows an example of a sample processed by image analysis of 

a green anode. From the original color image, a black and white image and an image showing 

the three components of the structure of the anode, coke, matrix, and pores, with their color 

code are generated. Subsequently, images for each individual component of anode structure 

with black backgrounds are generated: coke in red, matrix in green, and pores in yellow. 

Coke particles have hard surfaces, and pores are usually deep. On the other hand, the matrix, 

that is, the mixture of pitch and fine particles of dry aggregate, and pitch alone are soft 

surfaces. When polished, they produce slight depressions, never as deep as pores. The 

concept was validated by two images, “A” and “B” of Figure 4-11, produced by optical 

profilometer. The pores which are deep are shown in black, the slight depressions are shown 

in gray, and the high structures are shown in white in the images of the profilometer.  
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The average surface of the matrix of the 17 samples analyzed for green anode is 

40.15 % of the total surface, which is significantly higher than the pitch percentage of the dry 

aggregate recipe of the anode. Typically, an anode paste contains between 13 % and 18 % of 

pitch [5]. The proportion of the matrix in the paste recipe is 44.53 % based on the particle 

size stability study of dry aggregates of the anode plant. The matrix is made of the finest raw 

material particles from the dry aggregate fractions (small, medium, and large), ball mill 

product, dust, and pitch. The difference between the tapped density of ball mill product (the 

predominant part of the matrix) and the pitch was used to adjust the volume of the finest 

particles of the matrix since they do not have the same density. The density of pitch is about 

40 % higher than the tapped density of the ball mill product. This does not give the exact 

calculation of the matrix area, but it is a good estimation. This confirms that the image 

analysis program developed correctly identifies the matrix, i.e., the mixture of fine particles 

of dry aggregate fractions (the proportion of finest particles in small, medium, and large 

fractions, the ball mill product, and the dust) with pitch. The presence in small amounts of 

the finest particles remaining in the dry aggregate fractions are due to handling. The 17 green 

anodes have 40.15 % of matrix; and after baking, their corresponding baked anode samples 

have 28.72 % of matrix (which after baking, it is called the “weak structure of coke”). This 

indicates that about 25 % of the green matrix (the pitch in the matrix) was converted to a new 

structure made of carbonized pitch and coke as solid as the original coke (coke at the green 

state) during the anode baking. 
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Figure 4-10: Example of a green anode sample treated by the image analysis 

(©Brigitte Morais 2022, pictures are from the image analysis) 

 

 
Figure 4-11: Image analysis of the pores of the anode and corresponding 

images A and B produced by optical profilometer 
(©Brigitte Morais 2022, Black and yellow pictures are from the image analysis, 

A and B are from an optical microscope profilometer) 

 

Two consecutively manufactured anodes were used to demonstrate the differences 

between the green and baked structures of the anodes. The green anode structure is on the 

left side on Figure 4-12 and the baked structure is on the right side of the same figure. Baking 

transforms pitch into a more solid structure called “pitch-coke”, and the image of the baked 

anode clearly shows the increased presence of total coke due to baking. As a result, the 

amount of matrix decreases with baking and new pores appear at the periphery of coke 

particles. They are formed due to the release of volatile matter from the pitch during baking. 

 
   Original Black and white
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3 components

Coke
Matrix 

(pitch + fine coke) Pore   
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However, the pitch-coke does not have the same properties as the calcined petroleum coke 

since calcined petroleum coke also continues to change during baking. Its structure also 

becomes more organized, hence its Lc increases. Thus, the matrix converted to the form of 

pitch-coke is not as hard as the more organized calcined petroleum coke after baking. 

Since image analysis differentiates the depths of the components of the anode 

structure, in the baked state, the term matrix is used to define the weak structure of the anode 

to simplify the terminology. This weak structure is the pitch that reached a low Lc during its 

transformation during the baking process of the anode. This explains why there is always 

matrix in the baked state. However, the free matrix is found in very small quantities after 

baking as the newly formed particle of coke from the pitch-coke widens the coke region. 

 
Figure 4-12: Comparison between the green and baked anode structures 

(©Brigitte Morais 2022, original pictures are from an optical microscope and 
other picture are from the image analysis) 
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4.3.5 Presentation of the Data of the Overall Anode Structure  

The primary objective of the image analysis program is to differentiate the three major 

components of the green and baked anode structures: pores, coke, and matrix. The second 

objective is to investigate the details of the structure which are listed in Table 4-1. That is, 

the distribution of pores and matrix inside and at the periphery of coke particles in addition 

to the amount of the free matrix outside the coke particle region. In addition, the kneading, 

filling, coating, and compaction indices were established to measure the ability of pitch to 

fill voids in the structure of the anode. The description of each type of calculation for 

kneading, filling, coating, and compaction indices is in the section named “other information” 

and more precisely in the column named “reference” of Table 4-1.  

Table 4-1: Overall structure of the anode shown in Figure 4-10 (Image analysis 
program) 

(©Brigitte Morais 2022) 
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4.4 Design and Validation of Core Production and Rheology Tests 

The research plan required the design of a kneader, a mold and a crucible for heating 

pure pitch to make a 500 g laboratory core as well as for the rheology tests for the anode 

paste. The Figure 4-14 shows the three steps of the design and validation process named as 

“design”, “preliminary test”, and “experimentation”. In the design step, several prototypes 

were built for each of the equipment, and several heating tests were carried out on them as 

well as on raw materials. The number of prototypes is listed under the column named 

“design” in Figure 4-14 next to the name of each prototype followed by the number of heating 

tests they have undergone (numbers are in parenthesis). The number of raw material heating 

tests is also listed next to each raw material used. There was a total of 13 prototypes and 69 

heating tests before starting preliminary testing and continuing with the experimental part of 

the research plan. 

The second step named “preliminary test”, which is the second column of 

Figure 4-14, represents the preliminary tests carried out to validate the ability of prototypes 

to do the task. The number of tests is indicated on the far right of each type of test in 

association with its prototype. For example, for the creation of a core, it took two mold 

prototypes, 15 mold heating tests and 8 preliminary tests to make the core before a usable 

core was obtained. 

For the kneader, particle attrition is an important point to verify to minimize particle 

deterioration during paste production. Although the second-largest particle size suffers 

slightly from attrition, the other sizes were within the attrition interval of a normal sieving 

operation as demonstrated in the Figure 4-13. The data are the differences between the dry 
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aggregate size distributions before and after kneading or sieving by the Ro-Tap machine. It 

is well known that mixers cause minimal attrition of particles [5]. The attrition of dry 

aggregate particles within the kneader is considered normal and acceptable. 

Preliminary tests also include a comparison of cores produced in the laboratory with 

those from anodes produced in industry, see Figure 4-14. It was possible to detect different 

paste recipes used in the laboratory cores from their density and electrical resistivity 

measurements. This was validated in the laboratory. The levels of pitch (poor, medium, and 

rich) in the laboratory anode paste were determined and validated by means of the rheology 

tests of flow and spreading of paste particles. Each experiment was followed using a material 

balance sheet to calculate the percentage of pitch during the test. The formulation of a 500 g 

paste requires great care since a few grams of pitch change the pitch percentage of the anode 

paste recipe in contrast to the larger-scale tests that are less sensitive to such differences. 

Subsequently in Figure 4-14, the step three named “experimentation” includes the 

step “preparation” of raw material, and the step “testing” which is the preparation of the 

pastes and cores in laboratory. In the preparation, the homogenization of 45 US gallons steel 

drum of raw materials (three drums of coke, one of butts, and one of pitch) per division (see 

Section 3.4.2) and several flow tests of pitch were carried out. Finally, in the step called 

“testing” which is the final stage of the experimentation part of the research plan consists in 

the manufacturing of ten cores and 12 paste rheology tests. 
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Figure 4-13: Effect of attrition on the laboratory before and after sieving and 

kneading process 

 

 
Figure 4-14: Schema of the process steps: design, preliminary test, and 

experimentation 
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4.4.1 Core Produced in the Laboratory vs. Industrial Core 

The mold and the kneader are designed to handle all the particle sizes used to produce 

an industrial anode, i.e., they can even handle 8 mm and 12.5 mm particles as illustrated in 

Figure 4-15. In most studies, particles of 8 mm or more are not used. For the same dry 

aggregate recipe and percent of pitch, the system can produce a green core, named 

“BM500G”. It has a density similar to a core taken from a green anode produced in industry, 

named “Industrial Anode 2 Vibro-compactor B” as shown in Figure 4-16b. If the BM500G 

recipe is modified in the laboratory, the changes in the results of electrical resistivity in 

Figure 4-16a and those of density in Figure 4-16b indicate that different paste recipe is used. 

 
Figure 4-15: Comparison between the particle size used in industrial and in 

laboratories 

 

 
Figure 4-16: Kneader with the core mold and properties of green cores a) 

electrical resistivity and b) density 
(©Brigitte Morais 2022) 
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Five disks from the green laboratory cores and four disks from the industrial green 

anode core are measured for density as illustrated in the Figure 4-17.  

 
Figure 4-17: Disk positions for determining the green core density profile 

(©Brigitte Morais 2022) 

 

The density profile (density as a function of the core height) is obtained from the 

density of the disks. A standard recipe used in the laboratory and in industry gives the same 

type of density profile in Figure 4-18. The profiles of laboratory core density with modified 

recipes are different from the standard recipe as shown in Figure 4-19. So, the procedure for 

making green core in the laboratory has the capability to produce green cores similar to 

industrial anode cores. It is also able to detect with the measurements of electrical resistivity, 

and density, the differences between the anode paste recipes. 
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Figure 4-18: Green core density profile as a function of core height 

(Laboratory and industrial core) 

 

 
Figure 4-19: Green core density profile as a function of core height 

(Laboratory core with different dry aggregate recipes) 

 

4.4.2 Core Produced in the Laboratory vs. Sensitivity to Variations in Paste Recipes 

The design of the equipment and the laboratory procedure for the production of green 

cores are sensitive to paste recipes modifications. The blend of the three cokes (A1, A2 and 

B) is the reference recipe, named “STD”. Coke A1 or Coke B are also used for recipes in the 

preliminary tests. The pitch used is the same for all experiments. 
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In Figure 4-20, it can be seen that the change in the dry aggregate recipe using coke A1 

affects the density and electrical resistivity of green cores. To test the effect of changes in the 

dry aggregate recipes on the core properties, the same coke (Coke A1), and about the same 

amount of pitch, ball mill product, and dust were used in each recipe. The modifications made 

to the reference recipe are the amounts of coke and butt particles in the dry aggregate fractions 

named “large”, “medium”, and “small”. The recipe called “Coke A1-modified-1” consists of 

a major change in “large”, “medium”, and “small” dry aggregate fractions. It is a decrease in 

“large” and an increase in “medium” dry aggregate fractions of butts compensated by an 

increase in “large” and a decrease in “medium” particles of coke. At the end, this recipe 

contains less “large” and “medium” particles, replaced by more “small” particles, and it also 

has fewer butts. A lower quantity of high-density butt particles reduces the density of the 

core. The result is a higher negative impact in density than in electrical resistivity. The drastic 

decrease in “large” particles of butts decreases the density. The increase in the quantity of 

large coke particles brings more contacts between those and other sizes of dry aggregate 

particles which maintains the low electrical resistivity. 

Contrarily, in the recipe called “Coke A1-modified-2”, the changes in the dry 

aggregate fractions are slight. An increase in “large” and “medium” particles is compensated 

by the “small” particles in both coke and butts. Finally, the changes involved two slight 

increases in “larger” and “medium” particles means a large reduction in “small” particles, 

which impacts greatly the density and the electrical resistivity. The lack of small particles 

cannot fill the free spaces between larger particles thus the density drops. The electrical 

resistivity increases due to the lack of contact between coke particles. 
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Figure 4-20: Preliminary laboratory green cores (Same pitch percentage and 

different dry aggregate recipes) 

 

The reference recipe (STD) with different pitch percentages as demonstrated in 

Figure 4-21, also indicates results for different cores properties. Increase in the pitch content 

increases the density and reduces the electrical resistivity. Its effect on density of the core is 

more significant than that on the electrical resistivity. The best density is obtained at 12.95 % 

pitch while the electrical resistivity is not at the optimum pitch yet. The contact between the 

particles is not satisfactory. The two other pitch percentages are at the poor pitch level 

affecting the density dramatically.  
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Figure 4-21: Preliminary laboratory green cores (Same dry aggregate recipe 

and change in pitch percentages) 

 

Figure 4-22, shows that the use of coke B instead of the blend of three cokes (STD), 

the addition of biocoke or changing pitch no. 1 with pitch no. 2 also affect the properties of 

green cores. Coke B reduces the electrical resistivity of green cores the most, while the lack 

of pitch with 12.48 % is the parameter that decreases density the most followed by the 

addition of crushed biocoke. Pitch no. 2 reduces slightly the density regardless that the pitch 

percentage is low. As it can be seen from these results, laboratory cores can indicate the 

effects of paste recipe changes on anode properties. The lack of information in the 

characterization of the paste does not help the interpretation of the data. These recipes will 

be tested with rheology tests. The characterization of the paste will be compared to the baked 

core density and electrical resistivity. For now, the validation step of the capability of the 

laboratory system to produce cores and its sensitivity to recipe changes is achieved. 
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Figure 4-22: Preliminary laboratory green cores (Different pitch percentages 

with different sources of carbon) 

 

4.5 Validation of Paste Particle Spreading Test and Pitch Sensitivity 

Once the paste particle spreading test is done, a cluster of the paste particles is on the 

center of the laid paper (type of paper) surrounded by isolated paste particles. The level of 

pitch in the paste can be distinguished from the top view of the spreading paste particles for 

the same pitch used by the roundness of the paste cluster. The particle roundness shape factor 

quantifies how close the shape of an object is to that of a mathematically perfect circle using 

measurements of particle width and length in 2D as demonstrated in the formula [Eq.(3-2)]. 

The pitch percentages below 11 % indicate poor pitch level, 11 % to 13 % pitch 

content signifies a medium pitch level, and above 14 % pitch content denotes a rich pitch 

level. Coke A1, coke B, and the blend of three cokes (A1, A2 and B) were all tested with the 

same recipe in the preliminary tests. The recipe for coke A1 was modified by increasing the 
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butt content. In this case, the size distribution was the same, but each size fraction had more 

butts. Several percentages of pitch were tested ranging from 10.53 % to 15.61 % as listed in 

Table 4-2. The tests are identified with letters from “A” to “I” in Table 4-2 and Figure 4-23. 

As shown in Figure 4-23, pitch levels: poor, medium, and rich can be differentiated with the 

paste particle spreading tests. The roundness values on the target line of 0.44 or higher 

represent the medium pitch level, values between 0.33 and 0.44 show the poor pitch level, 

and those below 0.30 represent, the rich pitch level. These results, in combination with 

preliminary tests of sensitivity to variation in laboratory core recipes, set the choice of the 

reference pitch percentage at 13 % for the recipes of the experimental part of the research 

plan.  

Table 4-2: The pitch percentages of anode pastes from preliminary tests 
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Figure 4-23: Preliminary paste particle spreading rheology tests for the 

determination of pitch level of the paste with the roundness of the cluster of the 
paste particles for different pitch percentages 

 

The top view of the same paste particle spreading tests, also gives the size distribution 

of the paste particles around the cluster of the paste particles placed on the center of the laid 

paper (type of paper). It indicates the pitch levels of the paste recipes. For each type of coke 

in Figure 4-24 (coke A1) and Figure 4-25 (coke B) or pitch levels in Figure 4-26 (poor level), 

Figure 4-27 (medium level), and Figure 4-28 (rich level), the frequency of the presence of 

the particles (number of particles) of 0.8 mm and 2 mm particle size is clearly distinctive of 

pitch levels and the source of coke. Each legend in those figures indicates first the pitch 

percentage, the type of coke, and in parentheses the letter identifies the samples in Table 4-2.  

With coke A1 in Figure 4-24, the quantity of particles of 0.8 mm and 2 mm have 

almost the same type of size distribution for poor and medium pitch levels. When the pitch 

level is poor, the amount of the two particle sizes is lower compared to a medium pitch level. 

In the case of a rich pitch level, the amount of 0.8 mm paste particles decreases drastically 



101 
 

 

and the amount of 2 mm increases. When the recipe contains more butts, the number of 

particles of both 0.8 mm and 2 mm increases significantly.  

 
Figure 4-24: Preliminary paste particle spreading rheology tests vs. paste 

particle size distribution for coke A1 

 

With coke B in Figure 4-25, the tendency is different. A small difference between the 

numbers of particles of 0.8 mm and 2 mm indicates a poor level of pitch and a high difference 

indicates medium or rich level of pitch. The larger the difference is, the higher the pitch 

percentage is.  
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Figure 4-25: Preliminary paste particle spreading rheology tests vs. paste 

particle size distribution for coke B 

 

The analysis by pitch level regardless of coke type is shown in Figure 4-26, 

Figure 4-27, and Figure 4-28. For poor pitch level in Figure 4-26, the size distribution curve 

follows the same shape with predominant peaks at 0.8 mm and 2 mm sizes. The difference 

in the number of particles at predominant peak positions is small. Coke A1 with an excess of 

butts and Coke B show similar tendencies and are both completely different from Coke A1 

without excess butts which has a much smaller number of particles. Coke B has a unique 

behavior. It has a small number of 0.8 mm particles starting from the medium pitch level to 

the rich level. Coke A1 behaves similarly only at rich pitch level. 
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Figure 4-26: Preliminary paste particle spreading rheology test vs. the size 

distribution of paste particles for poor pitch level 

 

 
Figure 4-27: Preliminary paste particle spreading rheology test vs. the size 

distribution of paste particles for medium pitch level 
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Figure 4-28: Preliminary paste particle spreading rheology test vs. the size 

distribution of paste particles for the rich pitch level 

 

In general, for a pitch percentage within a range of ± 0.45 % of the pitch target within 

the medium pitch level range (11.68 % to 12.61 %), the effect of changing pitch percentage 

is minimal on the size distribution of paste particles. Only the change in coke type or paste 

recipe can be observed with the paste particle spreading rheological test by analyzing the size 

distribution of the paste particles. The confirmation that a change in the pitch percentage of 

about ± 0.45 % around a pitch target point is satisfactory for the completion of the research 

plan. 

4.6 Validation of the Correspondence Between Paste Pitch Percentage for Rheology 

Tests and Laboratory Cores 

The pitch percentages of pastes used to produce laboratory cores and the ones for 

rheology tests are respectively in good agreement for each type of recipe tested as shown in 
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Table 4-3 for the experimental part of this study. Cores and rheology tests have averages of 

12.99 % and 12.98 % with a standard deviation of 0.14 and 0.17, respectively, which is 

satisfactory for a target pitch percentage of 13 %. The percentage of pitch of the recipe 

modified by adding biocoke and at the same time reducing pitch by 1 % is 11.88 % for the 

core and 12.18 % for the rheological test. Two rheology tests were performed without a 

matching core. Their pitch percentages are slightly higher, and they are identified as 

paste no. 1A and paste no. 3A since they have the same binder and dry aggregate recipe, and 

modified recipes of paste no. 1 and paste no. 3. These two tests, no. 1A and no. 3A, and the 

test with the reduction of pitch with biocoke paste no. 7 are not taken into account when the 

average of the pitch percentage calculated for the paste for laboratory cores and neither for 

rheology tests.
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Table 4-3: Correspondence of the pitch percentage between pastes of baked cores and corresponding pastes of rheology 
tests 
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All pitch percentages obtained during the experimental part of this study are within 

the range of ±0.45 % which is 12.55 % to 13.45 % for the target of 13 % pitch and 11.55 % 

to 12.45 % for the target of 12 % pitch. The ranges of pitch of 0.45 % around the pitch 

percentage target were determined according to the preliminary tests on pitch level with the 

paste particle spreading rheological tests in Section 4.5. Therefore, the information from the 

characterization of the paste indicates only the paste recipe modifications with the paste 

particle spreading tests by using the analysis of the particles size distribution of the paste. 

4.7  Discussion and Conclusions 

The final anode baking temperature of row no. 2 of the furnace pits is always the 

highest and the more stable than those of any other rows. Thus, the anodes of row no. 2 of 

each pit are suitable for comparing the properties of set of two anodes. It is natural to observe 

a variation in temperature inside a pit and a section of the furnace. It is the main reason why 

the final anode baking temperature was measured for each anode baked. 

The particle sizes of the four drums: three for cokes (Coke A1, Coke A2, and Coke B) 

and one for the butts are comparable to the average particle size used in the plant. Therefore, 

the laboratory pastes and cores were made from the same raw material as for the industrial 

anodes with the exact particle sizes respected. 

The image analysis program developed is able to identify the components of green 

and baked anode structures. It was confirmed based on 17 samples that the new image 

analysis program detected the matrix content rather than only the pitch by the previous 

program. This is a good tool to determine how much of the matrix in green state is 
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transformed into new pitch-coke that is as hard as the coke used to make the anode. 

It distinguishes the quantity of pores and matrix in the coke particles, at its periphery, the free 

matrix and its content of pores, and the coke region of the anode structure. This new 

information on anode structure is useful to relate the quality of the anode to its structure. 

The equipment and the use of the procedure developed produce laboratory cores 

comparable to cores sampled from an industrial anode. In addition, the changes in the paste 

recipe are detected by the changes in density and electrical resistivity.  

The decrease in butts in the recipe decreases the density as butts have a higher real 

density than the cokes. However, the electrical resistivity is less negatively affected since the 

increase in the quantity of large coke particles brings more contacts between those and other 

sizes of dry aggregate particles. The increase in small dry aggregate fractions to compensate 

for the reduction of medium and large fractions is detrimental for both the density and 

electrical resistivity. 

Increase in the pitch content in the anode paste increases the density and reduces the 

electrical resistivity. Its effect on the density of the core is more significant than that on the 

electrical resistivity within the range of 12.21 % to 12.95 % pitch content. The best density 

is obtained at 12.95 %. The laboratory anode paste pitch content has to be approximately at 

12.95 %.  

The use of different sources of coke contributes differently to anode quality. Coke B 

has a higher density and a lower electrical resistivity than the standard blend of three cokes. 

The lack of pitch decreases a lot the density, the addition of the crushed biocoke has the same 
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effect. In summary, the cores made in the laboratory are sensitive to raw material changes, 

pitch content, and dry aggregate recipes. 

The rheology tests can determine the level of pitch such as poor, medium, and rich. 

The size distribution of the amount of paste particles recovered from the sample cutter 

indicates that the amount of paste particles of 2.0 mm and 0.8 mm can be related to the pitch 

content of the recipe. The preliminary rheology tests determine that within a pitch interval of 

plus and minus 0.45 % for the medium level, the effect of changing pitch percentage is 

minimal on the size distribution of paste particles. Only the change in coke type or paste 

recipe can be observed with the paste particle spreading rheological test by analyzing the size 

distribution of the paste particles. 

The correspondence between the pitch percentages of the paste used to form the cores 

and those used for rheology tests was verified. It is easily within the pitch interval of plus or 

minus 0.45 %. This makes the identification of the effect of paste recipe changes on the anode 

properties possible. 

According to the preliminary results obtained, it is possible to detect the changes in 

anode properties for the ten different paste recipes using the paste rheology tests in the 

experimental part of this study. The division of coke and pitch fractions ensures the 

homogeneity of the raw materials used in the paste recipes. The manufacturing process of 

laboratory anode cores is sensitive enough to determine the relation between the recipe 

changes with density and electrical resistivity measurements of the cores. The equipment and 

the procedure are suitable for the experimentation.  

 



 

CHAPTER 5 

IMPACT OF ANODE STRUCTURE ON ANODE QUALITY 

5.0 Introduction 

The components of the anode structure in the green and baked states are studied to 

relate these to the baked anode properties: density, bending strength, and electrical resistivity, 

which define the anode quality. Therefore, the study of the structure of calcined coke and 

butts is necessary to determine the structural differences between the raw materials used to 

produce the anodes and anodes in green and baked state. Structures of low and high-density 

were examined and compared. Two anodes with the same density, one has good quality and 

the other bad quality (in term of electrical resistivity and the bending strength) were also 

compared.  

The analysis of several anode structures in green and baked state is made to 

demonstrate how the conversion of the green matrix to pitch-coke structure occurred and to 

explain the difference obtained for bending strength and electrical resistivity of the baked 

anode. Finally, the effect of each component of the structure of the green and baked anodes 

is analyzed to find which one has an important impact on the anode density. 

5.1 Structure of Coke and Butts 

Some large particles of coke of 4 mm are fractured as shown in Figure 5-1. 

Huang et al. [78] investigated the structure of pure carbonized pitch and calcined 

coke-carbonized pitch interface in baked anode samples with an innovative method of hot air 

etching.  
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Figure 5-1: SEM image of fractured 4 mm coke particle 18X (Coke A2) 

(©Brigitte Morais 2022) 

 

The surface of the fractured area represented in Figure 5-2 is similar to the fractured 

baked pitch studied by Huang et al. [78] shown in Figure 5-3. These fractures are not present 

in coke particles smaller than 4 mm in size or in particles of 1, 2, and 4 mm in size of butts 

as demonstrate in the Figure 5-6. The calcination of the green coke removes the moisture and 

volatile matters such as hydrogen, methane, and tar. This phenomenon produces some weak 

calcined coke particles with considerable large flaws or cracks due to excessive shrinkage 

during the green coke calcination. The trans-granular cracks are visible on large particles. 

The calcination process by rotary kilns imposes tumbling movements to the green coke that 

generates small particles stronger since the cracks are removed by the comminution actions 

during this process [5]. 
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Figure 5-2: SEM images of fractured 4 mm coke particle a) 18X, b)400X and 

c)2000X showing each parallel coke surface of the fracture 
(©Brigitte Morais 2022) 

 

 
Figure 5-3: SEM image of pure carbonized pitch fractured [78] 

 

Generally, the structure of the 4 mm coke particles is composed of macroscopic round 

pores, microscopic pores in the form of thin filaments or bubble-shaped pores that originate 

from the calcination of petroleum coke as shown in the Figure 5-4. Coke particles have flat 

surfaces with very few fine free particles. The macroscopic views (15X, 18X, 50X, and 

100X) of the coke particles in Figure 5-4 show porous material with large pore size (sponge 

coke). In the same figure, the microscopic views at 2000X on the flat surface of coke particles 

show small pore sizes. The presence of bubble structure represented by the macroscopic view 

of 50X is less often observed than the sponge structure, which is represented by the 

macroscopic views of 15X and 18X. 

a) b) c) 
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Figure 5-4: SEM images of 4 mm coke particles 

(©Brigitte Morais 2022) 

 

Butts’ surfaces have more complex and rough structure containing gas evacuation 

pores formed due to the devolatilization of pitch, and smooth flat surfaces with a structure 

like fish scale as shown in Figure 5-5.  

 
Figure 5-5: SEM images of 4 mm butt particles 

(©Brigitte Morais 2022) 

 

The pore sizes in the macroscopic view at 17X of a particle of butts are small. Their 

dimensions go up to 140 µm or less all around the structure of the butt particles. The butt 

pores sizes are in general smaller than those of the coke particles. In Figure 5-4, the coke 

macroscopic view of 15X has pore sizes up to 1 mm and view of 18X up to 200 µm or less. 

The macroscopic view of 50X represents a particular coke particle covered with a bubble 

Coke Flat surface  2000X

100X                     100X                  2000X

50X

15X

18X

2 
mm

Bubble

Butts Flat surface 2000X

17X
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shaped structure with pores of around 70 µm or less with larger size pore surrounding the 

bubbles which go up to 170 µm. All dimensions are from the SEM images. Figure 5-6 shows 

the surfaces of 1, 2 and 4 mm particles of the three cokes and butts.  

 
Figure 5-6: SEM images of pore wide of particle 1, 2 and 4 mm 

(©Brigitte Morais 2022) 
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In general, the width of the pores is greater for larger particles than that of small ones 

except for butts. This means that a certain amount of the matrix, medium and small particles 

of coke or butts are required to fill those wide pores. If there is a lack of filling material, the 

large particles would have less cohesion among them in the paste particles forms. The surface 

of butts remains the same for all particle sizes. The butts are baked anodes where the pores 

of coke are already filled by the matrix, pitch, and other small dry aggregates particles then 

baked in the furnace which homogenize the structure of the butt particles. 

On the surface of the smaller coke particles (1 mm and 2 mm), there are finer free 

particles as shown in Figure 5-7 compared to the particle of 4 mm in Figure 5-4. The texture 

of the particle surface of 1 mm and 2 mm particles of coke are lamellar, with smooth waves 

or slight rugosity as demonstrated in Figure 5-8a, b, and c, respectively. The lamellar coke 

texture found in some coke particles is similar to the texture of baked pitch found by Huang 

et al. [78]. 

The similarity of the structure of some coke particles with the baked pitch is probably 

normal because their sources are carbonaceous matters which each undergoes a heat 

treatment. Thus, some carbon residue from petroleum coke manufacturing from heavy oil 

may have the same characteristics as those of pitch manufactured from the carbonization of 

coal. 

 
Figure 5-7: SEM images of 1 mm and 2 mm coke particles 

(©Brigitte Morais 2022) 

Coke Flat surface  2000X
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Figure 5-8: SEM images of 1 mm and 2 mm coke particles 2000X a) lamellar 

structure (Coke B, 2 mm), b) smooth wave structure (Coke A1, 2 mm) and 
c) slight rugosity (Coke A2, 2 mm) 

(©Brigitte Morais 2022) 

 

Butts have several types of structural components. In a very smooth zone of the butt, 

a rough, rounded structure representing baked pitch (pitch-coke) can be observed in 

Figure 5-9. This kind of structure has not been found in the coke particle structure studied. 

Thus, it is unique to the structure of the particles of butt which have been covered by pitch 

during the anode preparation. This pitch-coke has not been subjected to high enough 

temperature to be converted to lamellar and granular texture of baked pitch as found in the 

study of Huang et al. for a pitch baked at standard baked temperature [78]. The baked matrix 

layer is 30 to 60 μm thick, and its surface is highly rough at 1000 X magnification. At 2000X 

magnification, this structure is much more textured than any of the observed coke structures. 

a) b) 

c) 
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This structure seems to be a large quantity of dry aggregate particles in micron sizes such as 

pure ball mill product from the paste recipe that are agglomerated and are connected or 

bonded together by the new coke particles generated by the baking of the pitch between them, 

which is called in this study the “baked matrix or weak structure of the coke”. The fractured 

coke particle of this study shown in Figure 5-2 corresponds to a similar structure of baked 

pitch, which confirms that the transformation of pitch to coke structure occurred during anode 

baking and produced lamellar and granular textures.  

The matrix is bonded to the original coke particle, making them unify and much 

harder to separate from each other or they have only weakly bound, and their weak link could 

be broken. In Figure 5-9 shows a butt particle where the matrix well-bonded to the original 

coke particle highly baked and the bare part of this coke particle allow to determine that in 

this case, the matrix has lightly bound to its surface and has broken during the crushing of 

the butts. The part of the butts without matrix shows a highly baked coke structure in the 

form of slight ridges without pores and some fine particles are present on the surface. The 

structure of highly baked coke structure demonstrated that the calcined coke used to make an 

anode continues to transform in a more organized structure as long as it is under heat 

treatment. The anode cycle is about 26 days in the electrolysis cell, at an approximative 

temperature of 960 °C and the temperature on the top of the anode varies between 400 °C 

and 600 °C [5]. Then, 20 % to 25 % of the anode at the end of its life (butt) is reintroduced 

to the new generation of anodes. It is often considered that the final anode temperature at the 

baking step is over 1000 °C for about seven days [9]. Therefore, calcined coke and pitch-coke 

are exposed to high temperatures (in the cell and during second baking) and their crystalline 
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lengths (Lc) increase. In Section 6.2, the characterization of raw materials studied confirms 

that the butts have a higher Lc than those of the cokes.  

 
Figure 5-9: SEM images of different structural components of the butts (Baked 

pitch, matrix layer and highly baked coke) 
(©Brigitte Morais 2022) 

 

All the small SEM images are in Appendix 5 in enlarged size to allow a better view 

of the scale of the image. Here, SEM images are used for comparison purposes between raw 

materials. 

5.2 Microscope Image of Green and Baked Anode Structure  

Samples of green and baked anode structures containing all the structural 

characteristics are presented in Figure 5-10 and Figure 5-11, respectively (pores are 

exceptionally identified in black on these figures compared to the standard yellow used in 

the image generated by the MATLAB image analysis program). Their structures have 

similarities since the structural characteristics of the green anode are largely preserved in the 

baked state.  

The matrix layer thickness of 30 à 60 µm   

130X
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The components of green and baked anode structures are: 

 Denser particles that have much fewer pores than others shown in “A”. 

 Lack of contact, i.e., area where the paste could not come into contact with the 

surrounding structure shown in “B”. 

 Butts, an amalgam of coke and matrix or baked anode previously green shown in “C”. 

  Average-size pores in the matrix shown in “D”.  

 Original coke particles (fresh coke) with pores in the form of bubbles shown in “E”. 

 In the structure of the baked anode, there is the presence of paths of small pores 

created for the evacuation of gas during the devolatilization of the pitch shown in “F” 

in Figure 5-11. The baking allows pitch transform to pitch-coke to form bridges 

between particles to create amalgams of coke, butts, and matrix. 

 
Figure 5-10: Structural characteristics of the green anode (Coke in red, matrix 

in green and pores in black) 
(©Brigitte Morais 2022. Picture from an optical microscope) 
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Figure 5-11: Structural characteristics of the baked anode (Coke in red, matrix 

in green and pores in black) 
(©Brigitte Morais 2022, colored pictures are from an optical microscope and 

black and white pictures from SEM) 
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5.3 Components of Anode Structure vs. Properties of Anode 

The specific study of the structural differences of the green and baked anodes was 

conducted for two anode samples with a low density and a high density and another pair of 

anode samples with identical densities. This study helps understand what leads to good or 

bad electrical resistivity, bending strength, and density.  

The term porosity indicates the open porosity of the anode core of 130 mm from 

industrial anodes. The open porosity of the anode is obtained by measuring the volume of the 

pores on the surface of the core by water pycnometer (in a size which can receive the entire 

anode core) divided by the volume of the core of the measure of the apparent 

density D5502-00 (2015) standard; multiplied by 100. The anode cores of industrial anodes 

were analyzed at the laboratory of Aluminerie Alouette Inc. The term pore is the percentage 

of pixels representing pores on the sample analyzed by image analysis of the disk of 20 mm 

over the core of industrial anodes analyzed. 

5.3.1 Low Density and High-Density Samples 

The sample A0405D has a low density of 93.49 and sample A0105B has the highest 

density of the campaign of industrial anode with a value of 100.00. Both samples are 

compacted in the vibro-compactor A. The images from the image analysis program and the 

physical properties of the anodes are in Table 5-1 and Table 5-2, respectively. The major 

components of the anode structure and location of pores are in Table 5-3. 

In image - 1, (green state), the low-density sample has more free matrix in its 

structure. The free matrix is the matrix and the pores outside the coke region. Thus, it is 
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represented by the addition of the matrix in green and the pores in yellow. This sample has 

41.46 % of matrix in green state compared to the high-density sample with only 35.21 % 

matrix. The coke region is shown in red.  

In image - 2, (green state), the coke region of each coke particle, the pores and matrix 

inside and at the periphery of the coke particles, can be seen. There are fewer large particles 

of coke in the lower-density sample. Black represents the void and not a structure of the 

anode. 

In the image - 3, (baked state) the newly formed coke particles during baking are seen. 

It indicates that when the matrix is baked, the new coke formed during baking is linked to 

the original coke particles used to make the anode. For the lower-density sample, more matrix 

is transformed. Table 5-2 indicates that the lower-density sample has more matrix 

transformation with 16.72 % instead of 5.79 % for the high-density sample during baking. 

This transformation creates bonds (bridges) between coke particles that increase the bending 

strength. The level of matrix transformation of the high-density anode is explained by 52 °C 

less final anode baking temperature. It gave a bending strength of 61.5 for the low-density 

sample compared to 46.2 for the high-density sample. The matrix transformation is the 

difference between the amount of the matrix in the green state and the amount of matrix in 

the baked state, which is also called “weak structure of baked anode”. 

In Image - 4, as it can be seen, the coke region, shown in red, which corresponds to 

the interior of the particles and their periphery, is very large and similar for both samples. 

The remaining structure shown in black indicates that coke particles are not connected to 

each other only at a few places. This aspect of the structure results in a similar electrical 
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resistivity with 70.0 for the low-density sample and 72.6 for the high-density sample. 

The more contact there is between the coke particles, the less resistant the structure of the 

baked anode will have to the passage of the electrical current.  

In Image - 5 (baked state) illustrates the pores present in the sample structure. 

The analysis shows that the porosity of the low-density sample is 12.66 % (41.46 % green 

matrix) compared to the value of 8.82 % for the high-density sample (35.21 % green matrix). 

The more structure there is in the form of a green matrix, the more pores will be in green 

state, and more pores after baking will remain in the anode structure. The image analysis 

gives the location of the pores, and the low-density anode has 9.53 % of pore in the free 

matrix compared to the high-density anode with only 3.23 %. This high level of pores is from 

the large amount of free matrix and the low compaction pressure used; both lead to low 

density. 
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Table 5-1: Image analysis of green and baked industrial anodes – Low and high density 
(©Brigitte Morais 2022, pictures are from image analysis) 
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Table 5-2: Anode physical properties – Low and high density 

 

 

Table 5-3: Anode structure – Major components and location of pores – Low 
and high density 

 

 

The anode structure with a high amount of matrix has a low density, less density loss 

after baking, and a high-bending strength. Anode structure with large original coke particles 

used to make the anode has a high density, more density loss after baking, and a low-bending 

strength. The electric resistivity is at the same level for both samples although their results 

for density and bending strength are different. 
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The loss of density after baking for the low-density (A0405D) sample is less (2.96 %) 

compared to high-density (A0105B) sample (5.33 %). The results of the major components 

of the structure indicate that the low-density sample has a higher amount of green matrix with 

41.46 %, lower coke with 44.21 % than those of the high-density sample with 35.21 % of 

green matrix and 54.61 % of coke. The matrix is composed of fine particles of dry aggregate 

and pitch. The structure of low-density sample has fewer large particles of coke in the 

image - 1 in the green state, hence it has more matrix and more pitch around coke particles 

compared to those of the high-density sample. 

Greater pitch thickness on the coke particles delays the devolatilization temperature 

of the pitch, and its transformation to coke increases [79] for heating rates of 

30 °C/h to 50 °C/h [79; 80], which corresponds to the heating rates encountered during 

industrial anode baking. Conversely, the weight loss of pitch increases with the decrease in 

the heating rate as reported by Ferland [81]. The same phenomenon can occur with the 

increase in free matrix which contains high pitch percentage. The transformation of the green 

matrix in the new coke structure was greater with 17.62 % for the low-density sample and 

lower for the high-density sample with only 5.79 % matrix which has in the green state less 

matrix than the low-density sample. The density loss depends on the pitch coking value, the 

percentage of pitch, the fineness and quantity of the small particles in the matrix. With 52 °C 

lower final anode baking temperature for high-density sample, it is highly possible that the 

heating rate was also lower, causing a greater density loss [80; 81]. 

The density loss will be constant for a percentage of pitch below the optimum amount 

and will decrease when the pitch saturation point is reached (over-pitching) [5]. The sum of 
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the individual mass losses of the pure pitch and the pure petroleum coke particles smaller 

than 100 μm is greater than the mass loss of the mixture containing these same coke particles 

and the same pitch based on the TGA (Thermal Gravimetric Analyzer) analysis [82; 83]. 

Thus, there are interactions between the dry aggregate particles and the pitch. The more the 

green matrix there is, the lower the density and the loss of density and the higher the bending 

strength are. 

The high-density sample was baked with 52 °C lower in final anode baking 

temperature and had less green matrix to be baked, thus the small amount of green matrix 

into a denser structure is not enough to create high-bending strength, but just enough to create 

a certain number of contacts between the particles for the passage of current. The larger 

original coke particle sizes of high-density anode enhance more the contacts between them 

than in the case of low-density anode with smaller original coke particle sizes. 

A high matrix content leads to pores during anode forming by the displacement of 

dry aggregates and matrix, and the evacuation of gas from the devolatilization of pitch during 

baking. Both decrease the density. However, a high amount of matrix leads to a high potential 

of bonded bridges in the form of pitch-coke if strong dry aggregate particles are present. The 

bridges can increase the bending strength if the final anode baking temperature and the 

duration of the anode baking is long enough. That might have been the case if the anode core 

sample A0405D was exposed to 52 °C more baking temperature. 
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5.3.2 Similar Density Samples 

For the sample A1105B of vibro-compactor A and the sample A1205B of 

vibro-compactor B, the images and data are given in Table 5-4 and Table 5-5, respectively. 

The two samples have significantly different electrical resistivities with 100.0 for A1105B 

and 66.5 for A1205B. The same is true for their bending strength with 15.40 and 92.30, 

respectively. However, their density in green and baked states and density loss during baking 

are similar. Thus, A1205B has a better quality than A1105B. 

In the green state, they have the same amount of coke, with 49.29 % for A1105B and 

50.52 % for A1205B. The sample A1105B has fewer pores with 8.38 % compared to 

12.68 % for that of A1205B. Thus, A1105B sample has more of its structure in the form of 

matrix with 42.33 % compared to 36.81 % matrix for A1205B. The type of coke particles is 

similar according to the images 1 and 2.  

In the baked state, the area formed for new coke particles is smaller for A1105B. 

There is also a smaller region of coke left after baking. 

In spite of both samples having an identical density in green and baked states, the 

sample A1205B has a lower electrical resistivity and a significantly higher bending strength 

because the new coke region formed after baking contains coke particles consolidated well 

with each other, compared to those of sample A1105B. The sample A1205B sample was 

formed under a higher compaction pressure (high pressure at the top and the bottom of the 

vibro-compactor) which led to better anode properties. The final anode baking temperatures 

between the two samples are similar; the sample A1205B has 3 °C less than sample A1105B. 
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Table 5-4: Image analysis of green and baked industrial anodes – Similar density 
(©Brigitte Morais 2022, pictures are from image analysis) 
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Table 5-5: Anode physical properties – Similar densities 

 

 

Table 5-6: Anode structure – Major components and location of pores – 
Similar densities 

  

 

Electrical resistivity decreases as the contact between original coke particles or 

pitch-coke as hard as the original coke particles increases. The bending strength is stronger 

if the matrix has evolved into a new, stronger coke structure which is consolidated well with 

the original coke (calcined petroleum coke) particles as a result of baking. Density is 

dependent on the size as well as the proportion of the less porous particles of the original 
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coke present in the anode paste. It also depends on the efficiency of the transformation of the 

green matrix structure into a new solid coke structure reducing the original coke cavities. 

5.4 Transformation of the Structure from Green to Baked State 

To better understand, the effect of the structure on the physical properties of the 

anode, the 20 mm disks of green and baked anode were processed by the image analysis 

program and the anode properties on their corresponding 130 mm baked anode core samples 

were analyzed. First, the sampling involves seven 20-mm disks of green anode produced per 

vibro-compactor A and the same number of disks per vibro-compactor B. The same sampling 

was used for their corresponding baked anodes. The number of 20-mm disk samples is 14 

for each vibro-compactor considering the samples in the green and baked states. Thus, a total 

of 28 overall structure data are represented by 28 sets of six mosaics processed with the image 

analysis program of the industrial anode compaction pressure test campaign. 

According to the analysis of the overall structure of the anode, the transformation of 

the structure from the green state to the baked state took place by converting the matrix 

(a blend of pitch and fine particles of cokes) to pitch-coke. If the pitch-coke can reach 

hardness such as the coke used to produce the anode, the percentage of coke at baked state 

will increase. If it is not fully converted to this point, the matrix in baked state will be present 

and correspond to the weak structure of the baked anode (pitch-coke less hard than the coke 

used to make the anode). From the overall structure of green and baked anodes, the total 

percentage of the major components (coke, matrix, and pores), the percentage of coke, 

matrix, and pores located at the periphery and inside the coke and finally the percentage of 

free matrix and its percentage of pores, the transformation of the structure during baking can 
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be seen. The transformation of the anode during baking is a long process. The baking process 

in fact takes between 12 and 17 days.  

Three views in Figure 5-12 allows the interpretation of data of the average overall 

structure of the green and baked anodes in Table 5-7 for the transformation of green to baked 

state of the anodes studied. The schematic representation corresponds to the average data of 

the four sets of seven anode core samples from the vibrocompactors A and B, in green and 

baked state. The term view is used here because they are schematic representation of the 

average structure of the anode in green and baked states rather than an image of a sample at 

different times of baking.  

The view -1, indicates the differences between the two structures of the anode in the 

green state. Vibro-compactor B samples are slightly more porous as shown in white color 

inside the coke (the cavities in the coke) and in the free matrix. They have much less free 

matrix and their coke region is larger than those of the vibro-compactor A samples. 

The view -2, presents the evolution of the structure in the cavities at the periphery of 

the coke by comparing the structure of samples in green and baked states. The 

vibro-compactor B samples had a greater amount of matrix at the periphery of the coke which 

was transformed into coke. The percentage of matrix decreases from 13.31 % to 8.39 % 

during baking and is represented by the small gray rectangles with a black outline at the 

periphery of the coke particles (see data of matrix at the periphery of the coke in green and 

baked states in Table 5-7). Comparatively, the matrix of vibro-compactor A samples 

decreased from 12.93 % to 12.02 % which is much less. In general, the more the decrease 

between the amounts of the green and the baked matrices is high, the more the increase in 
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coke region is important. The increase in pores formed due to the devolatilization of pitch (in 

yellow) and the organization of the new baked structure, in the cavities at the periphery of 

the coke, was slightly smaller for vibro-compactor B samples with 3.70 % compared to that 

of 4.23 % for vibro-compactor A samples. 

As it can be seen from the view -3 A, the evolution of the free matrix between the 

green and baked states demonstrates that the vibro-compactor B samples had less free matrix 

(0.42 %) which had few pores (0.18 %) unlike vibro-compactor A which contained more free 

matrix (1.18 %) with more pores (0.40 %). The samples from vibro-compactor A had 

a greater number of cavities at the periphery of the coke (16.25 %) after baking compared to 

those vibro-compactor B samples (12.09 %). 

The view -3 B, is the same view representing the final structure of the anode after 

baking by emphasizing the creation of a new coke region formed by the new coke particles 

produced by baking (the gray particles surrounded by a red line). The original coke (calcined 

petroleum coke) is the gray particles surrounded by a blue line in view -1. The structure of 

vibro-compactor B samples has a larger region of coke (99.58 %) which contains fewer zones 

of discontinuities (red lines) between the new coke particles created during baking. 

Contrarily, vibro-compactor A samples have more discontinuities with a smaller coke region 

(98.82 %). These zones of discontinuities are weaker than the rest of the baked anode 

structure. They might decrease the bending strength and increase the electrical resistivity. 
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Table 5-7: Overall structure of the anode - average of the seven samples of vibro-compactors A and B 
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Figure 5-12: Schematic representation of the structure transformation during baking of the green anodes formed with the 

vibro-compactors A and B  
(©Brigitte Morais 2022) 
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Table 5-8 presents the results of vibro-compactor B minus those of 

vibro-compactor A for physical properties, final anode baking temperature, and the number 

of cracks of the industrial anodes cores. The data on the physical properties of the anode core 

samples are not normalized with the exception of the density which is expressed as the 

percentage of the maximum value of the industrial anodes. All are expressed as a difference 

between the average of anode core sample set of vibro-compactor B and vibro-compactor A. 

First it indicates the set of anode core samples that are processed by image analysis and 

second the set of anodes baked in the row no. 2 of the furnace pits. 

For the 20 mm disks treated by image analysis, all vibro-compactor B baked anode 

core samples have the same density as all vibro-compactor A anode core samples as shown 

in Table 5-8. However, the coke region of all the vibro-compactor B samples is well 

consolidated providing a good contact between the coke particles with the baked matrix 

which allowed a better current flow. All vibro-compactor B baked anode core samples had a 

low electrical resistivity value of 9.43 µΩ m less than that of vibro-compactor A anode core 

samples. The vibro-compactor B baked anode core samples had a stronger structure with a 

higher bending strength value of 4.71 (N/mm2) more than that of vibro-compactor A anode 

cores samples regardless of a greater open porosity of the vibro-compactor B samples 

of 0.07 % more open porosities. 

The differences in anode properties between the vibro-compactor B and the 

vibro-compactor A 20 mm disks processed by the image analysis are confirmed by 

comparing the physical properties of the baked anodes in the second baking row for each 

vibro-compactor. The anode baked in the second baking row eliminates the effect of the 
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position of the anode in the baking furnace since the temperature distribution is uniform in 

this row as demonstrated in Section 4.1. Three baked anodes per vibro-compactor are 

sampled. The sampling called the “double standard” included eight anode core samples of 

130 mm in height taken from the two full-size cores no. 5 and core no. 7 of each anode. The 

results are listed in Table 5-8. The results obtained shows a decrease of 2.86 µΩ m in 

electrical resistivity and an increase of 1.80 (N/mm2) in bending strength of 

vibro-compactor B anodes compared to those of vibro-compactor A anodes. On the other 

hand, anodes from vibro-compactor A have an average open porosity of 0.50 % less 

compared to that of anodes from vibro-compactor B. Thus, they have a higher density of 0.66 

compared to the density of vibro-compactor B anodes. Nevertheless, vibro-compactor B 

anodes have lower densities, but greater bending strength and lower electrical resistivity. The 

vibro-compactor B after baking has about the same number of cracks on cores as vibro-

compactor A; thus, the bending strength is not driven by the cracks but from the bonding 

between the coke particles. 

Table 5-8: Difference between the physical properties of the industrial anodes 
of the vibro-compactor B minus A for samples analyzed by image analysis and 

those from the row 2 of the baking furnace 
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Vibro-compactor A anodes were produced on day 1 of the industrial tests and those 

of vibro-compactor B were produced on day 2. The two days of production were consecutive 

and used the same raw materials. The changes in the dry aggregate fractions and the result of 

particle size distribution of the dry aggregate recipe of the anode are plotted as the difference 

between day 2 and day 1 and presented in Figure 5-13. They are normalized using the value 

of the highest deviation in the dry aggregate fractions used for the anode paste recipe 

multiplied by 100. On day 2, the proportions of dry aggregate fractions changed because 

there were more large particles (between 0.46 and 0.61 on the x-axis normalized based on 

the set of sieves used) and less in small particles (between 0.00 to 0.09). In addition, filter 

dust was reduced. These changes affect the size distribution of the dry aggregate recipe of 

the anode as shown in Figure 5-13 (see Figure 3-5 in Chapter 3, Section 3.2.2 for the 

difference between dry aggregate fractions and dry aggregate recipes).  

 
Figure 5-13: Change of recipe between day 2 and day 1 in industry 
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This explains the lower amount of green matrix structure of vibro-compactor B 

samples analyzed by the image analysis which resulted in a better contact between the 

original coke particles (calcined petroleum coke as opposed to that of coke produced by 

baking the pitch, pitch-coke) present in a greater quantity compared to those of 

vibro-compactor A samples. At the same time this reduces the density because the 

arrangement of large coke particles causes void spaces that are not completely filled due to 

the lack of matrix and small dry aggregate particles. This is confirmed by the higher open 

pores measured for vibro-compactor B. The density is important. It determines the ability of 

the current to pass through the anode and the lifespan of the anode in the cell. In general, the 

high density results in better bending strength and electrical resistivity, but it is not the only 

parameter to get a high bending strength or a low electrical resistivity. The anode structure 

also plays an important role. 

5.5 Overall Structure of the Anode vs. Density in Green and Baked States 

The overall of the structure of the anode obtained links the image analysis of the 

20 mm disk of 15 green and 17 baked cores with the density of their respective cores. 

The samples were formed under different compaction pressures or compaction speeds in the 

anode plant. 

Table 5-9 shows the effect of the increase in the anode structure components on the 

density by presenting the type of effect by an arrow (in the positive or negative direction 

indicated in the column named “Effect”), their type of relationships (linear indicated by “L” 

and polynomial indicated by or “P” or a drawing under the column R2), and correlation 
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coefficients. The drawing of the type relationships in form of a graph indicates that the anode 

structure components are functions of density to underline the impact of the anode structure. 

The results in Table 5-9 and Figure 5-14 demonstrate that to achieve high green anode 

density, the major component of the structure must have fewer pores, less matrix structure, 

and more coke. Evidently, less porous coke is required. The trendlines of the structural 

elements inside the coke for the quantity of cavities and the amount of matrix are in 

polynomial form with an optimum point in the range of average green anode density. In those 

cases, the low and the high green anode densities can be on both sides of the optimum average 

density. In general, a greater quantity of cavities in the coke in the presence of a larger amount 

of matrix provides opportunity for the filling of the cavities in the coke with the matrix 

leading to average green anode density each time. Contrarily, if there is a low quantity of 

cavities in the coke, it may not ensure at any time that cavities could be filled in the presence 

of a low amount of matrix. The quantity of pores (empty cavities or remaining space after 

partial cavities filled with the matrix) in the coke does not have an impact because most of 

the sample are in the range of average green anode density, meaning a large quantity of 

cavities and large amounts of matrix. The last fact reinforces this hypothesis. Within the coke 

periphery, the relationship between the increase of cavities and matrix and the increase in the 

green anode density exists. Therefore, cavities can be more or less easy to fill with matrix 

depending on their size, shape and location in the coke structure. In addition, an adequate 

amount of matrix structure is necessary to easily fill the cavities at the periphery of the coke 

particles to densify the coke region. Any excess matrix will reduce the density. An excess 

matrix means more pitch leading to more pore after baking by the evacuation of gas from the 
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devolatilization of pitch. Less structure in the form of a free matrix with fewer pores is also 

desirable.  

For the high density of baked anodes, the major components of the structure are a 

large amount of matrix (weak structure in baked state) and a small amount of new coke 

structure (original coke and pitch-coke as hard as coke). The weak structure is not the denser 

structure, but it could mean that at green state the original porous coke structure might have 

been filled with green matrix densifying the coke. The new coke structure on the other side 

could be made of multiple bonding contacts between the original coke particles, which does 

not necessarily mean a denser structure. Since it is porous due to the pores formed by 

devolatilization during baking and its coke particles are separated from each other by pores 

created during forming in the green free matrix, the new coke structure could decrease the 

density. Inside the coke particle in the baked state, fewer cavities, fewer pores, and smaller 

quantity of matrix (weak structure) are desired, i.e. the least number of pores and most of 

compact coke structure by the matrix transformation in a solid as hard as coke are sought. 

In the cavity inside the coke, it is preferable to have the matrix transformed to pitch-coke 

which is low density compared to empty cavities which leads to a significant decrease in 

baked anode density. Then, at the periphery of the coke, if the matrix (weak structure) fills 

the cavities, the density will be higher. 
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Table 5-9: Effect of the structural components of the green and baked anode on the density  
(©Brigitte Morais 2022) 
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Figure 5-14: Zones of the free matrix and cavities at the periphery of the coke 

particles 
(©Brigitte Morais 2022) 

 

5.6 Discussion and Conclusions 

It is evident that a study of the calcined coke structure helps determine the green and 

baked anode structures. It also allows to distinguish the green matrix converted in the weak 

structure of baked anode on the butt particles. The structure of pure carbonized pitch and 

calcined coke have some similarity since the first carbonized product originates from the 

coking of coal and the second from the coking of petroleum green coke and they are both 

rich in carbon. However, the baked green matrix (mixture of fine particles of coke in micron 

size and the pitch) has a different type of structure than the pure carbonized pitch or the 

calcined coke. This baked matrix has a rougher structure and is much more textured than any 

of the observed calcined coke structures. This kind of surface texture certainly contributes to 

the high reactivity to air and CO₂ of butt particles offering a large specific area for the 

reactions. 

Generally, it is recognized that density and electrical resistivity are related. As the 

density increases, the electrical resistivity decreases. The density is made by a good 

arrangement of the coke particle with the matrix. The matrix helps the other properties of the 

Coke particle

Cavity at coke periphery

Free matrix
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anode by multiple bonding contacts between the original coke particles, which does not 

necessarily mean a denser structure. At the extreme, high density from over compaction leads 

to cracks and cause increase in electrical resistivity.  

The comparison of the structures of green and baked anodes helps understand the 

resulting physical properties of the baked anodes goes beyond a direct relationship between 

apparent density or porosity with electrical resistivity. The results showed that a low-density 

anode can have a low electrical resistivity due to the quality of contact between coke particles 

newly formed during baking. The role of contact between coke particles on the quality of 

anode has been clearly elucidated in this project. In addition, electrical resistivity and bending 

strength are not always related to one another. A good contact between particles decreases 

the electrical resistivity and the consolidation between new coke particles and original coke 

after baking leads to a higher bending strength. The study on the electrical resistivity of 

Andoh [84] demonstrated that the current will not pass through the less homogeneous areas 

of the anode where the electrical conductivity is low, but rather through regions where there 

are fewer defects. In addition, the power supply to the anodes depends on the number of 

contacts and the quality of contacts between the electrode and the type of surface of the 

anode. It is the same with the components of the anode when there are more voids and fewer 

contacts between the particles, the electrical resistivity increases. It is also mentioned in the 

same study that anodes with manually introduced defects on one side of the anode received 

less current compared to the more homogeneous part of the same anode. The study also 

showed that increasing the percentage of pitch decreases electrical resistivity since the 

presence of pitch-coke make the structure more homogeneous. The study on the detection of 

anode defects using the SERMA technology [85] and the study of anodes with tomography 
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in relation to cracks in the anode [25] illustrates that the presence of anode defects increases 

electrical resistivity. Bhatia et al. [41] found that optimum amount of pitch necessary to have 

low electrical resistivity is slightly higher than that required for a good density and 

compressive strength for all the paste mixtures studied. 

In the present project, studies using image analysis program indicate that the contacts 

between particles may be sufficient for the passage of the current and that a more transformed 

structure with a larger region of coke is essential for high bending strength, and generally the 

density depends on the quantity of pores remaining in the anode.  



 

CHAPTER 6 

THE REACTIVITY OF ANODES 

6.0 Introduction 

The raw materials, all the anode production parameters, and the properties of anodes 

produced during the industrial anode manufacturing campaign were analyzed in order to 

investigate the reactivity of the baked industrial anodes.  

The industrial anode campaign involved 22 baked anode core samples. The density, 

electrical resistivity, bending strength, air and the CO₂ reactivities, anode open porosity (by 

pycnometer), crystalline length (Lc), final anode baking temperature, and finally the sulfur, 

sodium, and vanadium contents of each core sample were measured. The operating 

parameters such as the pressure and the speed of compaction, and the position and the row 

of anode loading in the furnace are additional information to the study. These anodes were 

produced on two consecutive days, with two vibro-compactors A and B, and with a change 

in anode paste recipe between day 1 and day 2 as mentioned in Chapter 5. 

The first step was a parametric study of all measurements and information collected 

from the anode core samples and operating conditions. The second step was the 

characterization of raw materials used and their impact on industrial anode reactivity. For the 

third step, the image analysis of four samples with similar physical and chemical properties 

with the exception of sodium were studied to understand why such identical samples have 

different reactivity results for air and CO₂ reactivities. The expectation is that there is a 

relation with the baked anode structure led by the final anode baking temperature. Image 
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analysis with the developed program which takes into account the location of the matrix in 

the structure of the anode such as the matrix presence in the coke particle or at its periphery 

and especially quantification of the presence of pores outside and inside the coke allows 

studying the baked anode structure in detail to understand the anode structure components 

affecting the anode reactivity. This chapter also covers the development of tools to rapidly 

estimate the structure of the raw material which has an important impact on the reactivity of 

industrial anodes. 

6.1 Parametric Study of Industrial Anodes Manufacturing vs. Reactivity 

In order to study the impact of the anode structure on the reactivity, the data are 

express as the percentage of the maximum value of the industrial anodes campaign of 

22 baked anodes produced in the anode plant. This method of presenting data is related to 

the final anode baking temperature, Lc, apparent density, electrical resistivity, bending 

strength, and air and CO₂ reactivities of industrial anodes. It is possible to obtain a value 

greater than 100 on properties of raw materials if their results are higher than those of 

industrial anodes. All the anode core samples studied are from the position 07D of each 

anode. 

The parametric study results shows that Lc is correlated with only two of the anode 

manufacturing conditions and their properties as shown in Table 6-1.The first is the final 

anode baking temperature and the second is the air reactivity as a function of Lc giving 

a correlation coefficient of 0.62 for both. Concerning the sodium content of anodes, which 

ranged from 0.030 % to 0.045 % during the campaign, obtaining significantly different 
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reactivity results with the same sodium content weakened the correlation coefficient for air 

and CO₂ reactivities (R2 of 0.38 and 0.33, respectively). 

The origin of the sodium is first from the calcined coke which is a low value as shown 

Table 6-2 in the next section. The second source is by the introduction of butts (recycled 

anodes from electrolysis process) as dry aggregate particles in the anode paste recipe used in 

the anode plant. The butts may have a different content of sodium since the duration in 

electrolysis cells (using a bath of sodium fluoride) or the efficiency of their mechanical 

cleaning to remove the bath crust and the covering product of the top of the anode may not 

always be constant. It explains the slight variation of sodium in industrial anodes produced 

within two consecutive days of production. 

In addition, Table 6-1 shows the coefficient of correlation find for the generally 

accepted relation of CO₂ reactivity and Lc. In this study with 22 baked anodes produced in 

the anode plant, the coefficient of correlations does not represent significant correlation with 

an R2 of 0.07. In all the other measurements or the parameters of operation, none has a 

significant coefficient of correlation either.  

Table 6-1: Parametric study of the manufacturing conditions of industrial 
anodes 
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The graph of final anode baking temperature vs. Lc in Figure 6-1 shows two distinct 

groups of final anode baking temperatures. The presence of a cold baking zone with an Lc 

below 84.0 and a hot baking zone with an Lc greater than 84.0. The cold zone has a 

temperature below 92.0 and represents eight industrial anode samples. A final anode baking 

temperature over 94 regroups the 14 remaining anode samples. The Lc on the other side still 

increases with the temperature. The anode baked at a low temperature should have different 

characteristics of pitch-coke structure than those baked at high temperature. The Lc of 84.0 

seems to delimit the two zones. 

In Figure 6-1 and Figure 6-6 (presented later), the values of raw materials such as 

cokes and butts are indicated by empty circles for comparison purposes and their reactivities 

have not been taken into account in the trend curve. Empty circles represent the raw material 

samples, filled circles in blue color the anode core samples and the other distinctive symbols 

in gray color the anode core samples studied by image analysis (B06, B11, B15, and B19). 

They were selected for image analysis investigation due to the similarity of their physical 

properties and their different reactivity values (see Section 6.4.3 for the physical and 

chemical properties). In the figures, all cokes and butts are at the temperature of 86 choose 

arbitrarily to be shown in figures; obviously they have not been baked. 
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Figure 6-1: Relationship of final anode baking temperature (Cold and hot zone) 

as a function of the crystalline length where B6, B11, B15, and B19 are 
industrial anode analyzed by image analysis 

(©Brigitte Morais 2022) 

 

6.2 Properties of Raw Materials 

The properties of raw materials in Table 6-2 indicate that the butt is much denser than 

cokes by 0.022 g/cm3. The crystalline length (Lc) of the butts is higher by 7.5 than that of 

coke B and by 10.5 than that of cokes A1 and A2. From a chemical point of view, the butts 

have the least sulfur (2.10 %) and the most sodium (0.083 %) while the cokes A1 and A2 have 

the most vanadium (0.040 %). The air and CO₂ reactivities are much higher for butts followed 

by the reactivity of coke B. The cokes A1 and A2 have the lowest air and CO₂ reactivities. 

More specifically, the butts’ CO₂ reactivity exceeds those of all anodes. 
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Table 6-2: Properties of raw materials 

 

 

6.3 Microstructure of Raw Materials 

Regardless of the sodium content, the study of the surface and the characterization of 

the pores of raw materials as a function of reactivity were carried out. The results are shown 

in Table 6-3, Figure 6-2, and Figure 6-3. 

The specific surface area of the three cokes is in the order of 0.36 m2/g, but that of the 

butts is 6.5 times higher with a value of 2.38 m2/g. The specific surface area of 

ultra-micropores (3.5 to 5 Å) of coke B with a value of 0.0967 m2/g far exceeds those of 

cokes A1, A2, and butts with 0.0105, 0.0622, and 0.0378 m2/g respectively. The butts have 

the lowest ultra-micropore specific surface area with a value of 0.0378 m2/g compared to 

coke B and coke A2 but except of coke A1. Coke B has the greatest ultra-micropores volume 

with 49 E-4 cm3. The cumulative BJH specific surface area of mesopores and macropores is 

much higher for butts at 1.99 m2/g compared to those of cokes, which do not exceed 

0.32 m2/g. The pores formed after baking due to the release of gas from the devolatilization 
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of the pitch during the transformation of the matrix explain the large cumulative surface area 

of the large pores of the butt particles. 

The H-K method gives the total volume of micropores (14 to 27 Å) and the 

distribution of volume per the micropores width. The total micropore volumes of cokes are 

found to be relatively similar with values between 1.49 E-02 cm3/g and 1.80 E-02 cm3/g. 

However, coke B, the most reactive, has an average micropore volume per micropore width 

of 2.63 E-06 cm3/g compared to 4.42 E-06 cm3/g for coke A1 and 4.05 E-06 cm3/g for 

coke A2, thus a greater number of pores. For butts, the total volume of micropores is about 

6.5 times more than those of cokes (11.14 E-02 cm3/g) and the average volume of micropores 

per width is 10 times higher (2.61 E-05 cm3/g) than coke B which is the more reactive of all 

cokes. This shows the presence of a large network of micropores in butts.  

The micropore volume distribution per micropore width in Figure 6-2 shows that 

mainly the volume of micropores for micropore width smaller than 80 Å is different for 

different cokes. The Figure 6-3 shows butt data which have been added to those of the cokes. 

Butts have about 6.5 times more micropore volume compared to those of the cokes which 

are close to abscissa and are barely visible. Butts have a highly developed network of 

micropores, mesopores, and macropores.
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Table 6-3: Microstructure of raw materials (Nitrogen adsorption isotherm) 
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Figure 6-2: Distribution of pore volumes as a function of the pore width for 

cokes (Nitrogen adsorption isotherm) 

 

 
Figure 6-3: Distribution of pore volumes as a function of the pore width for 

cokes and butts (Nitrogen adsorption isotherm) 

 

Figure 6-4 and Figure 6-5 show the images taken using an SEM of the raw material 

particles. The analysis of the surface, regardless of the presence of large pores, shows smaller 

pores on the flat surfaces of coke B, which is more reactive compared to coke A2. The rough 

surface of the butts contains gas evacuation pores, entanglements (a disorderly mass with 

intertwined and random parts) of a coke structure and a clearly visible network of 

macropores, which explains its large specific surface area.  
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Figure 6-4: SEM images of surfaces of the particles of the raw materials in 

relation to their reactivity 1000X 
(©Brigitte Morais 2022) 

 

 
Figure 6-5: SEM images of components of the structure of the butts with its 

macropore network from the evacuation of gases (Left to right 2000X, 2000X, 
and 370 X) 

(©Brigitte Morais 2022) 

 

6.4 Approach to Analyze Reactivity Results 

The approach consists of a study of all parameters that could influence the baked 

anode reactivity. A parametric study of physical and chemical properties as well as the 

conditions of operations was analyzed. The comparison of Lc and reactivity results between 

the raw material and the actual baked anode results was made to understand the contribution 

of raw materials and the effect of anode baking step. The microstructure of raw material was 

b) Coke B reactivea) Coke A2 less reactive c) Butts highly reactive

a) Butts – evacuation pores b) Butts - entanglements c) Butts - macropore network
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also studied. Finally, the overall structure of the baked anode and the role of the matrix and 

macropores were addressed. 

Two of the three coke samples (A1 and A2) used for the industrial anode campaign 

are from the same source, the third one (B) is from another source which was not used during 

the industrial anode campaign. The butt sample used in the laboratory are considered similar 

to the one used in the anode production during the industrial anode campaign. The three cokes 

and the butts are characterized in laboratory as mentioned in previous sections. 

To illustrate the impact of raw materials, the value of the weighted properties of 

different coke mixtures are calculated based on three dry aggregate recipes by varying the 

proportions of the two types of coke: A and B. The average property value of coke A1 and 

A2 are used for coke A values. This calculation exercise brings in an expected range of results 

for the reactivity and Lc for the anodes formed with the raw materials characterized in 

laboratory before their baking. These data allow the investigation of the impact of the baking 

of the anode produced from the industrial manufacturing anode campaign, since they use 

almost the same raw material (more than 81 % of all raw material). The values are listed in 

Table 6-4 in Section 6.4.2. This assessment distinguishes the contribution of raw materials 

from that of the new structure generated during the baking of the green anode.  

For a better understanding of the naming of samples, here is the assigned sample 

names and their origin. The disk of 20 mm height located just above the anode core sample 

which gives the anode physical and chemical properties, allows obtaining the anode overall 

structure data over an area of 4.4 cm2 by image analysis and this sample is named "anode 

sample". The anode properties are the density, electrical resistivity, bending strength, 
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crystalline length (Lc), air and CO₂ reactivities, and finally sodium, sulfur, and vanadium 

contents. They are obtained from a core of 130 mm height. This core is named “anode core 

sample”. From the disks of 20 mm height an image with an area of 8.64 mm2 representing 

anode particle size of 1.0 mm and 1.4 mm used for the reactivity tests is processed by image 

analysis. This image of 8.64 mm2 is used to the study of the role of the matrix and macropores 

in anode reactivity and it is named “anode particle sample”. (See Section 3.2.1) Anode 

particle samples are analyzed in the first step for the matrix particles and macropores outside 

the coke particles, and in a second step the macropores inside the coke particles. Obviously 

for the same anode all types of samples have the same anode identification number, for 

instance, B06 anode core sample (for physical and chemical properties) match with the B06 

anode sample (for overall structure data) and B06 anode particle sample (for representation 

of the structure data of a particle size of 1.0 mm and 1.4 mm). Four anodes core samples: 

B06, B11, B15, and B19 have distinctive symbols in gray in Figure 6-6 to indicate that they 

were analyzed with the image analysis program.  

This detailed image analysis study compares the structure of the B06 anode sample 

which has the highest air and CO₂ reactivity, the B19 anode sample which has the lowest air 

and CO₂ reactivity, the B15 anode sample, which has higher air reactive compared to CO₂ 

reactivity and the B11 anode sample which has higher CO₂ reactivity compared to air 

reactivity. The four samples have similar physical and chemical properties with the exception 

of sodium which has a slight variation. 
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6.4.1 Relationship Between Reactivity and Lc 

Figure 6-6 presents the correlation of air and CO₂ reactivities with Lc in hot and cold 

zones. In the hot zone, it is clear that the increase in Lc is the predominant factor for 

increasing air reactivity with an R2 of 0.84 (Figure 6-6a). For CO₂ reactivity vs. Lc, the R2 is 

only 0.18 (Figure 6-6b). For air reactivity of the hot zone in case 1, the three points circled 

in gray above the trendlines have an R2 of 0.97 in Figure 6-6a. The remaining points also 

have an R2 of 0.97. The analysis of all core properties and manufacturing parameters of 

anodes cannot explain the difference between the two data groups. However, they both show 

a strong positive correlation. The only measurement not performed on these samples was the 

image analysis. This condition is the same for all subsequent data groups circled in gray in 

Figure 6-6. Some additional explanations would have been possibly available for these data 

if the image analysis had been performed. 

For air reactivity vs. Lc, the correlation remains strong, no matter which data is 

removed from the curve; on the other hand, for CO₂, the correlation can become very strong 

or disappear completely. By removing a few data from case 2 (the lowest CO₂ reactivity and 

the two CO₂ data with the two highest Lc values), the correlation becomes stronger with a 

correlation coefficient R2 of 0.62. Then, removing the data from case 2 with case 3 (the two 

CO₂ data above the trend line) increases the correlation to an R2 of 0.91, which demonstrates 

a strong correlation between CO₂ reactivity and Lc. However, removing only three data 

i.e., case 4 (the three data around 82.0 of CO₂ reactivity and in the range of 84.0 to 86.0 Lc), 

the correlation disappears in an R2 of 0.05 as shown in Figure 6-6b. This low correlation 

coefficient can be explained by the fact that the CO₂ reactivity has a specific behavior in 
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relation to Lc in the cold baking zone. The CO₂ reactivity is high for Lc below 82.0 coming 

from a low final anode baking temperature. It decreases as the Lc value increases up to 85.0. 

In addition, the CO₂ reactivity also has a specific behavior in the hot baking zone between 

intermediate and high Lc values of this zone. The CO₂ reactivity drops by a step when the Lc 

values go up from the intermediate (85.0 to 92.0) to the high (>92.0) Lc values instead of 

continuously increasing at the same rate as for the increasing intermediate Lc values. So, the 

correlation of the CO₂ reactivity is intimately related to the anode structure whether the final 

anode baking temperatures are low or high. In between these two extremes, i.e., for 

intermediate Lc values, the relation of CO₂ reactivity is clearly correlated with the Lc. CO₂ 

reactivity increases as the Lc increases in the range of Lc between 85.0 and 92.0. Within this 

Lc range, the CO₂ and the air reactivities seem to follow the same tendency with a similar 

slope. They both increase with the increase in Lc. 
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Figure 6-6: Air and CO₂ reactivities of industrial anodes with references to raw 

materials, a) and b) in hot zone, c) and d) in cold zone where B06, B11, B15, 
and B19 are industrial anodes analyzed by image analysis 

 

6.4.2 Effect of baking on Anode Reactivity 

As it can be seen from Table 6-4, the effect of baking is clearly indicated by the value 

of the crystalline length of baked anodes compared to those of raw materials. The weighted 

average of Lc of pure raw materials in the recipe of dry aggregates (without considering the 

pitch) is between 78.0 and 82.0. The Lc interval expected, which is determined from the Lc 

of raw materials by calculating their weighted average, is between 68.0 and 71.0 for a paste 

recipe containing pitch before forming and baking of the anode. This Lc interval expected 
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represents the contribution of raw materials before the baking process. During baking, the 

pitch in the paste reaches its softening temperature. At this temperature, it is liquid and has 

an amorphous structure. Pitch carbonizes during anode baking and baked pitch has a 

crystalline structure, thus its Lc increases. The Lc of the original coke (petroleum coke 

without pitch) also increases during baking. Once baked, the Lc of all industrial anodes are 

between 81.0 to 100.0. This results in a baked anode with a higher Lc compared to its Lc 

before baking. Since pitch passes from an amorphous to a crystalline structure and coke 

continues to increase its Lc, all anodes exceed the Lc raw material contribution of 

68.0 to 71.0 of the anode paste. Since pure raw material range is 78.0 to 82.0, the pitch-coke 

is not 100 % transformed in a structure as a solid as hard as that of the raw materials used 

(coke and butts). It remains as a weak structure inside the anode structure.  

As shown in Figure 6-6a (above) and Table 6-4 (below), the butts, represented by an 

empty circle in the figure, have an Lc of 89.1, the air reactivity of 85.2, and a sodium content 

of 0.083 %. The anode with the same Lc as the butt has the reactivity of only 51.9, a sodium 

content of 0.038 %, and is in the hot baking zone. Only a single anode sample is superior to 

butts, and it has the maximum value of 100.0 for both air reactivity and Lc with a sodium 

content of 0.031 %, which is well below that of butts. This means that anode is highly reactive 

in spite of its low sodium content. This implies that sodium is not the only factor that affects 

air reactivity. High specific surface area, the large micropore and macropore structure of butts 

have a big impact on the reactivity since the anode with the same Lc only reaches about the 

two third of its air reactivity results. On the other side, the anode with a much higher Lc 

(obtained by baking which changes its structure) has a significant increase in its air reactivity, 
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surpassing the butts' results although its sodium content is low. The transformation of green 

anode structure occurring during baking also affects the reactivity of the anode. 

Butts with an Lc of 89.1 have the highest CO₂ reactivity of 143.7, which is higher 

than the maximum anode reactivity of 100.0 as shown in Figure 6-6d and Table 6-4. 

In addition, this anode is in the cold baking zone and has an Lc of 81.8. Crushed particles of 

butts have a higher specific surface area and a more efficient micropore, mesopore, and 

macropore network due to prolonged baking in an electrolysis cell. Since butts are recycled 

at about 20 % to 25 % in the production of anodes, part of them have the chance baked more 

than once. Crushing the butts offers a structure more sensitive to CO₂ reactivity than pure 

cokes or anodes. The crushed anode particles, on the other hand, can push the coke particles 

towards the surface, which can reduce the access of CO₂ to an efficient network of 

micropores, mesopores, and macropores and at the same time it can reduce sodium content, 

thereby reducing CO₂ reactivity. This explains why the value of CO₂ reactivity of butts with 

only an Lc of 89.1 exceeds all anodes. 

In the cold baking zone where the Lcs are low, some anodes have a slightly higher air 

reactivity than A1 and A2 cokes or a similar reactivity to that of coke B, which has an Lc of 

81.6 as shown in Figure 6-6c. Throughout the cold baking zone and at the start of the hot 

baking zone, 59 % of all anodes’ air reactivity values stagnate between 20.0 and 40.0, have 

an average of 32.8, and an Lc always below 87.0. The contribution of raw materials to air 

reactivity (weighted average air reactivity) is within the range of 31.0 to 37.0 with Lc is 

between 68.0 and 71.0 as indicated in Table 6-4. The air reactivity of pure cokes is between 

20.0 and 30.0. The effect of baking on air reactivity is minimal for the cold baking zone. 
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The air reactivity is affected more by the structure of the original coke than the new structure 

of the anode where the final anode baking temperature does not significantly affect its Lc 

(Lc <87.0). 

For CO₂ reactivity in the cold baking zone, the trend is reversed, i.e., reactivity 

decreases with an increase in crystalline length as shown in Figure 6-6d. Excluding the data 

encircled on the right side of the figure, the R2 of case 5 is 0.97. In addition, for the encircled 

data, the reactivity also decreases sharply with a decrease in Lc. 

In the cold baking zone, the air reactivity is similar to coke reactivity, and CO₂ 

reactivity is much higher than coke reactivity. The common cause that affects those anode 

core samples is the baking temperature. The pitch-coke in this zone is the same for the two 

types of reactivity since each sample was measured for both reactivities. Thus, to easily reach 

the coke for air reactivity and at the same time allowing good diffusion of CO₂ molecules for 

CO₂ reactivity, the structure must have a significantly large pore network. The air reactivity 

is predominant for the coke structure with high Lc as it is shown in results with the highest 

Lc anode core sample that has the highest air reactivity. Lc reduces the porosity of the anode 

core sample as seen in the literature review, and it is supported by the observation of a 

decrease in CO₂ reactivity with increasing Lc as shown in the results. On the contrary, a large 

pore network increases the CO₂ reactivity. The large pore network in cold zone is the major 

factor that influences the air and CO₂ reactivities.  

Generally, the CO₂ reactivity of pure cokes A1 and A2 is about 25.0, that of coke B is 

about 50.0. The reactivity of anodes is between 81.0 and 100.0, with the exception of the B19 

sample which has a reactivity of 74.0. A CO₂ reactivity of 46.0 to 63.0 was expected 
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considering the reactivity of the raw materials used to produce the anode as shown in 

Table 6-4. This implies that the preparation of anode paste, the devolatilization of pitch, and 

the network of macropores that results from structural changes occurring during baking 

increase the anode CO₂ reactivity. The Lc interval for the lowest CO₂ reactivity is between 

82.0 and 85.0. An optimal Lc is in the range of 82.0 to 85.0 Lc for both CO₂ and air 

reactivities. 

Table 6-4: Comparison of air and CO₂ reactivity between that of pure raw 
materials, the contribution of raw materials in the anode (Expected values) and 

the industrial anodes 

 

 

6.4.3 Overall Structure of the Anode vs. Reactivity 

Table 6-5 shows reactivity results, physical properties, and the overall structure of the 

anode for four anode core samples: B06, B11, B15, and B19. They were selected for the 

similarity of their physical properties and chemical properties with the exception of sodium 
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which has a slight variation, and their different reactivity values. Their physical property 

results are listed in terms of the difference between the typical anode property value for anode 

core samples taken during the current anode production in the plant (named “STD” in the 

table), and the value of the anode core samples: B06, B11, B15 and B19 of this study. 

Therefore, the differences are recorded with their own measurement units used in the plant. 

The results show that samples are all quality anodes in regard to density, electrical resistivity, 

bending strength, and open porosity. Thus, the difference in their reactivity should come from 

causes other than their physical properties.  

The B06 anode core sample has the highest reactivity, B19 has the lowest, and B11 

has an intermediate reactivity. In these samples, all in the hot baking zone, both air and CO₂ 

reactivities have the same tendency, meaning that both either increase or decrease at the same 

time. Only anode core sample B15 has air and CO₂ reactivities with opposite tendencies and 

with a low Lc which corresponds to the cold baking zone. B15 has a high air reactivity 

accompanied by a low CO₂ reactivity which should be higher if the general relation between 

air and CO₂ reactivities of the other samples (B06, B11, and B19) were considered. The B06 

anode core sample has the highest reactivity for air and CO₂ reactivities despite the fact that 

it has all its properties corresponding to the typical values of the anode production. This 

means parameters other than those of the physical properties affect the reactivity results. The 

chemistry has demonstrated in the previous section is not always the cause. Thus, what 

remains is the structure of the anode which has to be studied. 

In terms of the overall structure of the anode based on the image analysis of the 

images of 4.4 cm2 of the 20 mm disks above the anode core samples, the B06 and B15 anode 
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samples have similar properties, marked by an “A” in Table 6-5, but different anode core 

sample Lc values. However, the data from the overall structure of the baked anode indicates 

the total percentage of the macropores but does not indicate any information about the size 

or the number of the macropores. This information is given by the Clemex software of the 

optical microscope from the image produced by the developed image analysis program. 

The total percentage of macropore of an anode core sample is not always a sufficient 

information for the interpretation of the anode reactivity. The B06 and B15 anode cores 

samples’ air reactivities are the highest with 43.5 and 36.1 and their sodium contents are 

0.040 % and 0.033 %, respectively. The B11 anode core sample, which does not belong to 

this group, has a lower reactivity with a higher sodium content of 0.045 %. Therefore, the 

cause is not their sodium values nor Lc values since B15 anode core sample is in the cold 

baking zone with an Lc of 82.1 and B06 in the hot baking zone with an Lc of 88.0. In the 

text, the values in parentheses present the results either for two anode core samples or anode 

sample to easily compared their results. The B06 and B15 anode samples also have the lowest 

percentage (10.93 % and 10.99 %) and the lowest number (50 900 and 58 191) of 

macropores. They have more macropores at the periphery of the coke particles (4.79 % and 

4.50 %) which give quick access to gas to penetrate the calcined coke particles in the anode 

structure. 

For CO₂ reactivity, samples can be divided into two groups. Group 1 includes the 

B06 and B11 anode samples with high CO₂ reactivities and group 2 consisting of B19 and 

B15 anode core samples with low CO₂ reactivities. The similarities of group 2 are marked by 

a “B” in Table 6-5 above. In the text, the values in parentheses present the results for two 
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samples of the same group described either for anode core sample or anode sample to easily 

compared their results. Group 2 with low CO₂ reactivities has lower Lc (84.9 and 82.1) and 

sodium content (0.031 % and 0.33 %), higher matrix percentage (29.29 % and 28.08 %), 

lower coke percentage (59.66 % and 60.93 %), and smaller macropores (3 100 and 

3 601 μm2) compared to those of group 1. The group 1 with the higher CO₂ reactivities has 

the largest macropore surface area (4 062 and 3 944 μm2). It has the smallest number of 

macropores (50 900 and 65 029) compared to group 2 with the highest number of macropores 

(70 801 and 58 191). The smaller the size of the macropores is the lower the CO₂ reactivity 

will be despite the large number of macropores. 

In the set of four anode samples treated by image analysis, if the B15 anode core 

sample from the cold baking zone where Lc is low is excluded, both types of reactivity for 

the three remaining anode core samples increased with the increase in Lc, regardless of the 

other physical, chemical, or structural properties of baked anodes. But, the Lc range of B06, 

B11 and B19 anode core samples is small with 88.0, 86.0 and 84.9 and the air/CO₂ reactivities 

are 43.5/96.7, 33.3/89.8, and 23.1/74.0, respectively. This range of Lc does not imply a low 

or high final anode baking temperature that generates the specific behavior of CO₂ reactivity.
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Table 6-5: Physical, chemical, and structural components of the anodes 
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6.4.4 Role of Matrix and Coke Structure vs. Reactivity 

In this section, the term matrix is used instead of the weak structure of the anode. 

Thus, the expression matrix particle indicates a weak structure isolated in the anode structure 

corresponding to particles of weak structure of pitch-coke after anode baking. The weak 

structure is the term that would be correct to use since the core is baked. However, it is not 

intuitive to speak about weak structure particles to explain the structure formation around or 

in the coke particles, then the term matrix or matrix particle will be used in this section.  

Table 6-6 has data from anode samples and anode particles samples. The information 

is combined in this figure to allow a better interpretation of the role of the matrix and the 

macropores in the baked anode structure in relation with air and CO₂ reactivities. For the four 

anode particle samples of baked anode (B06, B11, B15, and B19), the information on the 

matrix and macropores located outside the coke as well as the macropores in the coke such 

as their number and size with the indicators (small, medium, and large) is given in the first 

seven columns of Table 6-6. They are obtained by analyzing the structure of the 8.64-mm2 

images which are representative of 1.0 mm to 1.4 mm anode particle anode samples 

(see Figure 3-4 in Chapter 3 and Section 3.2.1) and the samples are named “anode particle 

samples”. The data which refer to the indicators (small, medium, large) that correspond to 

the number and size of the matrix particle and macropores outside the coke particles and in 

a second step the macropores inside the coke particle in the anode particle sample are 

presented in the Appendix 4. 
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Table 6-6 last three columns are data of the samples named “anode sample” which 

represent the results of the overall structure of the anode from the image size of 4.4 cm2 on 

the 20 mm disk in height. The results in the “pores” column and the “matrix” column 

represent the data for the macropores and matrix at the periphery of the coke particles of the 

baked anode sample, respectively. The last column presents the number and the size of the 

coke particles present in the baked anode sample. The last three columns are from the 

Table 6-5 of the previous section.  

The reactivity results for the four anode core samples can be explained as follows. 

The B06 anode particle sample has a structure containing a small number of large size matrix 

particles and a large number of large macropores outside the coke. In addition, the macropore 

system inside coke particles, which contains a medium number of medium-sized macropores 

is effectively permitting the passage of gas. CO₂ and air as well as the products of the reaction 

between these gases and carbon diffuse well into the anode particle structure, which explains 

the highest air reactivity (43.5) and CO₂ reactivity (96.7) among the four-anode core samples. 

CO is the product of CO₂ reactivity and CO₂ is the product of air reactivity. The B06 anode 

core sample also has the highest Lc (88.0), and the data on the overall structure show the 

highest number of macropores at the periphery of coke particles in the anode sample 

(4.79 %), which provides easy access to coke.  

The B15 anode core sample has the second-highest air reactivity (36.1) and the 

third-highest CO₂ reactivity (82.8) among the four anode core samples studied. Therefore, it 

is much more sensitive to air reactivity than CO₂ reactivity. Outside the coke particle, there 

is the same type of matrix as B06 anode particle sample; but the number and size of 
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macropores are smaller, thus this slightly reduces the diffusion of gases towards the coke. 

The overall structure data of B15 anode sample shows that it is the second with the highest 

number of macropores at the periphery of coke (4.50 %) after the similar value of B06 anode 

sample (4.79 %) which has the highest air reactivity. B15 anode sample has about the same 

amount of matrix structure at the periphery of coke particles (8.14 %) as B06 anode sample 

(8.60 %). The number and size of coke particles and the network of macropores inside the 

coke particles of B15 and B06 anode samples are also similar. As a result, the ability of the 

B15 matrix structure to circulate gases to reach coke is less than that of B06 due to its less 

efficient macropore network outside of the coke particle. A matrix structure with a smaller 

number and size of macropores greatly reduces the CO₂ reactivity due to a slower diffusion 

of large CO₂ molecules towards the coke particles. The air reactivity is also reduced, but to 

a less extent. The B15 anode core sample has the lowest Lc (82.1) compared to the other 

anode core samples and this has been attributed to baking the anode in the cold baking zone 

where the air and CO₂ reactivities of anode core samples is generally low. 

B11 anode core sample has the third-highest place for air reactivity (33.3), and 

second-highest for CO₂ reactivity (89.8) among the four anode core samples. It is much more 

susceptible to CO₂ reactivity than to air reactivity. For the B11 anode particle sample, outside 

the coke, the particles of the matrix are numerous and small with few small macropores 

between them. The impact of this less efficient macropore network is reduced by the fact that 

the amount of matrix structure at the periphery of the coke is the lowest (5.32 %) on the B11 

anode sample. The B11 anode sample has few coke particles (551), but they have the largest 

size with 3.00 μm2
 and contain a network formed by a large number of larger macropores 

that permits the diffusion of gases in coke. The Lc of this anode core sample is the second 
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highest (86.0). The air reactivity is slightly reduced by a smaller outer coke particle surface 

area due to the presence of a significantly few number of large coke particles, and at the same 

time by the large macropores inside the coke particle which do not increasing the surface 

area for air reactivity compared to small macropores which would increase it. Thus, the 

surface area for air reactivity is low for the anode sample B11. It is well known that few large 

particles instead of a large quantity of small particles result in less specific surface area. CO₂ 

reactivity is the second highest of the four anode samples because, after passing the small 

thickness of the matrix with less efficient macropore network, the large macropores in coke 

allow an easy entry of large CO₂ molecules into the coke. 

The B19 anode core sample has the lowest air and CO₂ reactivities with 23.1 and 74.0, 

respectively, among the four anode core samples. The matrix outside the coke is of the same 

type as B11 anode particle sample. However, the B19 anode particle sample has a greater 

number of large macropores through matrix particles allowing many gas pathways around 

the coke particles. On the other hand, the B19 anode sample has the highest value (10.25 %) 

of the amount of matrix structure at the periphery of coke which is slowing down the diffusion 

of the gases. In the coke, the number and size of macropores are the smallest of the four 

samples representing an inefficient macropore network that reduces diffusion of both CO₂ 

and air. The Lc is of B19 anode core sample (84.9) which is similar to the average value of 

the four anode core samples (85.3). Coke particles in the anode sample are the most numerous 

(1 279) with the smallest size 1.25 μm2. 

Austin [86] investigated the CO₂ reactivity and demonstrated that even a slow and 

small decrease in CO₂ concentration inside the sample significantly delayed the CO₂ reaction 
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and was no longer uniform across the material. With a small increase in CO pressure towards 

the sample, the CO₂ response was reduced 10 times or more. The reaction with CO₂ took 

place on the outer surface where there was more material. At this place, if the CO₂ pressure 

increased, the reaction increased following a first order reaction rate that created an even 

higher CO gradient inside the solid which, in turn, completely delayed the reaction 

everywhere except in the regions very close to the surface[86]. This describes well the results 

obtained with the samples B1907D and B1507D in regard to CO₂ reactivity (the two lowest 

CO₂ reactivities) results where the macropores are inefficient for gas diffusion. 

The rate of effusion, the passage of a gas through a pinhole, is inversely proportional 

to the square root of its molecular mass for a same pressure and temperature as described by 

the Graham’s law: 

 
𝑅𝑅𝐶𝐶𝑑𝑑𝑒𝑒1
𝑅𝑅𝐶𝐶𝑑𝑑𝑒𝑒2

=
�𝑀𝑀𝐶𝐶𝑅𝑅𝑅𝑅2
�𝑀𝑀𝐶𝐶𝑅𝑅𝑅𝑅1

 (6-1) 

The ratio of oxygen/CO₂ is 1.17. It means, for air reactivity, the oxygen effusion rate 

is faster than its product, the CO₂. Contrary the CO gas has an effusion rate faster than the 

CO₂, reactive gas for CO₂ reactivity, with a ratio of CO₂/CO is 0.80. This physical 

phenomenon explains the delay of the CO₂ reactivity by the fast displacement of its CO 

production that effused faster than the CO₂. 

In summary, the network of macropores in the matrix, the amount of the matrix and 

the macropores at the periphery of coke particles, and the network of macropores in coke are 

the factors affecting the air and CO₂ reactivity of the baked anodes. 
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Table 6-6: Matrix particles and macropores outside coke particles, and macropores inside coke particles (Baked core) 
(©Brigitte Morais 2022, pictures are from image analysis) 

 
Note: the term “matrix” here has the meaning of “weak structure” since cores are baked, (#)1 = number, 

Size1 = in mm2, * = express as the percentage of the maximum value of the industrial anodes  
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6.4.5 Pore and Specific Surface Aera vs. Anode reactivity 

In the text, the values in parentheses present the results for two samples of the same 

group described either for anode core sample or anode sample to easily compared their 

results.  

The B06 and B15 anode core samples have higher air reactivities, despite the fact that 

they have a lower number of macropores (50 900 and 58 191) in the overall structure of the 

baked anode sample and a lower percentage of total macropores with 10.93 % and 10.99 % 

compared to those of B11 and B19 which have a larger number of macropores (65 029 and 

70 901) and higher percentage of total macropores with 13.22 % and 11.05 %, respectively 

(see Table 6-5 of the previous section). Therefore, the number of macropores or the 

percentage of the total macropores is not always the only factor affecting the reactivity. 

The correlation obtained from the parametric study on the baked anodes core samples with 

open porosity of the industrial anode cores samples in relation to reactivity is insignificant 

with an R2 of 0.20 for air reactivity and an R2 of 0.01 for CO₂ reactivity.  

The open porosity (porosity with a pycnometer for anode core) indicates the pores 

present on the outer surface area of the core of the anode. All of these pores can be measured, 

but there is no indication whether these pores are accessible for the diffusion of CO₂ 

molecules or provide enough specific surface area for air molecules. In some cases, the pores 

detected could be closed pores in the anode before it is cored. It is rather the distribution of 

macropores, their sizes, and if they are interconnected that is important which explain the 
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insignificant relation between the open porosity measurements with the air and CO₂ 

reactivities. 

The specific surface area of an anode core or an anode particle sample differ from a 

flat surface due to its surface roughness, the presence of small pores, or the large pores shown 

schematically in Figure 6-7. In Figure 6-8, the images of baked pitch, butts, and highly baked 

coke are shown with a black line representing schematically the roughness of their surface or 

the geometric form for the pores.  

The pitch baked, but not yet highly transformed into a new coke structure has 

a rounded surface with few small pores. The butts have a rugged surface with larger pores. 

The highly baked coke has a surface with small thin and narrow streaks without any pore. 

The rounded structure of the baked pitch at low temperature is a type of structure far different 

from that of a calcined coke (see  Figure 5-7, and Figure 5-9). It does not greatly increase the 

air reactivity that occurs at low temperatures unless it is cracked due to contraction during 

anode cooling even so it can help the air to reach coke particles.  

The butt has large specific surface area and large macropores which are two 

characteristics of a structure that increases both types of reactivity at the time. The specific 

surface area increases air reactivity and large macropores increase the CO₂ reactivity which 

takes place by diffusion. A structure of this type is possible for an anode baked in the hot 

baking zone resulting in higher Lc compared to an anode baked in the cold baking zone. This 

explains the strong CO₂ reactivity of the anode baked in the hot baking zone with an Lc 

between 86.0 and 92.0. This Lc interval corresponds to the study of case 3 with an R2 of 0.91 

(see Figure 6-6 in Section 6.4.1) representing the only part of the analysis which 
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demonstrates a strong correlation between the increase in Lc and the CO₂ reactivity. Highly 

baked coke has a structure containing tiny streaks that contribute to air reactivity, but there 

is no longer a network of pores to allow the diffusion of CO₂. This explains the decrease in 

CO₂ reactivity for anode samples with an Lc greater than 92.0 in the hot baking zone as 

shown in Figure 6-6 in Section 6.4.1. Tran and Bhatia [66] found that ultra-micropore area 

decreases with increasing baking temperature, resulting in a higher level of graphitization of 

coke. This phenomenon explains the difference between air and CO₂ reactivity behavior at 

high Lc (92.0 and over) in Figure 6-6 in Section 6.4.1. A higher baking temperature (thus, 

higher Lc) leads to a low micropore area for each micropore that allows air to attack coke; 

but the low-area micropores reduce the diffusion of large CO₂ molecules into pores and 

consequently reduce the CO₂ reactivity. It was also found by Bergeron-Lagacé [72] that, with 

a heat treatment of coke, a decrease in the total surface area corresponds to a decrease in the 

CO₂ reactivity. Since the industrial anodes were baked in the same section of the baking 

furnace and for the same period of time, the expression of highly baked means baked to 

a higher final anode baking temperature. Variation of temperature within a pit of a baking 

furnace is well known. 
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Figure 6-7: Schema of the specific surface area of the anode, pitch, butts and 

highly baked coke 
(©Brigitte Morais 2022) 

 

 
Figure 6-8: SEM images of baked pitch, butts and coke highly baked with 

schematic black lines to accentuate the difference in topography form place to 
place on their surface and show their pores 

(©Brigitte Morais 2022) 

 

The matrix does not necessarily give a more reactive structure as often mentioned in 

the scientific literature, but it could rather represent a network of macropores which might be 

increasing or decreasing the diffusion of reactive gases. The matrix could be considered as a 

reactivity damping material if its structure allows it as observed with the B19 anode sample. 

Increase in specific surface area

Surface 

Small pore

Large pore

Baked pitch Butts Coke highly baked
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The same is true for the network of macropores of the coke particles. The Lc of the B19 

anode core sample is within the optimal Lc interval of 82.0 to 85.0 for lower air and CO₂ 

reactivities as mentioned in Section 6.4.1. Its Lc value is 84.9 near the superior limit. This 

means that the anode structure may be a parameter more important than it is usually assumed 

that influences air ant CO₂ reactivities. 

6.4.6 Factors Influencing New Coke Particle in Baked Anode Structure 

In addition to manufacturing parameters, the quantity of coke particles in green and 

baked states obtained from the image analysis data of B06, B11, B15 and B19 anode samples 

are listed in Table 6-7. It was observed that the two factors that influence the structure of the 

anode are the compaction pressure and the distribution of medium size coke particles in green 

anode. 

The observations on these two factors are: 

 The lower the compaction pressure is, the lower the number and the smaller the size 

of macropores located outside the coke particles are, as shown for the B11 and B15 

anode samples compared to those of B06 and B19 anode samples of this study. The 

anode samples of B11 and B15 are highlighted by white arrows in Table 6-7. The low 

compaction pressure was obtained by applying a low pressure at the bottom and the 

top of the vibro-compactor. 

 If the medium size particles of coke are evenly distributed throughout the structure, 

before baking, there will be fewer matrix particles and their size will be larger after 
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baking. The anode sample B06 and B15, which display this tendency, are highlighted 

by black arrows in Table 6-7. 

Table 6-7 shows that the matrix of B06 and B15 anode particle samples contain a 

small number of large matrix particles that coexist with a medium number (976 and 969) of 

medium-sized coke particles in the anode sample (1.63 mm2 and 1.66 mm2) in the baked 

state. Contrarily, the matrix of B11 anode particle sample contains a large number of small 

matrix particles in baked state. It has few coke particles in the anode sample (551) of a very 

large size (3.00 mm2) in the baked state. The B19 anode sample, on the other hand, has a 

multitude (1 279) of small coke particles (1.25 mm2) after baking. The term matrix in baked 

state represents here weak structure of newly formed coke with a low Lc (pitch-coke).  

Table 6-7: Conditions used during anode forming (Black arrows show large 
matrix particles and white arrows show small macropores in the matrix of the 

sample) 

 
Note: the term “matrix” here has the meaning of “weak structure” since cores 

are baked, (#) = number 

 

The creation of weak structure of the anode in baked state is governed by the baking 

temperature and the contact between the matrix with the original coke particle at green state. 
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Coke is a good heat conductor. It interacts with the pitch. A mixture of pitch with 

petroleum coke particles smaller than 100 μm was kept at a temperature of 430 oC for 2 hours 

in order to evaluate the polymerization of pitch. The coke particles accelerate the 

polymerization of the pitch on its surface by increasing the formation of the toluene insoluble 

particles in pitch [82; 83] which create links between the coke particles [5]. As the thickness 

of the pitch film increases, the effect decreases. When the mixture of coke and pitch is in the 

order of 70/30 (% weight) respectively, the structure of the pitch is entirely anisotropic and 

a mixture of 55/45, only the part near the coke is anisotropic whit a fine mosaic structure 

[82]. The anisotropic coke is important to attain good properties for the anode with a fine 

mosaic structure of pitch-coke and an isotropic pitch-coke[31; 52]. 

Figure 6-9 and the data presented in Table 6-7 allow the analysis of the green anode 

samples B06, B15, and B11. The green anode sample B15 is similar to B06. The green anode 

sample B06, which contains medium-sized coke particles (0.35 mm2) in fairly large numbers 

(4 287) at equidistance from each other in green state, can transform better the structure of 

green matrix inside, at the periphery and outer edge of coke particles during baking. It forms 

agglomerates of new coke structure isolated after baking that are fewer (973) and quite large 

in size (1.63 mm2). The rest of the matrix further away from the medium-sized coke particles 

are subjected to less heat and interacts less with original medium coke particles during 

baking. It will, in the baked state, be transformed into fewer matrix particles that will be 

larger in the baked state. 

In contrast, the B11 anode sample in the green state contains a larger number of coke 

particles (15 156) of smaller size (0.09 mm2). More specifically, some very large particles of 
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coke are randomly distributed throughout the structure in green state as shown in Figure 6-9. 

The small particles of coke, closer to each other, lead to the enlargement of a few very large 

particles of original coke from the green state, which leads to the formation of a structure 

with a small number (551) of very large particles of coke (3.00 mm2) in the baked state. In 

the baked state, the remaining matrix surrounding this new coke structure is divided into a 

large number of small matrix particles because of the lack of medium size original coke 

particles in green anode. 

 
Figure 6-9: Coke particles in green anode structure 

(©Brigitte Morais 2022, pictures are from image analysis) 

 

The composition in number and size of matrix particles of baked anode samples B06 

and B15 are due to the fact that the coke particles with their periphery are medium-sized and 

more evenly distributed in green state compared to that of the B11 baked anode sample. 

The B11 green anode sample has a few very large coke particles isolated and distant from 

each other in green state with a smaller number of medium size coke particles. 
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All the anodes were baked in the same section of the baking furnace. The final baking 

temperature of the anode core sample at the core position 07D of anode B06 is considered as 

the reference of the final anode baking temperature of the anode core samples in Table 6-7. 

The anode core sample B1507D baked in the pit no. 3 has 98 °C less than the anode core 

sample B0607D, the reference. B1107D has 6 °C less than the reference and baked in the 

pit no. 1. B1907D has 9 °C less than the reference and baked in pit no. 6. This disparity in 

the final anode baking temperature is not affecting the grow phenomena of baked matrix 

particles by the size and the distribution of original coke particles in green anode structure 

during baking. The performance to convert the green matrix to baked matrix is about the 

same between the anode particle samples B06 and B15. Their number (small) and the size 

(large) of the baked matrix particles outside the coke after baking are about the same. 

Furthermore, their compaction pressure was different, B06 from medium to high, and B15 at 

low pressure. Thus, the size and the homogeneity of the original coke particles in the green 

anode structure, is much more important than the pressure of compaction as well as the final 

anode baking temperature for a deviation of about 100 °C in the lower side of the reference 

temperature. The contact between the coke particles and the matrix is an important parameter 

to conduct the heat through the green anode structure during the baking of the anode.  

Despite B06 and B15 have the same type of baked matrix particles outside the coke, 

their type of macropores is at the opposite. B06 has a large number and large size macropores 

with the matrix outside de coke and B15 has a small number and small size macropores. 

The number (small) and the size (small) of the macropores through the baked matrix particles 

for anode particle samples B15 and B11 are about the same. Contrary, the anode particle 

samples B06 and B19 have a number (large) and a size (large) of macropores in the baked 
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matrix outside the coke particles. Here also the temperature is not much important and not 

either the number or the size of the original coke particles used to make the anodes as shown 

in Figure 6-9. The only common parameter is the compaction pressure. It seems that lower 

compaction pressure limits the grow of the macropore outside the coke particle during the 

anode baking. It is possible that less pressure at the compaction reduces the gas pressure 

formed by the gas evacuation of the devolatilization of the pitch inside the structure creating 

smaller pores in the anode structure during baking.  

During the industrial anode manufacturing campaign, the holes of several anodes 

underwent deformation. The SEM images of anode hole deformation show this phenomenon. 

When the dry aggregate recipe was changed as shown in Figure 5-13 in Section 5.4, the lack 

of fines reduced the formation of the matrix and allowed a strong devolatilization of the pitch. 

Variations in particle size of raw materials in the plant and small changes in the dry 

aggregates fractions of the anode paste recipe affecting the amount of fine dry aggregate 

particles influence the deformation of the holes and possibly the properties of the anodes. 

The data are presented in Appendix 2. Less fines increase the anode hole deformation. 

6.5 Tool Developed to Rapidly Estimate the Raw Material Structures 

The reactivity of the anode is partly dependent on the specific surface area, the size 

of the macropores, and the cumulative area of ultra-micropores of the coke used in the 

manufacturing of the anodes. Two new, original, simple and fast analysis methods have been 

developed using the FTIR. These methods come from the comparison of the results of the 

spectrum of the anode raw materials obtained by the FTIR and their results of 

ultra-microporosity and pore diameter obtained by the analysis of the nitrogen absorption 
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isotherm. With specific procedures of raw material sample preparation, the features of FTIR 

spectrum shows correlation or indication about the raw material structures with the results 

obtained with the analysis of nitrogen absorption isotherms. The detailed methods are 

presented in Section 3.3.2. The size of the coke particles used in the FTIR test is between 

100 μm. and 125 μm. These particles have pores of a multitude size as shown in the image 

of butts in Figure 6-10 and the image of coke B in Figure 6-11. 

 
Figure 6-10: SEM image of a butt particle 

(©Brigitte Morais 2022) 
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Figure 6-11: SEM image of a coke B particle 

(©Brigitte Morais 2022) 

 

For the first method, when the percentages of coke are greater than 0.7 % and crushed 

with the KBr, background noise is generated on the FTIR spectrum. The sum of their 

micropeaks showed that the specific surface area of the ultra-micropores (3 to 5 Å) of the 

cokes can very well be approximated with an R2 of 0.90 as demonstrated in Figure 6-12. 

The second method is an indicator of the diameter of pores. A spectrum of a blend of 

1.0% ± 0.1 of crushed raw material with the addition of uncrushed KBr shows the presence 

of water vapor when pores are not fully filled by KBr. The relationship is weak with an 

R2 of 0.33. However, it can be observed in Figure 6-13 that very large pores are completely 

blocked with uncrushed KBr (zero water vapor) while the smaller-diameter pores are 

partially blocked (some water vapor). The presence of background noise and that of water 

vapor are normalized by subtracting the current value from the minimum value, all divided 
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by the difference between the maximum and minimum value. The FTIR spectra are in 

Appendix 6 for further information. 

  
Figure 6-12: Relationship with the presence of noise on the cokes FTIR spectra 

and their ultra-microporosity 
(©Brigitte Morais 2022) 

 

 
Figure 6-13: Indication of average pore diameter of raw material from the 

presence of H2O on their FTIR spectra 
(©Brigitte Morais 2022) 
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6.6 Structure vs. the Generation of Dust in Electrolysis Cells 

The information obtained from the reactivity tests depends on the type of samples, 

the type of test or the type of material. For raw materials, only their intrinsic structure is taken 

into account. Figure 6-14 and Figure 6-15 show that butts (Figure 6-14) and interconnections 

between the macropores, of coke particles, butts or matrix (Figure 6-15) exist in the structure 

of the anode.  

 
Figure 6-14 B0607D sample, butt inside the structure,  

(©Brigitte Morais 2022, the picture is from image analysis) 

 

 
Figure 6-15 B0607D sample, zone of interconnected macropores  

(©Brigitte Morais 2022, the picture is from image analysis  
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They are preferential paths that can trigger the disintegration of the anode structure 

by releasing whole or part of coke particles, butts or matrix. The defects are in the order of a 

millimeter. Figure 6-16 shows a very porous coke particle that is interconnected to other 

macropores of the structure of the anode whose size is about hundred microns. These defects 

are represented in Figure 6-14, Figure 6-15, and Figure 6-16 by squares with double borders 

and white or black color. These macroscopic defects in the anode structure can cause the 

generation of dust from the anode in the bath of the electrolysis cell as illustrated in 

Figure 6-17. The coke porous structure shown in Figure 6-16 is from the calcination of coke 

which presents pores in the form of bubbles as seen in Figure 5-4 in Section 5.1. The use of 

1.0 mm to 1.4 mm anode particles in reactivity tests involves crushing the structure of the 

anode that eliminates these interconnections and defects limiting the ability to indicate the 

potential of dust generation in the electrolysis cell using such a sample. 

 
Figure 6-16: SEM image of B1507D sample, a very porous coke particle near a 

network of macropores of the anode structure  
(©Brigitte Morais 2022) 
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Figure 6-17: Generation of dust due to macroscopic defects in anode structure 

(©Brigitte Morais 2022) 

 

6.7 Discussion and Conclusions 

The butts’ structure has a greater micropore, mesopore, and macropore network, 

specific surface area and at the same time the most sodium content than the three cokes. 

The butts have the highest CO₂ reactivity compared to all the industrial anodes, and for the 

same Lc values, its air reactivity is the highest too. Only an anode with an extremely high Lc 

of 100 with a low value of sodium has a higher air reactivity than the butts. Several cases of 

reactivity do not match the sodium content in this study. However, the sodium range is only 

from 0.030 % to 0.045 %. The sodium variation comes generally from the reintroduction of 

butts in the anode paste recipe. Thus, it is difficult to assume that the structure does not have 

an influence as strong as the sodium content or more, although they cannot really be 

separated. 
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The industrial anodes made of the same source of raw materials are influenced by the 

final anode baking temperature which affects a key variable of the anode reactivity, the 

crystalline length (Lc). Low baking temperatures let the air reactivity more dependent on the 

coke itself than the matrix which is less transformed leading to low air reactivity results and 

the CO₂ reactivity is intensified by this same matrix characteristic. The CO₂ has specific 

behaviors: at low temperature with high reactivity and at high temperature, the intensity of 

the reaction diminishes compared to the results of intermediate Lcs, but still high. Baking of 

the anode intensifies the air and CO₂ reactivity by increasing the Lc of the anode structure 

within the range of intermediate Lcs. The phenomenon passes through the conversion of pitch 

to pitch-coke and the increase in Lc of dry aggregate particles compared to their own 

contribution to Lc in anode paste. However, the Lc range does not have the same effect on 

the results of the air and CO₂ reactivities depending on whether the Lc range is low, 

intermediate or high. 

The general acceptance of the proportionality rule of CO₂ reactivity as a function of 

Lc is true, but for a specific range of intermediate Lcs.  

The use of image analysis adapted to finding the location of matrix particles and 

macropores inside and outside coke particles to determine changes in reactivity of the anodes 

prepared with the same raw materials is a more efficient and accurate tool compared to the 

total porosity or open porosity measurements of baked anode core samples. Conventional 

porosity measurements do not specify pore type, size, and location which are crucial for 

determining differences in reactivity of the anode produced under different conditions of 

operation or using different source of raw materials. A similar observation was made during 
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a study in the field of metallurgical coke by Ghosh et al. [87]. They demonstrated that the 

image analysis could distinguish a structure in a more detailed manner than the more limited 

conventional determination of porosity using the apparent and real density of cokes. Image 

analysis is also used for the qualification and quantification of the structure that is in isotropic 

form for coke mixtures [88], for anode preparation with the aim of reducing cracks [75] or 

for under-pitched or over-pitched anode surfaces [27]. 

Cokes and anodes with large specific surfaces including many ultra-micropores are 

more reactive with air while CO₂ reactivity increases with the presence of an efficient 

network of macropores. The value of the total specific area does not indicate what type of 

surface it is. Therefore, the use of different methods for the analysis of nitrogen adsorption 

isotherm is necessary for a better understanding of the reactivity of raw materials. The 

t-method is used for the ultra-micropores, BJH for the group of mesopores and macropores, 

and H-K for micropores. They give information on the specific surface area and volume of 

pores. The pore volume distribution is available with BJH and H-K methods, and finally the 

average pore volume with BJH. It is possible to use the FTIR method developed to shorten 

the time to obtain a good evaluation of the real ultra-microporosity measurement of the cokes 

and an indicator for the pore diameter which is usually obtain by the nitrogen adsorption 

isotherm. 

The type of structure of the anode made of coke and carbonized pitch is associated 

with two baking zones depending on the final anode baking temperatures, and this will lead 

to different reactivity behaviors. Therefore, the reactivity of the anodes depends on the new 
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anode structure acquired during baking and the ability of the reactive gases to circulate or 

diffuse into the coke particles of the anode. 

The study of the detailed structure of baked anodes in combination with the 

contribution of raw materials made it possible to understand the reactivity results for samples 

with similar physical properties, but different structures and final baking temperatures from 

the same section of the anode baking furnace. The chemistry of anodes and raw materials is 

important; however, it is not the only factor. The structure of the green anode also affects the 

structure of the baked anode, therefore the reactivity. The size and the type of coke particles 

and their homogeneity in the green anode structure in addition, to the composition of the 

matrix (the finesse of the coke particles and the amount of pitch) will influence the 

transformation of anode structure during baking as the variation of the final anode baking 

temperature does. The matrix may participate to intensify or diminish the reactivity 

depending on its macropores network efficiency and its quantity around the coke particles.  

Anode macro-defects are generally underestimated in analyzing the potential of an 

anode to generate dust in electrolysis cells. The analysis of an area of 4.4 cm2 of the baked 

anode sample has shown that very large defects are formed where disintegration of the anode 

is possible by the presence of a butt, very porous coke particles, large macropores in the coke 

or in the matrix especially when they are interconnected. 

Several factors influence the density of baked anodes. Table 6-8 shows schematically 

the more important structural items: the amount of coke, the coke particle shape, and the 

number of coke pores, the amount of the matrix in addition to its ability to fill the pores of 

the coke, and the presence of pores in the matrix after anode forming. These structural items 
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determine the region of the coke and its composition in term of pores, matrix, and coke. 

The general composition of the coke region will determine the density of the anode.  

The column named “schematization” in Table 6-8 represents the influence of each 

component of the anode structure (the columns named "structure component” on each side 

of the table) on the density. The impact of the increases or decreases of the component is 

directly related to the density schema in the last row of the table. In the central column of the 

table, the schema of the quantity of each component is represented by a triangular geometric 

form. When a part of the triangle is wide, it means that the component is in large quantity, 

and in small quantity when a part of the triangle is small. The coke is red, the pores are black, 

the matrix is green, the coke region is purple, and the density is blue-green. The quantity of 

the pores and the pore filled by the matrix in coke particles is represented by the colors of 

each component as well as the shape of pore in the component called “coke pore and coke 

pore filled”.  

For instance, by looking at the right side of the middle column named 

“schematization”, from the first row of the table to the last one, the anode structure has fewer 

pores with many coke particles of small size and less rough shape, and a low level of matrix. 

This represents an anode structure mostly made of low porous coke (with a large coke region) 

which has a high density. Contrarily, on the left side of the middle column, the anode 

structure is fully made of pores, the coke is barely filled by matrix containing a lot of pores, 

and has less free matrix between the coke particles which represents a very porous and a large 

coke region resulting a very low anode density. For the intermediate scenario, the half of the 

coke area is pores, the coke particles are large with irregular shapes mixed with smaller 



195 
 

 

particles, the matrix in the coke and the free matrix are in large quantity with a reasonable 

number of pores. This intermediate anode structure has a low region of coke and intermediate 

density. Therefore, the density of the anode will depend on the combination of each structure 

type, then several scenarios could be possible.  

Table 6-8: Schema of the combination of the components of the anode structure 
related to its density  

(©Brigitte Morais 2022) 
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Calcined petroleum coke is manufactured to obtain open pores that can receive the 

matrix to obtain an anode with high-bending strength, high density and at the same time low 

electrical resistivity [5]. The success to obtain a high-quality anode depends on the 

composition of the matrix and the amount of pitch used in the paste recipe in order to achieve 

appropriate filling of the different types of pores of large coke particles. The 

ultra-microporosity of coke must be as low as possible since it leads to high air reactivity. 

The ultra-microporosity is difficult to be obstructed by the matrix and pitch. Pitch tends to 

remain where it has fallen on coke or where it is carried by the effect of kneading [89]; and 

as the study by image analysis has shown, the macropores are not all filled by pitch or by the 

matrix. It is therefore reasonable to stipulate that ultra-micropores are difficult to be filled. 

The air and CO₂ reactivities depend on the anode structure such as its matrix and their 

coke pore network, number and volume size. Table 6-9, Table 6-10, and Table 6-11 shown 

the summaries of the finding by technique used as complementary information.
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Table 6-9: Summary of Lc vs. anode reactivity 

 

 

Table 6-10: Summary of the comparison of butts and cokes 
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Table 6-11: Summary of image analysis vs. anode reactivity 

 

 

During this study on the relationship between the anode structure and the anode 

quality, it was found that several factors influence the reactivity, the electrical resistivity, and 

the density of baked anodes. The tools and conditions of testing listed below were the key to 

obtain such results: 

 The acquisition of SEM images of calcined cokes and butts; 

 The use of the method for the analysis of nitrogen adsorption isotherm for studying 

the anode raw materials: cokes and butts; 

 The image analysis of several anode samples produced with the same raw materials 

under different pressures and speeds of compaction and baked in the same section of 

the baking furnace; 

 The comparison of green and baked anode structure in relation with the density, 

electrical resistivity and the bending strength; 
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 A parametric study of all condition of production related to the anode physical 

properties as well as chemistry; 

 A slight difference between the recipes of day 1 and day 2 of production during the 

manufacturing of the anode in the plant; 

  The understanding of the transformation of the structure of the anode taking place 

during baking through the image analysis between the green and baked anode 

structures (see Chapter 5). 
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CHAPTER 7 

THE RHEOLOGY OF THE ANODE PASTE 

7.0 Introduction 

To characterize the anode paste, a number of tests on the raw materials, which were 

used to make ten different recipes studied, were conducted. In addition to the characterization 

of cokes A1, A2, and B as well as the butts previously studied in Chapter 6 for anode reactivity 

(Lc, chemistry, reactivity, density, specific surface area, and pore volume), the dimensions 

and the shape factors of 1, 2 and 4-mm particles were measured. The effect of the introduction 

of nanoparticles and biocoke into the coke produced by the ball mill (named here as the “ball 

mill product”, “BMP”) and used in the preparation of dry aggregate recipes of the anode was 

verified by measuring the distribution of pore volumes with nitrogen adsorption isotherm 

analysis. Subsequently, ten cores were prepared in the laboratory using ten recipes and their 

densities and electrical resistivities were measured in both green and baked states. The results 

of the dimensional parameters (length, width, size distribution, number of particles, 

equivalent spherical area, and inner and outer diameters) and the shape factors (aspect ratio 

(length/width), sphericity, roundness, and compaction factor) of the paste particles from the 

two rheology tests (flow and spreading anode paste), developed during this study, were 

correlated with the density and electrical resistivity results of baked cores. These correlations 

allow to obtain indications on the prediction of the baked core quality from the characteristics 

of the paste from the rheology tests before it was formed and baked. 
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7.1 Addition of Nanoparticles and Biocoke in Ball Mill Product 

The structure of the ball mill product and biocoke particles were studied with SEM. 

The particles structure of BMP made in industry is round or angular as shown in Figure 7-1. 

Crushed biocoke prepared in the laboratory is coarser and generally in needle form or on rare 

occasions in angular form with a honeycomb structure as shown in Figure 7-2.  

 
Figure 7-1: SEM images of the appearance of the particles produced by the 

ball mill 
(©Brigitte Morais 2022) 

 

 
Figure 7-2: SEM images of the appearance of biocoke particles in the original 

state and in the crushed state 
(©Brigitte Morais 2022) 
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All the small SEM images are in Appendix 5 in enlarged size to allow a better view 

of the scale of the image. Here, SEM images are used for comparison purposes. 

As it can be seen in Table 7-1, the specific surface area and the average pore diameter, 

by nitrogen adsorption isotherm method, of pure nanoparticles are 237 m2/g and 176 Å 

(17.6 nm), pure biocoke 34 m2/g and 156 Å (15.6 nm), and pure ball mill product 2.82 m2/g 

and 361 Å (36.1 nm), respectively.  

Table 7-1: Specific surface area and average diameter of pure products 
(Nitrogen adsorption isotherm) 

 

 

Figure 7-3 shows the analysis of the pore volume distribution by pore width, made by 

nitrogen adsorption isotherm method, of three samples of pure BMP used to make 

ten different paste recipes and two batches of nanoparticles. As it can be seen from the 

Figure 7-3, the pore volume distributions of the pure BMP samples are similar with some 

small variations. The average of the three pure BMP samples is used to compare the different 

blending tests with biocoke and nanoparticles. The two batches of nanoparticles come from 

the same supplier and were purchased six months apart. There are some differences between 

the two batches, batch 2 has a slightly higher pore volume distribution by width within the 

range of pore widths 40 Å to 400 Å. The specific surface area and the average pore diameter 
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for nanoparticles are the average of batches 1 and 2 in Table 7-1 since a 50/50 proportion of 

each batch was used in the paste recipe for core production and rheology tests. 

A nanoparticle must have at least one dimension in the order of 1 nm to 100 nm and 

an aspect ratio of less than 3 :1. In Figure 7-3, the pore volume distribution by pore width of 

pure nanoparticles are larger and in the order of 10-3 cm3/g while those of pure BMP are 

smaller and in the order of 10-5 cm3/g. Nanoparticles have large pore volume as shown in 

Figure 7-3 and large pore diameters as shown in Table 7-1(above). The datasheet from the 

supplier indicated that they are all spheres, and their size is almost the same with 95 % of 

them in the range of 3 nm to 4 nm. However, the nanoparticles form agglomerates which are 

clearly visible in Figure 7-4a, and Figure 7-4b. There are spaces between the agglomerates 

and even within the agglomerates themselves, which increase the nanoparticles’ pore volume 

in range of 10 nm pore width and the average pore diameter of nanoparticles to 17.6 nm. 

  
Figure 7-3: Pore volume distribution of pure ball mill product and pure 

nanoparticles (Nitrogen adsorption isotherm) 
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Figure 7-4: SEM images of carbon nanoparticles a) 20X agglomerates, 

b) 1500 X agglomerates 
(©Brigitte Morais 2022) 

 

In order to obtain an SEM image of isolated nanoparticles, they were dispersed with 

dichloromethane. Large nanoparticles (Figure 7-5) and a multitude of small agglomerates of 

nanoparticles (Figure 7-6) appear, which makes the isolation of a nanoparticle difficult. The 

power of the SEM used allowed to visualize nanoparticles of 100 nm (Figure 7-7a) and 

200 nm (Figure 7-7b) in size. It was confirmed that the shape of the nanoparticles is spherical. 

 
Figure 7-5: SEM image of scattered carbon nanoparticles a) 35 X 

(©Brigitte Morais 2022) 

 

b)a)
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Figure 7-6: SEM image of scattered carbon nanoparticles 35 X with a view of 

the tiny agglomerates of nanoparticles 
(©Brigitte Morais 2022) 

 

 
Figure 7-7: SEM images of scattered carbon nanoparticles a) 140 000 X 

a nanoparticle of 100 nm and b) 100 000 X a particle of 200 nm 
(©Brigitte Morais 2022) 

 

For the analysis of nanoparticle blends with the pure BMP, the abbreviation “S” 

indicates a “simple” concentration of nanoparticles (0.03 % of the dry aggregate recipe) and 

“D”, a “double” concentration (0.06 % of the dry aggregate recipe) in the figures. Mixing 

a) b)

100 nm100 nm



206 
 

 

times range is from 2 to 6 hours. The increase in pore volume of the mixture, shown in 

Figure 7-8 and Figure 7-9, is dependent on the concentration and size of the mixture used for 

BMP and nanoparticles. Nanoparticles added in single or double concentrations increase 

particle pore volumes of the mixture in the range width of 30 Å to 300 Å the same way either 

for the mixture sizes of 100 g and 500 g. For a 500-g mixture, as shown in Figure 7-9, the 

impact is stronger with a greater increase in pore volumes compared to a mixture of a 100-g 

mixture. Regardless of the mixing time or the concentration of nanoparticles, the effect of 

nanoparticles is the same. The particles in the mixture between 30 to 300 Å in width have a 

larger pore volume than that of the pure BMP. 

 
Notes: Conc S = simple concentration and Conc D = double concentration 

Figure 7-8: Effect of the nanoparticle concentration and the mixing time for a 
mixture of 100g on pore volume distribution of pure ball mill product 

(Nitrogen adsorption isotherm) 
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Notes: Conc S = simple concentration and Conc D = double concentration 
Figure 7-9: Effect of the nanoparticle concentration and mixing time of a 

mixture of 500g on pore volume distribution of pure ball mill product 
(Nitrogen adsorption isotherm) 

 

The duration of mixing of nanoparticles with pure BMP has little impact for mixing 

times longer than three hours. Thus, the duration of three hours was chosen. The two batches 

of nanoparticles were used with a proportion of 50/50 in the mixture with BMP. The double 

concentration of nanoparticles in the mixture was used. The use of the nitrogen adsorption 

isotherm analysis method confirms the presence of nanoparticles in the pure BMP after its 

addition, hence their presence in dry aggregate recipes is also confirmed. 

Pure biocoke has very large pore volumes for pore widths <150 Å as shown in 

Figure 7-10. The addition of biocoke with pure BMP gives a result similar to that of the pure 

BMP with the exception of the appearance of a few more pronounced peaks in the pore 

volume distribution as shown in Figure 7-11. Here, the comparison of biocoke is done with 

only the result of pure BMP-1 to better distinguish the variations in pore volumes from 

biocoke and those of pure BMP. This choice was made because the average of the results of 
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pure BMP reduces the small variations of the pure BMP. So, beyond any doubt, when pure 

BMP-1 and a mixture of biocoke and BMP-1 are compared, the peaks on the pore volume 

distribution come from the biocoke. Since the BMP never had peaks on its pore volume 

distribution, the only explanation is the biocoke form aggregates between the mass of BMP 

particles, which increase the pore volume. The biocoke has undergone attrition and the peaks 

are small piles of pure biocoke particles. The second step is the addition of nanoparticles into 

the mixture of pure BMP with biocoke, which increases the volume of pores in the range of 

40 to 300 Å pore width. Pronounced peaks of biocoke are still present as it can be seen in 

Figure 7-11. 

 
Figure 7-10: Pore volume distribution of pure ball mill product and pure 

biocoke (Nitrogen adsorption isotherm) 
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Figure 7-11: Effect of the addition of biocoke, or nanoparticles or both on pore 

volume distribution of pure ball mill product (Nitrogen adsorption isotherm) 

 

Table 7-2 shows the results of the specific surface area and the average pore diameter 

of the pure BMP with or without the addition of nanoparticles or biocoke for the different 

mixing conditions tested. The specific surface area of the pure ball mill product is 2.82 m2/g 

with an average pore diameter of 361 Å. The addition of nanoparticles increases the specific 

surface area to 3.15 m2/g and decreases the average pore diameter of the mixture of BMP 

with nanoparticles to 327 Å. 

Table 7-2: Properties of pure ball mill product and its mixture with the biocoke, 
or nanoparticles or both (Nitrogen adsorption isotherm) 
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Biocoke, in the mixture with BMP, increases the specific surface area to 3.08 m2/g 

which is similar to the effect of nanoparticle addition which is 3.15 m2/g, but it reduces the 

pore diameters of the mixture slightly to 353 Å compared to those with the addition of 

nanoparticles which is 327 Å. There is the presence of small clusters of needle-shaped 

biocoke particles that intertwine and prevent the reduction of the pore diameter of the 

mixture. 

The addition of nanoparticles in the second stage of the mixture after the addition of 

biocoke greatly increases the specific surface area of the mixture giving 3.45 m2/g. This 

suggests that larger clusters of pure agglomerates of nanoparticles are lodged in particular 

places similar to the behavior of biocoke particles in the mixture of BMP with the biocoke. 

In this mixture, biocoke forms peaks on the pore volume distribution curve and agglomerates 

of pure nanoparticles raise the pore volume distribution curve in the range of 40 Å to 300 Å. 

These behaviors were observed and explained previously in the case of a mixture of pure 

BMP and biocoke (peaks) and the mixture of pure BMP and nanoparticles (upwards shift of 

the curve). Thus, the effect of each alternative source of carbon (biocoke or nanoparticles) 

display the same behavior in the mixture of pure BMP with both biocoke and nanoparticles. 

The average pore diameter remains unchanged, therefore, the effect of biocoke is persistent 

and prevents the nanoparticles from reducing the diameter of the pores. 

7.2 Comparison of Raw Material Properties. 

The highlights of the characterization results of raw materials, presented in Table 7-3, 

are the very low real density of biocoke and the very high real density of nanoparticles. 
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However, the percentage of nanoparticles is less than one percent in the recipes. 

Coke B particles are the most spherical compared to the blend of three cokes and butts. The 

sphericity presented in the table is the weighted average sphericity particle sizes 1, 2, 

and 4 mm. The electrical resistivity of nanoparticles is 0.77 μΩ m (information provided by 

the supplier) which is much lower than anodes which generally have a value between 50 to 

70 μΩ m.  

Table 7-3: Characteristics of cokes, butts, biocoke, and nanoparticles 

 

 

The pitch no. 2 is only slightly different from the reference pitch as shown in 

Table 7-4, but its softening temperature is 7 °C less than the reference pitch which may 

influence its behavior in anode paste. 

Table 7-4: Characterization of pitch-1 and pitch-2 

 

 

The dimensions and the shape factors of raw materials are presented in Figure 7-12 

and Figure 7-13 for particle sizes 1, 2, and 4 mm. In general, the shape factors (sphericity, 
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roundness, and compaction factor) of coke B are higher than those of coke A1, coke A2, and 

butts. The aspect ratio (length/width) is greater than one, thus the particles are longer 

compared to their width for all sizes and all raw material particles. However, coke B particles 

have in general smaller aspect ratio than the other cokes and butts. In addition, the sizes of 

coke B particles after sieving with 1, 2, and 4 mm sieves were generally smaller. 

 
Figure 7-12: Dimensions and aspect ratio as a function of particle sizes 

(Optical microscope and Clemex software) 

 

 
Figure 7-13: Shape factors as a function of particle sizes 

(Optical microscope and Clemex software) 
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7.3 Comparison of the Properties of Green and Baked Cores 

Recipe changes affect the density and electrical resistivity of baked cores as shown 

in Figure 7-14. The reference is the core no. 1 (STD Reference) on the left side of 

Figure 7-14. For the blend of the three cokes (used in all cores marked as STD in the figure), 

changing the pitch no. 1 with pitch no. 2 was the most unfavorable for core properties 

(core no. 3 Pitch no. 2), followed by the change in granulometry (core no. 2 Granulo). The 

change in granulometry was realized by decreasing large and medium dry aggregate 

fractions, and the total was compensated by an increase in the fine aggregate fraction of the 

dry aggregate recipe of anode paste without changing the BMP and filter dust content. The 

addition of nanoparticles affects recipes differently. For the blend of three cokes, there is a 

slight negative impact (core no. 4 Nano), for coke B (core no. 6 Nano), the impact is highly 

negative. Using coke B instead of the blend of three cokes improved the density and the 

electrical resistivity of the core no. 5 compared to those of the reference core no. 1. 

The series of four cores made from the blends of three cokes with the addition of 

biocoke (change of recipes for core no. 7 to core no. 10 where core no. 8 is the reference core 

for biocoke recipes), the densities are always lower and the electrical resistivities higher than 

those of the reference core no. 1. The lack of pitch (core no. 7) has the most negative impact 

in this series. The addition of nanoparticles with the biocoke (core no. 9) is quite beneficial. 

This modification increases the density and decreases electrical resistivity considerably 

compared to those of the core no. 8 (the reference for biocoke anode paste recipes). However, 

the properties are not improved enough to reach those of the reference core no. 1. The paste 

recipe of core no. 10 is the same as that of the core no. 9 except for the change of pitch type. 
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In this recipe, the pitch no. 2 is used. This modification results in a low density similar to that 

of core no. 7 made by reducing pitch and a high electrical resistivity similar to that of 

core no. 8 made with only biocoke addition. The change from pitch no. 1 to pitch no. 2 seems 

to eliminate the positive impact that brought by the addition of nanoparticles to the recipe of 

the blend of three cokes with biocoke. The changes in the recipes affect the density and 

electrical resistivity of cores. 

 
Figure 7-14: Comparison of density and electrical resistivity of the ten baked 

core recipes made in the laboratory 

 

Figure 7-15 shows the electrical resistivity of green core as a function of baked core. 

The relationship can be described by a polynomial relation. High resistivity in green core 

could indicate a good, or a bad electrical resistivity in baked state. Thus, it is required to have 

another method to use the green electrical resistivity as a potential parameter for process 

control of the baked anode quality prior to anode baking. 
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The measured electrical resistivities of green cores with high values rather indicate 

the impact of the different paste recipes as shown in Figure 7-16. The core no. 2, change in 

granulometry; core no. 5, use of coke B instead of the blend of the three cokes; core no. 7, 

addition of biocoke with decreased pitch percentage; and finally core no. 10 made with 

pitch no. 2, the addition of nanoparticles and biocoke have a significantly high electrical 

resistivity and indicated with black arrows in the figure. Once the cores are baked, only the 

change of coke from the blend of the three cokes to coke B (core no. 5) improved the 

electrical resistivity. Density below 1.60 g/cm3 in green state does not result in good baked 

density as shown by the correlation coefficient of 0.92 between the correspondence of the 

density of green and baked cores in Figure 7-17. The correspondence of the green electrical 

resistivity and the green density is illustrated in Figure 7-18. The green cores with electrical 

resistivity higher than 4000 μΩ m indicate a significant change in the recipe (core no. 7 

which is a pitch reduction with addition of biocoke) as it can be seen in Figure 7-18. 

 
Figure 7-15: Electrical resistivity of green core as a function of baked core 
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Figure 7-16: Comparison of green and baked core electrical resistivities 

 

 
Figure 7-17: Density of green core as a function of baked core  
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Figure 7-18: Green core density as a function of green core electrical 

resistivity 

 

7.4 Experimentation Conditions for Rheology Test 

Anode pastes were made in the laboratory using ten different dry aggregate recipes. 

But the same pitch percentage was used for all pastes with the exception of recipe change of 

core no. 7 and rheology tests paste no. 7 which have 1 % less pitch. Two sets of pastes are 

produced. The rheology tests are carried out with the first set, and the second set is used to 

prepare the cores in the laboratory. The relationship between the results of flow and level of 

pitch in the anode paste and the relationship between spreading rheology tests with the 

density and the electrical resistivity of green and baked cores are studied to obtain 

measurements to characterize anode paste. Then, the anode paste characteristics are used to 

predict the baked core density and electrical resistivity. 
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7.5 New Control Strategy 

The new control strategy is the analysis of the green core properties of density and 

electrical resistivity to predict the same properties in the core at baked state. A figure with 

the green core density as a function of the green core electrical resistivity serves to observe 

the relation between these two cores’ quality. Then, the colored zones indicate the quality 

range of the cores. At the first step for cores in the green state, the electrical resistivity data 

greater than 4000 μΩ m has been removed from the following figures in order to improve the 

visualization of the results. As it can be seen from Table 7-5 and Figure 7-19, the properties 

of the green core located in the orange zone are poor with low density and high electrical 

resistivity, and those located in the purple zone have low density. The pink zone contains 

green cores with uncertain properties as they have both high density and electrical resistivity. 

Finally, in the white zone, it remains the core no. 1, core no. 3 and core no. 4 which will 

likely have good properties once baked. 

Table 7-5: Color codes used in Figure 7-19, 7-20, and 7-21 

 

 

The level of pitch also has an impact on the final density and electrical resistivity. 

Thus, at the second step for cores in the green state, the density of green core is multiplied 
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with the pitch percentage of the core paste on the y-axis in Figure 7-20. This raises the type 

of recipe change of core no. 2 recipe in the pink zone and lowers the type of recipe change 

of core no. 3 from the white zone to the purple zone. Thus, based uniquely on the white zone 

of this figure cores no. 1 and core no. 4 may be the only cores susceptible to get better 

properties once baked. 

 
Figure 7-19: Green core density as a function of green core electrical 

resistivity (Delimited zone) 

 

 
Figure 7-20: Green core density multiplied with the pitch percentage of the 

core paste as a function of electrical resistivity 
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The last step consists of analyzing the result of the baked core and see which zone in 

Figure 7-20 for green cores indicate quality baked cores. The density and the electrical 

resistivity of the cores after baking are given in Figure 7-21. The baked cores in white zone 

are core no. 1, core no. 2, core no. 4, and core no. 5 and they have better core properties 

compared to the other recipes tested. As it can be seen in Figure 7-21, it can be confirmed 

that keeping the cores of the pink zone and the repositioning of core no. 3 out of the white 

zone in Figure 7-20 (density vs. electrical resistivity of green cores) were justified since their 

baked densities and electrical resistivities are good. The position in the white zone in the 

baked state of cores no. 2, core no. 5 and the absence of core no. 3 confirms that the white 

and pink zones in the green state of the cores in Figure 7-20 can be used as a prediction tool 

for baked core quality control before the green cores are baked. Thus, plotting the properties 

of green cores as suggested in Figure 7-20 gives a good indication of baked properties before 

baking. The association of electrical resistivities and densities of green anodes with the 

percentage of pitch of the anode paste is proposed to predict the future properties of the baked 

anodes before their baking. 

The high electrical resistivity of the high-density green core no. 5 in green state could 

be the indication of a better distribution of pitch in the green core, which explains why the 

baked core no. 5 has the best properties with low electrical resistivity and high-density. 

This phenomenon will be further discussed in Section 7.9.2. 
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Figure 7-21: Density of baked cores as a function of the electrical resistivity of 

baked cores 

 

7.6 Flow Rheology Test - Sample Cutter vs. Pitch Detection 

The preliminary trials (previously identified by letters in Table 4-2 in Chapter 4 at 

Section 4.5) and the tests of the experimental part (paste made with ten different recipes, 

identified here by numbers) are shown in Figure 7-22. The graphs are identified by the type 

of coke used: coke A1, coke B, the blend of the three cokes, and finally the blend of three 

cokes with biocoke. The blend of three cokes is the reference coke type for the paste recipes 

used. All preliminary tests were done with the dry aggregate reference recipe with the 

exception of the type of coke called “A1> Butts” which indicates that there were more butts 

in the paste recipe. In this part of the tests, the same pitch (pitch no. 1, the reference pitch 

type of the experimental part) was used, and pitch levels were changed to see if rheology 

tests could discriminate pitch levels: poor, medium and rich. Based on the preliminary results 
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of spreading rheology test and cores made in laboratory, the reference pitch level was chosen 

as 13 % for the experimental part of this study. 

For flow rheology test of the experimental part of the study, eight different paste 

recipes and the reference recipe were prepared with the same target pitch percentage of 13 %. 

The paste recipes were prepared with an average of 12.98 % pitch with a standard deviation 

of 0.17 for those paste recipes. So, the blend of three cokes is tested in a narrower pitch 

interval compared to the preliminary tests. The tenth change of paste recipe has a target of 

12 % pitch which represents a reduction of pitch for paste no. 7 (which is in fact at 12.18 %). 

The pattern of the data for coke A1, coke B and the blend of three cokes presented in 

Figure 7-22 shows that the amount of paste obtained by the sample cutter of the flow 

rheology test appears to increase with increasing pitch percentage when the pitch percentage 

is lower than 12.67 %. At about 13 % pitch, there is a steep drop to 7 g of paste and then 

paste quantity increases once again for higher pitch percentages represented by point “E” at 

15.61 % pitch for coke A1 in Figure 7-22a and point “I” at 14.41 % pitch for coke B in 

Figure 7-22b. The pattern is expressed by the gray arrows in Figure 7-22b and can be 

extrapolated in the other figures for coke A1, and the blend of three cokes if a wider range of 

pitch was used. This observation is not shown in Figure 7-22c since the highest pitch 

percentage is 13.26 %. For the blend of three cokes with biocoke in Figure 7-22d, the amount 

is always below 5 g. 

Note that here the data framed by black rectangles in Figure 7-22b, c, and d represent 

the paste recipes with the addition of nanoparticles. Nanoparticles lowers the amount of paste 

recovered by the sample cutter from the blend of three cokes produced with or without 
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biocoke. For coke B, the trend is opposite. In the case of the coke A1 recipe, the point named 

“B” in Figure 7-22a represents the sample named “A1> Butts”. The increase in butts in the 

recipe increases the amount of paste recovered by the sample cutter for a low pitch 

percentage. The point “B” corresponds to this recipe change, and it is framed with an irregular 

hexagon. More precisely, first the A1> Butts” recipe change consists in a slight increase of 

“large” coke particles compensated by a slight decrease in “medium” coke particles. 

Secondly, concerning its butts content, the slight increase in “large” butt particles is replaced 

by a slight increase in “small” butt particles. In general, “small” particles of any type (butts 

or coke) required more pitch. A high quantity of “large” coke particles required more fines 

and more pitch (matrix) to fill their wide pores. The larger the particles are, the wider their 

pores are. 

Two supplementary paste tests called “paste no. 1A” and “paste no. 3A” were made 

with the blend of three cokes. Test of the paste no. 1A is the same as the reference paste recipe 

(paste no. 1) and paste no. 3A is the recipe with the change of pitch no. 1 to pitch no. 2 

(paste no. 3) with a pitch percentage of 13.25 % and 13.26 % respectively. The amount of 

paste recovered from the sample cutter for those percentages of pitch is lower than those 

observed in the pitch range of 12.67 % to 13.12 % where the amount of paste is stable see 

Figure 7-22c. The results in Figure 7-22a, b, c, and d demonstrate that the amount of paste 

recovered increases with the percentage of pitch. Then, it decreases and stays constant, 

followed by another decrease before it increases again. The four figures which represent 

together a wide range of pitch with the same dry aggregate recipe, but with different types of 

coke seem to demonstrate this pattern. 
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So, the sample cutter of the flow rheology test appears to be more sensitive to changes 

in the pitch percentage of the paste than the spreading rheology test (size distribution and 

roundness of the cluster of the paste). For example, it was able to discriminate between 

13.12 % of pitch from paste no. 3 and 13.26 % from paste no. 3A. Comparatively the 

preliminary paste particle spreading rheology tests demonstrate that a difference of 0.45 % 

pitch (see Section 4.5) was not sensitive to the size distribution of the paste recovered. For 

the information obtained by the roundness of the cluster from the paste particle spreading 

rheology tests, the level of pitch tested only determined the poor, medium, and rich level of 

pitch in the paste which is less sensitive than the sample cutter of the flow rheology tests. 

 
Figure 7-22: Sample cutter of the flow rheological tests vs. detection of pitch 

percentage of paste recipes 
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7.7 Spreading Rheology Test - Shape Factor vs. Pitch Detection 

A top view image, which was taken after each of the paste particle spreading test was 

used to determine the roundness of the cluster of the paste particles on the laid paper. 

The green colored line at the position of 0.44 in Figure 7-23 indicates the target roundness of 

the cluster of the paste particles in the spreading rheology test, which corresponds to a paste 

at the medium pitch level. This target line was established based on the preliminary 

pitch-level tests using the paste particle spreading rheology test as described in Section 4.5. 

All rheology tests corresponding to the cores made in the laboratory should be at the medium 

pitch level since the range of the percentage of pitch in paste is on average 12.98 % with 

a standard deviation of 0.17. In addition, the maximum quantity of the paste retained in the 

laboratory kneader during the flow rheology test is around the value of 13 % pitch. Thus, the 

roundness of the cluster of the paste particle spreading rheology test should demonstrate if 

the paste recipe is adequate with respect to the medium pitch level (with a value of 0.44 and 

over) or if a change in the recipe of the paste has perturbed the behavior of the paste despite 

its medium pitch level. The data for the paste of the preliminary tests, as previously 

explained, are identified by letters as opposed to the pastes corresponding to the cores of the 

experimental plan which are identified by numbers in Figure 7-23. 

The results for the pastes corresponding to the pastes of laboratory-made cores are 

present in Figure 7-23. The coke B (paste no. 5) indicates that the paste is at the medium 

pitch level, exceeding the target line of 0.44 of the roundness of the cluster of paste particles. 

Coke B with nanoparticles (paste no. 6) is below the target line and is at a lower position than 

that of the blend of the three cokes (paste no. 1) which is directly on the medium pitch target 
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line. The core no. 5 has the best properties among all the laboratory baked cores, followed 

by core no. 1 and core no. 6, which has the lowest density and the highest resistivity among 

these three cores shown in Table 7-6. 

For the recipes with the blend of three cokes and the addition of the nanoparticles 

(paste no. 4), or the change of pitch (paste no. 3), the rule does not seem to work. 

Nevertheless, the best core of the group of the blend of three cokes without biocoke, is the 

reference core no. 1. It corresponds to paste no. 1 which is on the target line of 0.44. Recipes 

with the addition of biocoke are not near the green target line at all. Therefore, the roundness 

of the cluster of paste particle spreading rheology test is more appropriate to detect the 

properties of the core (density and electrical resistivity) for the same recipe compared to the 

paste sample cutter of flow rheology test, regardless of the type of coke. This is demonstrated 

with the results of Coke B cores (paste no. 5 and paste no. 6) as well as that of the blend of 

the three cokes (paste no. 1, the reference). The association of their position in relation to the 

target line of 0.44 for medium pitch level and their core quality demonstrate this well. 

Changes in pitch (paste no. 3), granulometry (paste no. 2) and the addition of nanoparticles 

(paste no. 4) or biocoke pates (paste no. 7 to paste no. 10) influence the recipe characteristics 

more than the change in the type of coke. The nanoparticles act differently with coke B 

(paste no. 6) than with the blend of the three cokes (paste no. 4). In the latter case 

(paste no. 4), the effect increases the roundness of the cluster of the paste particles instead of 

reducing it as it is the case for coke B (paste no. 6). 
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Table 7-6: Characteristics of baked cores no. 1, no. 5, and no. 6 

 

 

 
Figure 7-23: Paste particle spreading rheology test vs. the roundness of the 
cluster of the paste particles for the adequacy to the detection of pitch level 

(Medium) 

 

7.8 Prediction of the Properties of Baked Anodes from Paste Rheology Tests 

The prediction is based on the characterization of paste particles recovered from the 

flow rheology test that undergo the spreading rheology test. The top view image of the spread 

particles is analyzed by the Clemex software to obtain the dimensions and shape factors of 

the isolated paste particles located around the cluster of the paste particles of each recipe. 

7.8.1 Paste Particle Distribution vs. Anode Core Quality 

The particle size distribution of the paste obtained from the sample cutter of the flow 

rheology test followed by the spreading rheology test is more promising to predict the quality 

of baked cores. Figure 7-24 shows that almost all types of recipe changes carried out are 
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identifiable by the frequency of the presence of 0.8 mm and 2 mm particles, that is, the 

number of particles in each size group of particles. The changes in pitch and granulometry 

are clearly apparent in Figure 7-25. Coke B, the blend of three cokes, and their mixture with 

nanoparticles are well indicated in Figure 7-26. The trend observed is similar to the trend 

found for the baked core properties. For the addition of biocoke, the reduction in pitch has a 

significant effect on the paste particle size distribution of 2 mm particle compared to the 

reference pitch percentage for the blend of three cokes containing biocoke (paste no. 8) 

presented in Figure 7-27. The recipe changes in paste no. 9 and paste no. 10 have only a small 

difference between them, a few more particles of 2 mm for the paste no. 10. 

 
Figure 7-24: Paste particle spreading rheology test vs. paste particle size 

distribution (All recipes) 
(Optical microscope with Clemex software) 

 



229 
 

 

 
Figure 7-25: Paste particle spreading rheology test vs. paste particle size 

distribution (Pastes without biocoke) 

 

 
Figure 7-26: Paste particle spreading rheology test vs. paste particle size 

distribution (Coke B and the reference recipe with and without nanoparticles) 
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Figure 7-27: Paste particle spreading rheology test vs. paste particle size 

distribution (Pastes with biocoke) 

 

7.8.2 Size of Paste Particles vs. Anode Core Quality 

The paste particle size distribution data obtained from the analysis of the top view 

image from paste particle spreading rheology test is unique for each paste recipe made. These 

paste particles are the particles recovered from the flow rheology test, so they represent the 

paste particles that do not have cohesion with most of the paste particles of the recipe. Indeed, 

they do not easily play their role in the paste particles’ arrangement during the compaction 

of the core and result in a lower core quality. 

A relationship is established with the difference between the number of particles of 

2 mm and 0.8 mm of the paste (called “frequency” in the figures) and the properties of baked 

cores such as density and electrical resistivity as shown in the Figure 7-28a and b. This mean 
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that characterization of the paste before the forming of the cores could predict the properties 

of the baked core before the green core are baked. 

The density of cores in baked state is predicted with a correlation coefficient of 0.99 

as shown in Figure 7-28a. The result for the case with change in granulometry (paste no. 3) 

moves away from the trend curve and that of the pitch change (paste no.2) remains close to 

the trend curve. Their density is very close to each other. The electrical resistivity in the 

baked state is also predicted with a correlation coefficient of 0.99 as shown in Figure 7-28b. 

The results are relatively equal in magnitude relative to the trend curve for these two cases 

(changes in granulometry and pitch), but they are not in the same direction. Electrical 

resistivity of cores in baked state is affected more by the change in pitch in the paste recipe. 

For recipes with biocoke in Figure 7-28c and d, with the exception of the type of change of 

paste no. 10, the correlations are as good as the other recipe changes. The density has an 

R2 of 1.00 and the R2 of the electrical resistivity is 0.98. 

The particles of 2 mm are the most numerous and the standard deviation of the width 

of these paste particles correlate well with the density and the electrical resistivity of baked 

cores. The width is the shortest feret measured for a paste particle (see Section 3.6). The 

results are presented in Figure 7-29. As it can be seen from Figure 7-29a and b, the higher 

the standard deviation of particle width is, the lower the density and the higher the electrical 

resistivity of baked core, are. The correlations are good with an R2 of 0.99 for density and an 

R2 of 0.94 for electrical resistivity, but the distinction between the types of recipe change is 

not noticeable. 
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For the recipe containing biocoke, in Figure 7-29c and d, correlations are inferior to 

those presented above with an R2 of 0.86 and an R2 of 0.69, respectively for density and 

electrical resistivity. The needle shape of biocoke particles is distinctive and interacts with 

the coke particles resulting in different paste behaviors. 
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Figure 7-28: Difference between the number of 2 mm and 0.8 mm paste particles for different recipes as a function of 

a) the density of baked cores, b) the electrical resistivity of baked cores, and for all recipes with biocoke as a function of 
c) the density of baked cores and d) the electrical resistivity of cores  
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Figure 7-29: Standard deviation of the width of 2 mm of paste particles for different paste recipes as a function of 

a) the density of baked cores, b) the electrical resistivity of baked cores, and for all recipes with biocoke as a function of 
c) the density of baked cores and d) the electrical resistivity of baked cores 
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7.8.3 Impact of Biocoke Particle 

The recipes containing biocoke involve several dimensions and shape factors which 

have a strong correlation with the quality characteristics of baked cores such as density and 

electrical resistivity. The density of baked cores is directly proportional to the standard 

deviation of the equivalent spherical area of the paste particles with an R2 of 1.00 as shown 

in Figure 7-30 and it is inversely proportional to their perimeter with an R2 of 0.97 as shown 

in Figure 7-31. This means that the paste particle required a narrow size distribution and a 

smaller perimeter which correspond to particles much more spherical than the needle shape. 

Biocoke particles affect the flow of the paste due to formation of agglomerates of 

biocoke particles detected by nitrogen adsorption isotherm analysis method. They can 

adversely affect the behavior of the paste by increasing the irregularity of the shapes of the 

paste particles. It becomes difficult for the biocoke particles to free themselves from other 

particles during the sample cutter of flow rheology test reducing the amount of paste 

recovered. From the flow rheology test studied in Section 7.6 and the results of density and 

electrical resistivity of baked cores, a lower amount of paste recovered by the sample cutter 

was observed for the paste recipe that has good core properties once baked for recipes without 

biocoke. However, recipes containing biocoke had a low amount of paste recovered and at 

the time poor baked core properties. Thus, the amount of paste recovered at the sample cutter 

of flow rheology test for recipe containing biocoke does not indicate the improvement of the 

arrangement of particles during forming as suggested by the other recipes. It rather indicates 

that the morphology of the biocoke paste particles stop their falling because they are 

entangled with each other during the sample cutter of flow rheology test. Consequently, the 
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paste particle of recipe containing biocoke has different dimensions and shape factors than 

the other types of paste recipe. Furthermore, the paste particles sieved with the 2 mm sieve 

should have two characteristics: a small size in this sieving size of 2 mm and an increase in 

the standard deviation in the equivalent spherical area measurement. The smallest size of the 

2 mm paste particles with the increase of the deviation in the equivalent spherical area 

improve the baked core density. 

 
Figure 7-30: Standard deviation of equivalent spherical area of paste particles 

as a function of baked core density for recipe containing biocoke 

 

 
Figure 7-31: Standard deviation of paste particle perimeter as a function of 

baked core density for the paste recipes containing biocoke 
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The zone between the inner and outer diameters (the interconnection between 

particles) may help or restrain the arrangement of the particles. This is illustrated in 

Figure 7-32. The effect of this zone depends on the geometry of a particle and the capability 

of the matrix to fill it. Figure 7-33 demonstrates the perimeters of paste particles with 

different shapes. 

 
Figure 7-32: Zone at the periphery of the coke particles that prevents the 

movement of the particles 
(©Brigitte Morais 2022) 

 

 
Figure 7-33: Particle shapes that affect the perimeter of the particle 

(©Brigitte Morais 2022) 

 

The relationship between the standard deviation of paste compaction factor with 

electrical resistivity of baked cores follows a polynomial equation with an R2 of 1.00 as 

demonstrated in Figure 7-34. Thus, the relation is not directly proportional, when the 

particles have more variable shapes that increase the standard deviation of the compaction 

DOut

DIn
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factor, the electrical resistivity increases a lot. Then, after a while the electrical resistivity 

still increases even though the standard deviation of the compaction factors still at the same 

level. The standard deviation of compaction factor must be low to obtain a low electrical 

resistivity of baked cores containing biocoke. The compaction factor is defined by the 

equation (3-3). It is also inversely proportional to the average sphericity of the particles with 

an R2 of 0.99 as shown in Figure 7-35.  

 
Figure 7-34: Standard deviation of the compaction factor as a function of 
baked core electrical resistivity for the paste recipes containing biocoke 

 

 
Figure 7-35: Average sphericity of the paste particle as a function of baked 

core electrical resistivity for recipe containing biocoke 
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The sphericity is expressed by the equation (3-1). It is also proportional to its standard 

deviation with an R2 of 0.99 as demonstrated in Figure 7-36. Overall, the 2 mm paste 

particles must have a high sphericity and low standard deviation. 

 
Figure 7-36: Standard deviation of paste particle sphericity as a function of 

baked core electrical resistivity for the paste recipes containing biocoke 

 

Biocoke particles, despite their small size and probably the formation of clusters of 

needle particles, lead to a paste behavior different from that of the paste without biocoke.  

7.8.4 Dimensions and Shape Factors of Best Paste Recipes 

A more detailed analysis of the dimensions and shape factors for the best performing 

paste recipes, presented here in a descending order of their density and in an increasing order 

of their electrical resistivity, has been carried out. The best performing cores are the ones 

obtained by replacing the blend of three cokes with coke B (core no. 5), and with the 

reference core made of the blend of three cokes (core no. 1) as well as the blend of three 

cokes with nanoparticles (core no. 4). 
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The most relevant dimensions and shape factors were determined and presented in 

Figure 7-37 and Figure 7-38. These figures present the dimensions and the shape factors, 

which characterize paste particles, as a function of the ten paste recipes used in the 

experimental part represented by their numbers. The white zones represent the best recipes, 

and the blue zones show the worst performing paste recipes in terms of density and electrical 

resistivity. 

The quantity (number of particles) of 2 mm and 0.8 mm particles of the paste as well 

as the remaining quantity of 2 mm particles (number of particles) obtained from the 

difference between these two sizes (2 mm – 0,8 mm = remaining 2 mm) must be small 

(Figure 7-37a).  

The dimensions and the shape factors of paste particles of 2 mm require certain 

characteristics for the anodes to have good properties. The length of the particles must be 

short (Figure 7-37b), and the outer diameter and its standard deviation must be small 

(Figure 7-38c). The sphericity must be high, and its standard deviation must be small 

(Figure 7-38d). 

Paste particles of 2 mm with a shorter outer diameter are rounder. This improves the 

packing of the particles, thus increases the density. It also shortens the distance between the 

coke particles in the paste allowing a better contact between the coke particles, reducing 

electrical resistivity.  
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With biocoke, the lack of pitch (paste no. 7) significantly increases the quantity of 

2 mm particles remaining from the difference of the 2 mm and 0.8 mm particles sizes 

(2 mm – 0,8 mm = remaining 2 mm) which must be small for good core quality 

(Figure 7-37a). The addition of nanoparticles paste no. 9 has the best paste characteristics 

within the biocoke recipe group. The average sphericity shape factor is higher, and its 

standard deviation is lower among the other recipes containing biocoke (Figure 7-38d). 

However, the number of particles of 2 mm and 0.8 mm remains average, an indication of low 

properties of baked cores such as low density and high electrical resistivity (Figure 7-38a). 
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Figure 7-37: Number and dimensions of paste particles as a function of the type of paste recipe a) the number of 2 mm and 

0.8 mm and b) average particle length of 2 mm 

 

 
Figure 7-38: Dimension and shape factor of 2 mm paste particles as a function of type of paste recipe a) the outer 

diameter and its standard deviation and b) the average sphericity and its standard deviation
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7.9 Discussion and Conclusions 

7.9.1 Nanoparticles, Biocoke, and Coke Morphology 

The presence of nanoparticles in the mixture of the pure BMP, biocoke particles, or 

both is confirmed using their pore size distribution obtained by the nitrogen adsorption 

analysis method. Their pore volume distributions are compared to those of pure 

nanoparticles, pure biocoke and pure BMP. This method was chosen based on the 

Lapierre-Boire experiments [90]. He demonstrated that nanoparticles at low concentrations 

in a sample of 30 g of iron-based powder mixed for a long period of time (45 min) were no 

longer visible with the SEM on the parent particles. It is possible that the nanoparticles alone 

are too small or dispersed enough to be invisible and for a short time of mixing the 

nanoparticles stay in small aggregates and are much more easily visible. Thus, another 

technique was required for the detection of nanoparticles in the blend of pure ball mill product 

and nanoparticles. The nitrogen adsorption analysis method was used and demonstrated with 

success the presence of nanoparticles in the mixture of BMP and nanoparticles. The 

nanoparticles used in this study easily form agglomerates due to their small size, and they 

remain in this form once mixed with the pure BMP. This phenomenon of nanoparticle 

agglomerate formation has also been observed by Lapierre-Boire [90].  

The size of the pores of pure BMP mixed with biocoke decreases only after six hours 

of mixing. This mixing time was not retained during the present study because this time does 

not seem reasonable in industrial applications. 
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It is possible, however, that a mixing time longer than six hours may have improved 

the properties of biocoke core by facilitating the biocoke attrition. The addition of 

nanoparticles is the second step of mixing in the preparation of the mixture of BMP with 

biocoke and nanoparticles; since each step of mixing took three hours, the total mixing time 

is six hours. The core no. 9 is the core which contains both biocoke and nanoparticles. This 

core has the best core properties among the cores with biocoke recipes which may have come 

from the nanoparticle addition, the longer period of mixing or both. 

The core containing biocoke, nanoparticles, and the pitch no. 2 (core no. 10) has the 

same mixing time of six hours for the preparation of the mixture of BMP, biocoke, and 

nanoparticles as core no. 9. Furthermore, the mixture was from the same batch. But, the 

density of core no. 10 remained much low than core no. 9 after baking which indicated that 

the source of pitch also has an important influence on the recipe of paste despite the six hours 

of mixing. The analysis of the nitrogen adsorption isotherms shows that three hours for the 

first mixing step to incorporate the biocoke or the six hours with the second stage of mixing 

to add the nanoparticles into the mixture has the same impact in the pore volume distribution 

with respect to width of pore in the mixture of BMP with only biocoke as well as in the 

mixture of BMP containing both biocoke and nanoparticles. The pore volume increases 

within the range of 30 Å to 400 Å pore width. 

The density of core no. 10 (biocoke and pitch no. 2) is very similar to that of the 

core no. 7 (biocoke with a reduction of pitch), and both are lower than the core no. 8 having 

only the addition of biocoke. The core no. 8 is the reference for the group of biocoke cores. 

The core no. 10 has about the same electrical resistivity as the core no. 8; thus, the pitch does 
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not change the contact between the coke particles but rather their arrangement with the 

particles of biocoke during compaction, affecting the density badly. Hence, the nanoparticles 

added alone as in core no. 9 have a positive impact in the biocoke paste recipe. 

The nanoparticles help the arrangement of the biocoke particles throughout the core structure 

and improve the contact between the coke particles bringing higher density and lower 

electrical resistivity compared to all the cores made with biocoke. However, the density and 

the resistivity level of the group of biocoke cores do not reach the level of the standard 

reference core no. 1 of the blend of three cokes without the biocoke addition. 

The needle shape of biocoke particles decreases the amount of paste recovered during 

the sample cutter of the flow rheology test and affects the dimensions and the shape factors 

of the spreading rheology test. Huang et al. [91-93] analyzed the biocoke bed with an optical 

microscope following the wettability tests during which the bed was impregnated with pitch. 

The pitch-impregnated biocoke bed had a generally anisotropic structure with very thin and 

elongated ribbon-type particles. They were found to be in a completely opposite orientation 

from each other in some locations in the bed of biocoke particles. The biocoke particles used 

by Huang et al. [91-93] was coarser (100 to 125 µm) for their specific study than that used 

in this study, which was mostly less than 100 µm. The biocoke particles used to make cores 

in the laboratory remains in the form of elongated (needle) particles. This generated small 

regions of anisotropic structure in the anode which contains mainly isotropic structure. 

The anisotropic structure prevents a good arrangement of particles of the anode (or cores in 

this case).  
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The low apparent density of cores with biocoke obviously comes largely from the low 

real density of biocoke with 1.52 g/cm3 compared to 2.05 g/cm3 for cokes (see Section 7.2). 

The size of the biocoke particle seems to be in general the same order as the one of pure BMP 

since the adsorption nitrogen isotherm gives mainly the same curve. However, the presence 

of some large biocoke particles is observed by the peaks on the general curve. Low size 

biocoke particles could help to obtain higher density.  Huang et al. [94] have succeed to 

partially substitute BMP by biocoke particles of less than 45 microns in an anode made in 

the laboratory. 

The properties of cokes A1 and A2 are similar, but the morphology of coke B is quite 

different from those of cokes A1 and A2. It has smaller particles for the same particle size 

range and a higher sphericity. The rounder the particles of the same size are, the more 

compact the arrangement of the particles will be. The relative roundness of particles will 

increase the tapped density by fraction [95] as shown in Figure 7-39. Tapped density by 

fraction means the density of a specific size fraction of the general dry aggregate size 

distribution, and if the roundness of the particles contained in this specific fraction increases, 

then the density will increase. Benson et al. [95] also mentioned that particles with a more 

elliptical shape give a better fluidity to all particles as opposed to particles with blocking 

possibilities caused by their more angular morphology. Sarkar [50] also mentions that the 

sphericity and roundness of the particles improve the tapped density.  
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Figure 7-39: Relative particle size roundness and tapped density by fraction 

(Reproduced from [96] and authorized by R.M. German) 

 

The comparison between the recipes with the addition of nanoparticles into the blend 

of the three cokes (core no. 4), into coke B (core no. 6) or into the blend of the three cokes 

with biocoke (core no. 9) makes it possible to state that the nanoparticles help in the 

arrangement of particles if the paste particle flow is slowed down by their forms. The best 

example is the case with the addition of nanoparticles in the recipe with the addition of 

biocoke compared to the other recipes with biocoke. The addition of nanoparticles to the 

blend of three cokes (core no. 4) does not reduce much the density and increase the electrical 

resistivity of a baked core; thus, its impact is only slightly negative. In the case of coke B, 

which has the highest sphericity shape factor for its dry aggregate particles, the nanoparticle 

addition is quite damaging resulting in a considerable decrease in density and a substantial 

increase in electrical resistivity among the group of recipes without biocoke addition. 

The impact in this last case was detrimental for the properties of the core which has the worst 

of the group of recipes without biocoke. The core no. 5 made from coke B has the highest 

density and the lowest electrical resistivity surpassing positively the reference core with the 
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standard blend of three cokes. The morphology of the particles was the key. The 

nanoparticles in such a good fluidity of particles inside the paste may be disturbed and cause 

excessive movement resulting in the mis-arrangement of particles and bad contact between 

the large coke particles explaining why this core has the worst quality of the core group 

without biocoke addition. The paste made with coke B has a higher amount of paste recovered 

with the addition of nanoparticles than without for the flow rheology test. This supports this 

hypothesis. 

The beneficial effect of nanoparticles is shown by the recipe made with biocoke. 

The increase in density and the decrease in electrical resistivity are high enough to reach the 

values of density and electrical resistivity near those of the baked core made of coke B 

containing nanoparticles (core no. 4). Thus, the best recipe with biocoke yield properties 

similar to those of the worst recipe without biocoke. The biocoke recipe with the addition of 

nanoparticles (core no. 9) is the best baked core of the group of recipes made with biocoke. 

The biocoke has particles in needle form that slows down the flow of the paste particles in 

the flow rheology test. The biocoke particles inhibit the arrangement during the forming of 

the paste particles as demonstrated with the reference biocoke recipe (core no. 8), which gave 

the poorest properties for baked cores made with at the reference pitch percentage. At the 

same time, the reference biocoke recipe (core no. 8) had the poorest properties of all baked 

cores with and without biocoke at the reference pitch percentage. The beneficial impact is 

possibly due to nanoparticles which are lodged in places left free between the entanglements 

of biocoke particles. They could form bonds between coke particles and biocoke, thus 

improving the density and decreasing the electrical resistivity or they simply reduce the 

number of pores of biocoke. Certainly, the nanoparticles had a great impact in the 
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arrangement of paste particles during forming in the recipe made with biocoke, but the 

improvement is not significant enough to reach a standard good baked core quality. 

The low electrical resistivity of nanoparticles does not improve the electrical 

resistivity of cores since they are added in small quantities. Their distribution in various 

places in the form of small aggregates does not necessarily allow a good contact between 

particles or simply prevents pitch from acting satisfactorily as a binder to fill the pores and 

bond the coke particles. It was reported in the literature that nanoparticles improved the flow 

of very fine iron-based powders (without binder); but, once they were sintered, their bending 

strength decreased [90]. So, nanoparticles can prevent fine particles from consolidating with 

each other. Attention should be given to the effect of nanoparticle presence on the bending 

strength of the anode. 

7.9.2 Electrical Resistivity, Density, and Percentage of Pitch 

The electrical resistivity of green anode does not only indicate the defects, but 

potentially it does give information about the distribution of pitch in the core after forming. 

Nine of the ten cores of this study were made with the same target pitch of 13 % with an 

average of 12.99 % and a low standard deviation of 0.14, and the tenth core was made with 

12 % pitch target with 11.88 %. For this group of cores, changes in electrical resistivity were 

observed before and after baking upon the type of paste recipes. 

During the early phase of baking, the pitch in the liquid phase spreads into the anode 

structure and distributes more evenly in the anode [60]. The core made with coke B has the 

second-highest electrical resistivity in the green state with 3 356 μΩ m. The core with the 
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biocoke with a reduction of 1 % pitch from the target value, which means a lack of pitch, has 

an electrical resistivity of 5 257 μΩ m, the highest value. The resistivities of all other core 

values are below 2 500 μΩ m. The core of coke B after baking has the lowest electrical 

resistivity with 66.47 μΩ m. Pitch appears to be well distributed within the core with smaller, 

more spherical particles which do not obstruct the passage of pitch either by capillarity or 

flow during the early baking stages. The percentage of pitch of the core made with coke B 

was the lowest at 12.72 % and the pitch range for cores with the target pitch percentage of 

13 % was between 12.72 % and 13.18 %. Thus, the amount of pitch cannot be the cause of 

this fluctuation in electrical resistivity between green and baked cores. The role of the 

morphology of the particle type should not be underestimated. Good arrangement of particles 

increases the density; and it can improve the distribution of pitch during baking, hence leads 

to better homogeneity, high density, and low electrical resistivity. 

The percentage of pitch contributes to the quality of the anode. It is well known that 

under-pitching or over-pitching is detrimental for the properties of the anodes [74]. However, 

in a narrower pitch range between 12.72 % and 13.18 % in this study for the preparation of 

cores, the pitch percentage in association with the density and electrical resistivity of green 

core can be used in the new strategy developed for the quality control of future baked core 

before their baking as demonstrated in Section 7.5. This new strategy can help the selection 

of anodes to be rejected before baking which can reduce emissions of greenhouse gases in 

industrial anode production. A high density with high electrical resistivity in green state 

(>1.60 g/cm3 and >4000 µΩ m in this study) probably implies a less homogeneous 

distribution of pitch and not physical defects such as pores caused by the arrangement of 

particles. The less homogeneous distribution of pitch could be improved during baking as it 
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was demonstrated in the case of coke B as replacement of the blend of the three cokes. Low 

density with low electrical resistivity is possibly related to the coke particles that touch each 

other enough allowing good electrical conductivity. But some empty spaces present due to 

the bad arrangement of particles during compaction in the free matrix and in the matrix at the 

periphery of the coke particle, or pores from the original coke used remain in the structure to 

lower the density of the anode. Once baking starts, it is too late to hope for the complete 

rearrangement of particles which is achieved mainly at the stage of paste forming. The cores 

manufactured in the laboratory are all prepared by the same batches of cokes which were 

previously all divided to ensure homogeneity, and the same applies to pitch. This implies the 

new notion of the necessary spaces between the particles in the structure of the anode required 

for the homogenization of the pitch during baking, which is original. 

The Figure 7-40 shows the deviation in the density due to each change in core recipe 

from the density of the reference core, and similarly Figure 7-41 shows the deviation in 

electrical resistivity from reference core, thus core no. 1 and in both cases the reference has 

a value of zero. In general, an increase in the electrical resistivity deviation is associates to a 

decrease in density deviation of the same magnitude. The change in granulometry 

(core no. 2) and the addition of nanoparticles (core no. 4) for the blend of three cokes give a 

relatively similar effect on the electrical resistivity with +4.84 µΩ m and +5.37 µΩ m 

deviations from the reference, respectively. However, the deviation in the density is more 

significant with 0.0072 g/cm3 for the change in particle size (core no. 2) which is three times 

the value of 0.0024 g/cm3obtained for the case with the addition of nanoparticles (core no. 4). 

After compaction, for both recipes, a sufficient number of contacts between the particles 

seems to be preserved. But the general organization of the particles in the core structure was 
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disturbed by the change in the granulometry of the dry aggregate recipe that has probably led 

to a greater decrease in density compared to the recipe with only the addition of nanoparticles. 

This is plausible since the change in granulometry was severe compared to the reference and 

the nanoparticle addition is less than 1 %. 

The latter statements such as the high electrical resistivity of a green anode could 

indicate the non-homogeneity of the pitch in the green anode structure, a low electrical 

resistivity of a baked anode indicates good contact between coke particles in the baked anode 

structure, and finally the morphology of coke particles is important for a better density during 

the forming of green anodes, and also for the homogeneity of pitch in the baked anode 

structure obtained in the early baking stages, help understand what the key variables are for 

good baked-anode properties.  

 
Figure 7-40: Baked cores—the deviation of density between the cores made 

with different recipes and that of the reference core 
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Figure 7-41: Baked cores—the deviation of electrical resistivity between the 

cores made with different recipes and that of the reference core 

 

The knowledge obtained from the image analysis program developed in this study 

helps to distinguish the components of the anode structure for each property of a quality 

anode such as bending strength, electrical resistivity, and density. Thus, it is possible to 

discriminate the structural characteristics of the baked anode corresponding to each of them. 

Density is mainly governed by the arrangement of particles and voids remaining inside the 

bake anode structure or the original coke’s pores. The electrical resistivity depends on the 

quality of the particle-to-particle contacts among coke or transformed matrix particles to a 

solid as hard as coke. Bending strength is determined by the homogeneity of the newly 

formed structure by the transformation of matrix particles to pitch-coke or coke which 

ensures the consolidation of the coke region after baking by multiple bonding between the 

original coke particles. 
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7.9.3 Level of Pitch 

The optimum pitch interval is likely between the percentage of pitch where the flow 

of the paste in the sample cutter represents a sharp decrease and the percentage when the 

amount of paste recovered rises. The phenomenon exists for all paste recipes despite the 

addition of nanoparticles or biocoke, the change of pitch, and granulometry. It seems that the 

level of pitch is characterized by the flow rheology test and if the good anode properties are 

not met, the recipe of dry aggregates, the type of coke or pitch, the addition or the substitution 

of alternative sources of carbon could be the cause. Thus, the adjustment of recipes or the 

change of pitch percentage would have been necessary to reach the less paste recovered at 

the flow rheology test. However, more testing would be needed.  

The paste particle spreading test, based on the roundness of the cluster of the paste 

particles in the center of the laid paper, indicates if the percentage of pitch is adequate or not 

as a function of anode properties such as density and electrical resistivity, or the change in 

recipe such as the addition of biocoke is detrimental to anode quality (which is obviously the 

case). The roundness value of the cluster of the paste particles below the target line 

representing the medium pitch level have low density and high electrical resistivity. 

However, the results of two cases stand out with the mixing of three cokes: the 

addition of nanoparticles and the change of pitch. They are the only changes where the target 

of the roundness of the cluster of the paste particles does not work since their roundness 

largely exceeded the target value. For the addition of nanoparticles, the density is lower than 

that of the reference core, but it is the second highest in its group (that is, the group of cores 

without biocoke). The change of pitch, for its part, is at the lowest of its group. This high 
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value of roundness was not observed during the preliminary tests. Preliminary trials, 

however, included levels of pitch (poor, medium, and rich) with the same dry aggregate 

recipe of anode paste. Therefore, the recipe changes with the addition of nanoparticles or the 

change of pitch no. 1 to pitch no. 2 with the blend of three cokes are important recipe 

changes.  

Unfortunately, the search for the optimum amount of pitch no. 2 for the recipe has not 

been studied. This would have provided more answers. The main goal of this research is to 

be able to find a method to characterize the anode paste and to predict the density and 

electrical resistivity of baked cores based on the changes in the paste recipe components. The 

arrival of biomass on the market, new technologies of nanoparticles and new pitches are 

imminent. To achieve this goal, the use of the same recipe with various changes other than 

the pitch rate is necessary. The amount of pitch is related to the quality of the anodes. Pitch 

addition systems are relatively easy to use and manageable. On the other hand, coke sources, 

the arrival of alternative carbon sources, changes in the particle size of dry aggregates recipe 

and the type of pitch are more difficult to predict when choosing raw materials.  

7.9.4 Prediction of the Characteristics of Baked Cores 

The number of 2 mm and 0.8 mm paste particles correlates well with the properties 

of baked cores. The difference between the number of these two groups of paste particles is 

the most important optimization parameter. The change in granulometry of dry aggregate 

recipe is well identified in Figure 7-28a in Section 7.8.2 which represents the correlation 

between the frequency (the difference between the number of 2 mm and 0.8 mm particles) as 

a function of the density of the baked cores of all recipe changes. The frequency associated 
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with the granulometry change is significantly distant from the tendency curve of the 

correlations. Thus, it means that a change in granulometry (size distribution) in an anode 

plant operation would be detected by using the paste particle spreading rheology test since 

the granulometry change tried in this experimental plan was designed based on a real 

potential of granulometry variation in the anode plant.  

The change in pitch type and the granulometry of dry aggregate recipes are well 

identified in Figure 7-28b in Section 7.8.2 which represents the frequency as a function of 

electrical resistivity. The frequencies of both recipe changes are at equidistant on either side 

of the tendency curve of the correlation. The distance between these frequencies and the 

tendency curve is considerably large. The recipe with the modification of granulometry is 

above the tendency curve of electrical resistivity while recipe with the replacement of 

pitch no. 1 by pitch no. 2 is below. Of the two changes in the recipe, the change in pitch 

implies a higher electrical resistivity. So, the change in pitch is more important than the 

change in granulometry of dry aggregate recipe to establish contacts between the particles 

which improved electrical resistivity. Pitch as a binder forms bridges among the coke 

particles of the anode, consolidates them, and improves the passage of electric current. As 

Bhatia et al. [41] reported, that the optimum amount of pitch required to have a good electrical 

resistivity is slightly higher than that required for density and compressive strength for all the 

paste mixtures they studied. 

The particles recovered by the sample cutter of the flow rheology test are those 

particles which are less cohesive with the anode paste. The size of the fine particles of the 

coke, the ball mill product, and the dust from the dust collector filters of the dry aggregate 
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recipes create with the pitch the paste particles (agglomerates) of the size of 0.8 mm to 2 mm 

which are the key to a good core if they can remain in the paste. These particles should be 

able to lodge between larger particles to form a compact structure improving properties of 

the anodes. If the optimum quantity of pitch is reached the paste particles of 0.8 mm and 

2 mm will have the tendency to stay in the kneader during the flow rheology test. Therefore, 

a small quantity of the paste will be recovered from the test. If the pitch is less than the 

optimum pitch, the dry paste particles will fall easily increasing the amount of paste 

recovered from the test. In the case of over-pitch, the paste lumps will be breaking down; 

then, the quantity of over-pitched paste will be high as well. Intermediate pitch levels will 

always give different amounts of paste recovered, much higher than at the optimum pitch 

content. 

The use of the new green anode control strategy and the characterization of the anode 

paste are two new tools developed for the quality control of baked anode before their baking. 

This facilitates choosing anodes to be baked in order to prevent their rejection after baking. 

The rejection of the anode in the baked state represents a loss in energy. 

Table 7-7 summarizes the type of test and the information of the new control strategy 

of baked anode quality at the level of the characterization of the paste and the green anode 

core. Figure 7-42 shows the potential scenario of the new process control that allows 

feedback within a day with more information from the anode paste in addition to the density 

and the electrical resistivity of the green anode before its baking, instead of 25 to 30 days 

with only the green anode density as information in the starting scenario. This would 

eliminate the greenhouse gas of the rejected baked anodes. The anode would be rejected at 
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the green state. The new additional measurements on the anode paste characterization are 

original to allow feedback on the process as fast as possible to avoid anode rejects. 

Table 7-7: Additional information acquired from the new strategy of baked 
anode control prior to their baking (Laboratory pastes and cores) 

 

 

 
Figure 7-42: Improvement of the process control to reduce greenhouse gases 
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7.9.5 Coke Reactivity vs. Anode Reactivity 

The laboratory core made with coke B has the best density and electrical resistivity 

of all recipes tried. However, the coke B is the most reactive raw material among all cokes 

studied. Conversely, the reference core made with the blend of three cokes (A1, A2 and B) 

has a lower density and a lower electrical resistivity compared to that made with coke B. 

Overall, the blend of three cokes is less reactive based on the reactivity of their raw materials 

than coke B alone in spite of the high vanadium content of cokes A1 and A2 which represent 

the two third of the blend of cokes. However, reactivity tests on cores were not carried out. 

The decision between the two sources of coke (the blend of three cokes or the coke B) for 

the manufacture of the anodes will depend on the reactivity of the baked anodes, the 

possibility of controlling the air reactivity in the electrolysis cells with adequate coverage of 

the anodes, and the consumption balance of the anodes used in service in the cells. The 

behavior of the anodes in cells is the ultimate criterion that discriminates the anodes of good 

quality from those of bad quality.  

7.9.6 Summary 

The introduction of nanoparticles and biocoke to the dry aggregate recipe were 

investigated and their presence in the ball mill used was confirmed by using the isotherm of 

nitrogen adsorption. Nanoparticles, biocoke, source of coke, size distribution of dry 

aggregates, and type of pitch are parameters that affect the density and the electrical 

resistivity of green and baked laboratory cores. 
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The laboratory tests have been carried out on samples of 500 g for pastes, as well as 

green and baked cores. Rheology tests were developed to characterize the paste. The paste 

particle spreading rheology test was established as a tool for predicting physical properties 

of baked cores from the results of the characterization of the 500-g core pastes prior to green 

core forming. The conception of a rheology test highlights the optimum criteria of anode 

paste prior to its forming. In addition, the test also indicates the changes in raw material, size 

distribution of dry aggregate particles or the level of pitch in the anode paste recipe.  

This study makes it possible to consider new process control strategies for baked 

anodes with the rheology test of paste particles before the green anode forming as well as the 

follow-up of the density, electrical resistivity, and the percentage of pitch at green state in 

order to reduce the greenhouse gases.  
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CHAPTER 8 

CONCLUSIONS AND RECOMMENDATIONS 

8.0 Introduction 

The study of the structure of the green and baked anodes has demonstrated the 

conditions to be used to achieve a quality anode. The design of two rheological tests made it 

possible to highlight the criteria for optimizing the anode paste before its forming. In 

addition, the test may also indicate changes in raw materials, particle size distribution or pitch 

levels of the paste recipe. Its use coupled with the new control strategy by combining the 

electrical resistivity of the green anode block, the pitch rate, and the density of the green 

anode blocks provides a new approach to identify and preselect the anodes to be baked. 

Avoiding the baking of a high-risk green anode, which will likely result in a poor-quality 

baked anode in terms of current passage and its lifespan in electrolysis cells, will lower the 

emission of greenhouse gases of those anodes. A poor-quality baked anode ending as a baked 

reject and being crushed for recycling greatly increase the energy demand for petroleum fuel 

without being any use to the Hall and Héroult process. These anodes are likely to be 

susceptible to have high air and CO₂ reactivities, high electrical resistivity, and low density, 

reducing the energy efficiency of electrolysis cells. A better understanding of the components 

of the anode structure has been provided, contributing to the scientific knowledge in the field 

of anodes for the primary aluminum industry.  
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8.1 Conclusions 

In next sections, the main findings of this study are given by subject. 

8.1.1 Industrial Anode Properties Studied 

 In general, an increase in density lowers the electrical resistivity and increases the 

bending strength. In some cases, this tendency is not followed. Density is mainly 

governed by the arrangement of particles and voids remaining inside the anode 

structure or the original coke’s pores. The electrical resistivity depends on the quality 

of the particle-to-particle contacts among original coke particles or transformed 

matrix particles to a solid as hard as coke. The more a carbonaceous material 

transforms towards graphite, the lower the electrical resistivity is. Thus, contacts 

between large particles with high Lc decreases the electrical resistivity of the anode. 

Bending strength is determined by the homogeneity of the newly formed structure by 

the transformation of matrix particles to pitch-coke or coke which ensures the 

consolidation of the coke region after baking by multiple bonding between the 

original coke particles. The case of low and high or similar density for anode core 

sample demonstrated this well. 

 A good anode paste recipe will create a green anode structure made of a large region 

of coke with few macropores and enough matrix structure to improve the contacts 

between coke particles. An excess of matrix structure will decrease the density by the 

generation of pores from the evacuation of volatiles of pitch during baking. The coke 
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region includes the coke particle and its periphery in the structure of the anode. This 

anode structure components will ensure good anode quality. 

 The CO₂ reactivity depends on the efficiency of the macropore network to diffuse 

CO₂ molecules and the amount of sodium. The air reactivity increases with the 

increase in the Lc of the anode and the ultra-microporosity of the coke. The type and 

the sum of the pores of the coke and the free matrix and the one at the periphery of 

coke particles that form the network of macropores positively or negatively affect the 

reactivities. A large network of macropores will increase the CO₂ reactivity and a 

small network of macropores will reduce the CO₂ reactivity. For the air reactivity, the 

network of macropores will increase or decrease the rate of reaction if it can enable 

the air molecules to meet the coke structure or pitch-coke containing 

ultra-microporosity where the reaction is more efficient with the increase of the 

specific surface area. 

 The reactivity is a function of the Lc, and its value depends on the baking of the anode 

(increasing of the original coke Lc and pitch-coke Lc) as well as the Lc of the original 

raw materials used (coke and butts). After baking, there are three levels of Lc. Low 

Lc gives low air reactivity caused more by the coke structure itself than the lower 

pitch-coke transformation. The lower the Lc is, the higher the CO₂ reactivity is with 

a correlation coefficient of 0.97 in the low Lc level. For intermediate Lc level, both 

air (R2 of 0.97) and CO₂ (R2 of 0.91) reactivities increase with the increase in Lc (with 

high correlation coefficients). Finally, at a very high Lc level, the air reactivity still 

increases with the Lc at the same rate as the intermediate Lc level. Contrarily, the 

CO₂ reactivity still increases but at a lower rate compared to the intermediate Lc level. 
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The CO₂ reactivity decrease if the Lc of the anode is between 82.0 and 85.0 for this 

study. An optimal Lc is in the range of 82.0 to 85.0 Lc for both CO₂ and air 

reactivities. Studies on the reactivities may be affected by the original Lc level of 

cokes, the Lc from the transformation of the matrix which is dependent on pitch 

content and the quantity of matrix in the anode structure, the final anode baking 

temperature, the compaction pressure of the green anode, the size of original coke 

particles, and finally if they are evenly distributed in the anode structure. 

 A baking temperature or rather a baking temperature range must be determined in 

order to have baked anodes with the optimal Lc to reduce air and CO₂ reactivities. 

For this study, the optimal Lc is between 82.0 and 85.0. Part of the Lc is already 

dictated by the Lc of raw material, the percentage of pitch, the duration of baking, 

and the temperature. So, each anode plant will have its own range of temperatures for 

their optimum Lc considering all these variables mentioned above.  

 There is a relatively large temperature gradient in the baking furnace. Therefore, each 

anode has different final anode baking temperature at the end of baking, which 

determines their quality. The search for the optimum baking temperature should take 

this temperature distribution into account. The reduction of the temperature variation 

will decrease the reactivity of anodes. 

 The results of the reactivity tests depend on the type of the test (ignition temperature 

for air reactivity and test of 100 minutes under CO₂ for CO₂ reactivity or the 

thermogravimetric method for three hours for air reactivity and seven hours for CO₂ 

reactivity), the sample (particles or block of anode), or the materials (anode or raw 

material), the structure of the original coke, the dry aggregate recipe, the paste recipe 
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(the quantity of pitch added to the dry aggregate recipe), its forming, and the 

transformation of the structure of the anode according to baking temperature. The test 

on the raw material particles gives their intrinsic reactivity properties. The test on a 

block of anode gives the reactivities on the overall structure of the anodes including 

macro-defects as coke bubble structure with thin walls (see Figure 5-4 in Section 5.1) 

from coke calcination, interconnection of pores from forming or evacuation of gas 

during the devolatilization of pitch and particles of butts which have a large network 

of pores consisting of micropores, mesopores, and macropores that increase the 

reactivities and may cause dusting in the electrolysis cell. The baked anode structure 

has several macro defects in the order of a millimeter or hundreds of microns such as 

butt particles, interconnection between the macropores of coke particles, butts and 

matrix, highly porous coke particles interconnected to other macropores of the anode 

structure. They are preferential paths that can trigger the disintegration of the anode 

structure by releasing whole or part of coke particles, butts or matrix. The use of 

1.0 mm to 1.4 mm anode particles in reactivity tests involves crushing the structure 

of the anode that eliminates these interconnections and defects limiting the ability to 

indicate the potential for dust generation in the electrolysis cell when such a sample 

is used. 

8.1.2 Tool Developed to Rapidly Estimate the Raw Materials Structure 

 It is possible to use the FTIR method developed to shorten the time to obtain a good 

evaluation of raw material structure which is usually obtain by the nitrogen 

adsorption. This method is less complex and fast. 
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 For the first method, a high concentration of coke crushed with the KBr, generates a 

background noise is generated on the FTIR spectrum. The sum of their micropeaks 

shows that the specific surface area of the ultra-micropores (3 to 5 Å) of the cokes can 

very well be approximated with an R2 of 0.90 

 The second method is an indicator of the diameter of pores. A specific concentration 

of raw material with uncrushed KBr shows the presence of water vapor when pores 

are not fully filled by KBr. It can be observed that very large pores are completely 

blocked with uncrushed KBr while the smaller-diameter pores are partially blocked. 

Less water vapor detected means larger average pore diameter. 

8.1.3 Laboratory Anode Core Quality vs. Different Paste Recipes 

 Several characteristics of coke particles facilitate the arrangement of coke particles 

and the matrix during forming and baking, improving the density and contact between 

original coke particles in the anode structure to lower the electrical resistivity. 

The coke particle characteristics are a high sphericity, and a small average size with 

a narrow size deviation within the sieves of 1, 2, and 4 mm. They are favorable to 

good anode quality. The use of coke B which has these coke particle characteristics 

demonstrates the highest density and the lowest electrical resistivity by surpassing 

those of the reference core.  

 The coke particle characteristics which contribute to high density and low electrical 

resistivity occurs by the homogenization of the pitch during baking. The green 

electrical resistivity of coke B is 3 356 μΩ m and which was the second-highest value 

of the core groups. After baking this value fall to 66.47 the lowest of all cores. Pitch 
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is well distributed either by capillarity or flow between the coke particles during the 

early baking stages. The morphology of particles can improve the distribution of pitch 

during baking, hence leads to better homogeneity, high density, and low electrical 

resistivity. 

 The baked core made with the change in granulometry of the dry aggregate recipe 

and the baked core with the addition of nanoparticles have similar decrease in 

electrical resistivity compared to that the reference baked core. But the decrease in 

density is more significant for the core with the change in granulometry of the dry 

aggregate recipe. Here, the contact between the particles seems the same for both 

recipe changes maintaining the same electrical resistivity results; but, the general 

organization of the paste particles has led to a higher drop in density for the change 

in granulometry compared to the addition of nanoparticles. Variation of particle size 

distribution of dry aggregate recipes will affect the density a lot more than the 

electrical resistivity. 

 The addition of biocoke significantly decreases the density since biocoke density is 

lower than that of cokes. The shape of the needle particles affects the organization of 

the particles. A smaller size of biocoke particles that could eliminate its needle form 

and reduce their micropore volumes would help the biocoke introduction into the 

anode. 

 The nanoparticles help with the arrangement of particles if the paste particle flow is 

slowed down by their forms. The addition of nanoparticles was beneficial for the 

core no. 9 with biocoke in needle form and detrimental for core no. 5 made from 

coke B which has more spherical coke particles. 
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 Nanoparticle addition together with biocoke improves the density and decreases the 

electrical resistivity within the group of biocoke anode cores, but never reaches the 

performance of the reference core. 

8.1.4 Laboratory Paste Rheology Test vs. Baked Core Properties 

 The paste particle characteristics obtained from the spreading rheology tests are a 

high sphericity with a low standard deviation, a small quantity of recovered paste 

particles of 0.8 mm and 2.0 mm sizes and in equivalent quantity for both, a low outer 

diameter with a low standard deviation, and finally a low standard deviation of width 

of the 2 mm length particles. They are the key to good physical properties for baked 

cores such as core no. 5, core no. 1, and core no. 4. These particles should be able to 

lodge between larger particles to form a compact structure improving properties of 

the anodes. 

 A relationship is established with the difference between the number of particles of 

2 mm and 0.8 mm of the paste and the density and electrical resistivity with a 

coefficient of correlation of 0.99 for the recipes without the biocoke as well as the 

two recipes with biocoke, the reference core for biocoke and the reduction of 1 % of 

pitch with biocoke. The coefficient of correlation for the recipe with biocoke is 1.00 

without the recipe of paste no. 10 which is a change in pitch source with the addition 

of nanoparticles. The change in granulometry of the dry aggregates (paste no. 2) and 

the changes of pitch source (paste no. 3) are detectable by their shift from the 

tendency curves. 
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8.1.5 Prediction of Baked Anode Quality and New Control Strategy 

 The new control strategy uses the density of green core is multiplied with the pitch 

percentage of the paste used to make the core as a function of green core electrical 

resistivity to predict the baked good quality cores. In green state, cores with lower 

density than 1.60 g/cm3 and electrical resistivity higher than 4 000 µΩ m will have 

low baked core quality and out of this range values both properties will have good 

baked quality. In green state and base only on the electrical resistivity and the density, 

core no. 1, core no. 3, and core no. 4 will the only three cores from the ten with 

potential good baked properties. The prediction make by the new control strategy 

considers than once baked the core no. 3 will be rejected and core no. 5 as well as 

core no. 2, in addition of core no. 1, and core no. 4 will have good baked properties 

The prediction works since the core no. 5 is the best baked core quality, core no. 2 as 

well as core no. 1, and core no. 4 have good property, and finally core no. 3 has lower 

quality based on the baked state of electrical resistivity and density. The core no. 1 is 

the refence core and the other are made with changes in the recipe as the addition of 

nanoparticles, addition of biocoke, replacement of the blend of three cokes by coke 

B, and a change of pitch source or the granulometry. The level of pitch also has an 

impact on the final density and electrical resistivity despite the range is tiny during 

production of cores. 

 The new control strategy and the paste rheology test form a new process control 

method allowing feedback within a day with more information from the anode paste 

in addition to the density and the electrical resistivity of the green anode before its 

baking, instead of 25 to 30 days with only the green anode density as information in 
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the actual scenario. This would eliminate the greenhouse gases of the rejected baked 

anodes. The anode would be rejected at the green state. The energy performance of 

aluminum-producing plants will be increased and their impact on the environment 

will be reduced. 

8.2  Recommendations 

The characterization of the anode paste is a vast field where there is great potential to 

improve the quality of the anode priory of their forming and baking. Several aspects were 

studied such as the rheology of the paste, the estimation of the coke structure by FTIR and 

the image analysis to relate the structure of the anode to its physical and reactive 

characteristics. For each of these aspects of the work, the further development of these 

methods could be the subject of further studies to continue research in this area. 

 The rheology test of pre-baked anode paste 

 Detection of pitch level 

• Expand the range of pitch level to allow a better understanding of the 

sharp drop of recovered paste in sample cutter of the flow rheology 

test, 

• Test different types of pitch which could help understand the behavior 

of pitch no. 2. 

 Differentiate information between the flow rheology test and the roundness of 

the cluster of the paste particles from the spreading rheology test. In addition, 

differentiate the information of the paste particle size distribution from the 
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spreading rheology test for the prediction of the characteristics of anodes in 

the baked state 

• Try a greater variety of particle size distribution changes, 

• Study the variables that change the dimensions and shape factors of 

the particles of the paste. 

 Estimation of coke structure by FTIR 

• Increase the number of coke types to test.  

 Image analysis  

 Overall structure of the anode 

• Select important parameters for quality control, 

• Determine the critical size of macropores for reactivity. 

 Consider, in the longer term, industrial testing for each method to increase 

information to improve the selection of anodes to be baked and minimize at the same 

time the anode rejects and greenhouse gas. 
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APPENDIX 1 

GRANULOMETRY STABILITY OF DRY AGGREGATES 

A 1.0 Introduction 

This part of the study was carried out in the anode plant on the granulometry stability 

of the dry aggregates (particle size distribution) for better recipe selection corresponding to 

the recipe changes of granulometry recipe according to the natural changes in particle size 

occurring during the operations of the anode plant. 

A 1.1 Sampling Periods 

The sampling for granulometry stability study of raw material and dry aggregates 

covers the entire anode manufacturing process in the anode plant and was carried out over 

four different periods: 

 Period 0: The first campaign for the selection of the type of sampling (automatic or 

manual) of dry aggregate recipe used for the anode manufacturing process. The dry 

aggregate recipe covers all dry aggregate fractions (large, medium, small, ball mill 

product, and dust) from the recipe of raw materials containing a certain proportion of 

coke, baked, and green rejects. 

 Periods 1, 2, and 3: These sampling periods were part of the second campaign. Raw 

materials (cokes, baked rejects, and green rejects), and the different dry aggregate 

fractions (small, medium, large, ball mill product, and dust) were sampled. The raw 

materials are coke, baked rejects which are composed of less than 4.0 % of baked 
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anodes production and the return of butts from the electrolysis cell, and finally the 

green rejects which are composed of anode paste and green anodes with defects. 

It should be noted that periods 1, 2, and 3 also include the dry aggregate crushing 

circuit for the very large particles (cokes, green rejects, and mainly baked rejects). 

 Periods 0, 1, 2, and 3 have nine, nine, eight, and six days of sampling, respectively. 

Each period has several samples: period 0 (48 samples), period 1 (82 samples), 

period 2 (63 samples), and period 3 (31samples). 

The sampling plan is illustrated in Figure 3-5, a diagram of the dry aggregate 

sampling campaign of Chapter 3 in Section 3.2.2, is shown below. 

 
Figure 3-5: Diagram of the dry aggregate sampling campaign 

(©Brigitte Morais 2022, pictures vibrating screen [10] authorized by 
Fredrik Mogensen Ab, which is an OEM of Allagier Process Technology, roller 

crusher [11] authorized by Lessine Tailored Bulk Technologies, screening 
machine [12] authorized by Grupa Wolff safety and innovations, ball mill [13] 

authorized by 911 Metallurgist, dust extraction system [14] authorized by 
Process Equipment I Ltd. LLP) 
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Note: Figure 3-5 is presented in this appendix for a better understanding of the 

sampling procedure and its nomenclature. 

Table A1- 1 shows the sampling frequency used for the granulometry stability study 

of the anode plant. The period and the day of the sampling are listed in the first two columns 

of the table. In all other columns the mark “/” means no sampling done. In cases of 

consecutive sampling, the inscription of “X/X” is used. The number on the left side of the 

symbol “/” represents the number of consecutive samples taken, and the information after the 

symbol “/” is the time between the sampling of each sample taken. For instance, “1/” 

represent only one sample taken in this day, which is a daily sample. The expression 

“3/10 - 20 min” implies three consecutive samples taken with an interval of time between 

10 and 20 min between each of them. The expression “4/17, 15, and 10 min” implies 

4 consecutive samples where the time intervals between them varies and the three intervals 

were 17, 15, and 10 minutes. The expression “4/15 min” means four consecutive samples 

which were sampled with 15-minutes time interval between them.  
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Table A1- 1: Sampling plan for the dry aggregate stability study 

 

 

A 1.2 Selection of Sampling Type in the Anode Plant 

The study of the granulometry stability of the dry aggregate recipes began with a first 

step concerning the selection of the sampling type (automatic or manual) and the second, the 

tapped density verification of the dry aggregate recipe. Sampling occurred at period 0 with 

eight daily samples taken within a 21-day period. Two production lines (LA and LB) were 

sampled automatically (A) and manually (M). For instance, LAA identification means that 

production line A has been sampled automatically. The results are shown in Figure A1- 1. 
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Manual sampling retains the highest proportion of fine particles, and the tapped density of 

the dry aggregate recipes manually sampled is the highest as demonstrated in Figure A1- 2. 

The dry aggregates recipes are mainly composed of the particles of medium size 

(indicated as 0.32 and 0.15 on the x-axis on the figure) and very small size (indicated as <0) 

as shown in Figure A1- 1. A particle size of “1” indicates the largest size, “0” the smallest 

and “<0” smaller than the smallest size, so the amount retained in the pan of all the sieves 

used. Manual sampling was selected for the study and only the sampling of the production 

line A was performed. 

  
Figure A1- 1: Composition of the dry aggregate recipe (average) with 

automatic sampling (LAA and LBA) and manual sampling (LAM and LBM) 

 



289 
 

 

 
Figure A1- 2: Tapped density of the dry aggregate recipe in relation to the type 

of sampling  

 

A 1.3 Tapped Density of Dry Aggregate Fractions  

The tapped density for the major dry aggregate fractions used in the dry aggregate 

recipe of the anode (large, medium, small, and ball mill product) indicates that the smaller 

ones are denser as illustrated in Figure A1- 3. Inversely, the standard deviation is higher with 

the increase in the size of the dry aggregate fractions whit one exception where the medium 

fraction has the highest value between the fractions “large”, “medium”, and “small”.  

Sampling for the tapped density measurement of the dry aggregate fractions occurred 

at period 0. The sampling consists of two consecutive samples (one on line A and the second 

on line B) taken within 10-minute intervals between each other for each day of sampling and. 

The sampling was made for two days over a three-day period for each dry aggregate fraction 

sampled. The tapped densities and their standard deviations are normalized as it can be seen 

in Figure A1- 3. 
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Figure A1- 3: Tapped density of dry aggregate fractions 

(©Brigitte Morais 2022) 

 

A 1.4 Variation of Particle Size under Anode Plant Operating Conditions 

The variation of particle sizes of each dry aggregate fractions, raw materials, and the 

crushing efficiency of larger particle sizes were verified. Dry aggregate fractions were 

sampled at the output of silos over periods 1 to 3. Consecutive samples and daily samples 

were used for the analysis. The consecutive samples are samples taken one after the other in 

a short period of time, and a daily sample is a sample taken once per day. Consecutive 

samples were converted to a daily sample using their average for the daily samples analysis. 

Periods 1 to 2 represent the complete sampling of the raw materials circuit (coke, baked, and 

green rejects) and the dry aggregate fraction circuit (large, medium, fine, ball mill product, 

and dust). The period 3 was used for a specific verification of the roller crushing for very 

large aggregate particles and some ball mill product sampling. 
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The standard deviation of particle sizes within each dry aggregate fractions on daily 

samples presented in Figure A1- 4 indicates that: 

 The coke (no. 5-raw material) and the “Medium” dry aggregate fraction (no. 2) have 

large variations between their particle sizes within their size distribution.  

 Baked rejects (no. 4 - butts and rejected baked anodes) and green rejects 

(no. 3 - rejected green anodes and a very small amount of rejected paste which is not 

significant) are both mainly in the form of an anode or butt before passing through 

the same crushing circuit. So, their standard deviation values are relatively similar. 

 The standard deviation in particle sizes of green and baked rejects is greater for the 

sizes at the two extremities of their size distribution, i.e., the largest, and the smallest 

sizes of the particles. 

 The “Large” dry aggregate fraction (no. 1) is unique, because it has a smaller value 

of variation in general and more stable variations between its size distribution. Each 

particle size of the “large” dry aggregate fraction (no. 1) has similar variation value, 

and their value is low compared to the other dry aggregate fractions.  

 The “small” dry aggregate fraction (no. 6) has the greatest variation in the smallest 

sizes of the particles of its size distribution. 

 The smaller the dry aggregate fractions are (from the small fraction passing to the ball 

mill product, and finally to the dust), the less the standard deviation in particle size in 

the fraction is. For example, each of the particle sizes named “0.00” and “<0” of each 

dry aggregate fractions (small, ball mill product, and dust) in Figure A1- 4 has 

standard deviations for the “small” fraction (no. 6) of 8.6 and 5.1, the ball mill product 
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(no. 7) 4.0 and 0.2 and the dust (no. 8) of 0.9 and 1.1 respectively. This shows the 

tendency of the standard deviation of smaller particle sizes into the small dry 

aggregate fractions to reduce. 

The samples taken consecutively with intervals varying between five minutes and one 

hour, have low standard deviations for all dry aggregate fractions, mainly not exceeding the 

value of 2.6 as shown in Figure A1- 5, which is lower than the maximum value of 8.6 in daily 

analysis in Figure A1- 4. In general, dry aggregate recipes are mostly constructed with a very 

high proportion of medium-sized dry aggregates (named “0.24 to 0.11”) and very small 

size (named “0.00”) where variations are the greatest as shown in Figure A1- 4 and in 

Figure A1- 5. The size distributions of dry aggregate fraction used to compose the dry 

aggregate recipes of the anodes are more stable over a short period of time, that is, one hour 

or less as shown in Figure A1- 5. Contrarily, they are less stable between days of operation 

as shown in Figure A1- 4 which represent the daily sample of dry aggregate fractions for the 

same periods. 

 
Figure A1- 4: Variations in the size distribution of the dry aggregate fractions 

for daily samples. The dry aggregate fractions are: 1) large, 2) medium, 
3) green rejects, 4) baked rejects, 5) cokes, 6) small, 7) ball mill product, and 

8) dust 
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(©Brigitte Morais 2022) 

 
Figure A1- 5: Variations in the size distribution of the dry aggregate fractions 
for consecutive samples. The dry aggregate fractions are: 1) large, 2) medium, 
3) green rejects, 4) baked rejects, 5) cokes, 6) small, 7) ball mill products, and 

8) dust 
(©Brigitte Morais 2022) 

 

A 1.5 Crushing Efficiency of Very Large Particle Size  

The particles of very large sizes go through a small crushing circuit composed of a 

roller crusher, and it was studied for the period 1, 2, and 3 with the average of the daily 

samples at the inlet (In-1, In-2, and In-3) and the outlet (Out-1, Out-2, and Out-3) of the 

circuit. The crushing efficiency depends on the period of production. For example, it is less 

efficient during the third sampling period as shown in Figure A1- 6. The sizes of the feed 

particles are relatively stable and are represented by In- 1 to In- 3. For the particles having 

left the roller crusher circuit which is represented by Out-1 to Out-3, the number of large 

particles named “1.0” and small size named “0.2” are highly variable. These variations may 

be reflected in the dry aggregate recipe of the anode depending on the quantities of large 

particles received from one delivery of coke to another, the condition of the roller crusher, 
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the efficiency of the large crushing circuit composed of jaw and cone crushers with a sieving 

stage for the rejected baked and green anodes, and butt blocks. The large crushing circuit 

handles almost all the large particles of the dry aggregate recipe of the anode.  

 
Figure A1- 6: Particle size distribution at the inlet and outlet of roller crusher 

circuit for daily samples 
(©Brigitte Morais 2022) 

 

In this daily sample study, the inlet daily samples represented more days of sampling 

than those of the outlet. In addition, the inlet was not always coordinate with the outlet during 

sampling. Consequently, a second analysis of three consecutive samples per day for two 

consecutive days was carried out during period 3 of sampling which is represented in 

Figure A1- 7. Thus, a total of six samples were analyzed. This time, each of the inlet and 

outlet samples of the roller crusher circuit were sampled simultaneously.  

The first day of sampling, the inlets (In- 1, In-2, and In- 3) have a stable and a high 

quantity of particle size named “0.2”, which means that the total quantity of larger particle 

sizes named “0.6” and “1.0” is also stable and in lower quantity compared to those of the 

inlet of the day after (In- 4, In- 5, and In- 6). But the individual value of sizes named “0.6” 
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and “1.0” varied in inlets 1 to 3. The size distribution at the outlets of the first day (Out-1, 

Out-2, and Out-3) shows that the roller crusher performed well independently of the variation 

of sizes 0.6 and 1.0 unless that their total is stable and not too high. Thus, the quantity of 0.2 

size is a variable which ensures the performance of the roller crusher circuit. Therefore, the 

outlet samples (Out-1 to Out-6) particle size distribution shows that under a certain quantity 

of particle size named “0.2” in the inlet of the roller crushing circuit, the efficiency of the 

circuit becomes less as shown Figure A1- 7. This means that a high quantity of large particles 

fed to the roller crusher decreases the capacity of the circuit. Larger particles will be present 

in the “large” dry aggregate fraction of the recipe of the anode.  

The particle size distributions of inlets and outlets of the second day of sampling 

(In- and Out- of 4, 5, and 6) shows that after the roller crusher process, the particle size at the 

inlet named “1.0” disappeared, the size of 0.6 remained similar to the inlet samples and the 

size of 0.2 increased a lot. Thus, if the quantity of large particles at the feeding of the roller 

crusher circuit increases up to a certain (high) level, the efficiency of the roller crushing 

circuit decreases a lot. This is another factor affecting the stability of dry aggregate recipes 

of the anode depending on the quantity of large particles to crush and their sizes at the inlet 

of the roller crushing circuit. 
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Figure A1- 7: Particle size distribution at the inlet and outlet of roller crusher 

circuit for consecutive samples 
(©Brigitte Morais 2022) 

 

A 1.6 Effect of Silage on the Particle Size Fractions of Dry Aggregates 

Over a longer period of time, silage causes particle attrition in the “Large” dry 

aggregate fraction and no attrition on the “Small” dry aggregate fraction. Within the 

“Medium” dry aggregate fraction, there is a decrease in small particles that increases the size 

of the other particles as demonstrated in Figure A1- 8. For the “Medium” dry aggregate 

fraction, it is possible that the dust extraction system is more efficient and that the way of 

separating the dry aggregate fractions is influenced by the arrangement of the installations. 

The numbers in the legend of the Figure A1- 8 represent the sampling periods. 
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Figure A1- 8: Effect of silage on the size distribution of dry aggregate fractions 

for daily samples 
(©Brigitte Morais 2022) 

 

A 1.7 Conclusions 

The variation of particle size in the anode plant exists and implies that the desired 

particle size undergoes variations which in turn will affect the density and electrical 

resistivity of the industrial anodes. The fraction of the dry aggregate named “Large” and the 

dust are the most stable fractions of the recipe. The variations in the particle sizes of the dry 

aggregate recipe originate from the other fractions (medium, small, and ball mill product). 

The fraction which varies the most is the “small” dry aggregate fraction followed by the 

“medium” dry aggregate fraction. In the raw material, the coke is the one with the largest 

particle size variations.  



 

APPENDIX 2 

DEFORMATION OF ANODE HOLES 

A 2.0  Introduction  

The presence of undeformed anode holes is one of the criteria of anode quality since 

the deformation can interfere with the electrical contact between the cast steel plug, used to 

hold the steel stub of the anode rod and the anode. With deformed holes, the passage of 

current in the anode would be affected. Samples of the cores taken from the undeformed and 

deformed anode holes come from the vibro-compactor B and day 2 of the compaction 

pressure tests carried out in the anode plant.  

A 2.1 SEM Image of Undeformed and Deformed Anode Holes 

Figure A2- 1, and Figure A2- 2 show the SEM images of the bottom of the 

undeformed and deformed anode holes, which present the general structure, and the contact 

between particles in baked state. The deformed anode hole has numerous and much wider 

pathways for the evacuation of gases coming from the devolatilization of pitch compared to 

the undeformed hole. The creation of a tangle, i.e., a mass of carbon twisted together, of 

baked structure without free particles exists in the contact zone between the particles of 

undeformed anode hole. For the deformed hole, the particles are mostly unconnected, and 

several fine particles are free. Part of the pitch has disappeared. 
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Figure A2- 1: SEM images of undeformed baked anode hole B0202B a) 22X 
cross section of the bottom of the anode hole, b) 22X general structure and c) 

1000X contact between particles 
(©Brigitte Morais 2022) 

 

 
Figure A2- 2: SEM images of deformed baked anode hole B1402B a) 22X cross 
section of the bottom of the anode hole, b) 22X general structure and c) 1000X 

contact between particles 
(©Brigitte Morais 2022) 
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A 2.2 Explanation of the Phenomenon of Anode Deformed Holes 

The normalized data for the percentage of deformed holes and the density of anodes 

produced using the vibro-compactors A and B on day 1 and day 2 are presented in 

Table A2- 1. In this case, the density is calculated from the height of the anode and weight 

of paste after forming since the width and the length of the mold are fixed. Thus, the relation 

between the height of the anode and its volume is known. This density is called the “anode 

block density”, i.e., the entire anode. On day 1 of the industrial anode manufacturing 

campaign a compaction pressure test was performed with the vibro-compactor A, and this 

generated 4.2 % of deformed anode holes. On the same day and with the same type of 

aggregate recipe of the anode, a compaction speed test was carried out with the vibro-

compactor B, which generated 6.7 % of deformed anode holes, a similar amount to 

vibro-compactor A. 

On day 2, the proportions of the dry aggregate fractions to form the dry aggregate 

recipe for the manufacturing of anodes changed. The amount of “large” dry aggregate 

fraction increased and that of “small” dry aggregate fraction decreased affecting the particle 

size distribution of the dry aggregate recipe of the anode in the same direction as 

demonstrated in Figure 5-13 in Chapter 5 in Section 5.4.  

Table A2- 1: Percentage of deformed anode holes of baked anodes (Blocks) 
(Day 1 and day 2) 
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Figure 5-13: Change of recipe between day 2 and day 1 in industry 

 

Note: Figure 5-13 is reported in this appendix section for a better understanding of 

the effect of changes in “large” and “small” fractions of dry aggregate on the particle size 

distribution of the dry aggregate recipe of the anodes. 

A small amount of very fine particles (dust and size named “0.09”) in the particle size 

distribution of the dry aggregate recipe of the anode leads to a reduction in the carbonization 

of pitch, increasing the devolatilization of the pitch which forms the type of structure found 

in the deformed holes of the anodes. On the surface of the anode holes, nothing prevents the 

release of the pitch since the mechanical support is minimal at this position due to the 

configuration of the holes. The result is the deformation of 25.9 % of the anode holes during 

the compaction pressure test for the vibro-compactor B on day 2 of testing as shown in 

Table A2- 1.  
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The densities obtained in normal operation, i.e., outside the testing period of the day, 

on day 1 and day 2 with vibro-compactor A and B are analyzed. The densities in normal 

operation for both vibro-compactors show that their performances are identical as indicated 

in Table A2- 2. However, on day 2, only the recipe for vibro-compactor B changed, hence 

only its density decreased by 0.12 % on average with an increase in the standard deviation of 

25 % compared to those of vibro-compactor A as shown in Table A2- 2. 

Table A2- 2: Statistics on green anode (Block) density (Day 1 and day 2) 

 

 

Furthermore, the anode core final baking temperature of the undeformed anode 

hole B0202B sample was -32 °C less than the deformed anode hole B1402B sample. The 

increase of heat may in addition to the lack of fine particles contributed to the deformation 

of the anode hole B1402B sample. However, the analysis of all anodes tested did not follow 

this hypothesis. In the pit no. 1, the average and the standard deviation of final anode baking 

temperature, which was measured in the two holes located at each extremity of each anode 

tested in a pit, is considered the reference temperatures. The average and standard deviation 

of final anode baking temperature for pit no. 3 and pit no. 6 will be mentioned as a difference 

from those of pit no. 1 and in degrees Celsius. Thus, the anodes of vibro-compactor A 

produced on day 1 of testing are the reference temperatures since they were baked in pit no. 1. 
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The pit no. 3 where the anodes of vibro-compactor B were produced on day 1 have an 

average 23 °C less and a standard deviation 8 °C more than the reference temperatures. The 

pit no. 6 where the anodes of vibro-compactor B were produced on day 2 have an average 

3 °C more and a standard deviation 13 °C more than the reference temperatures. Thus finally, 

the final anode baking temperature has less impact on the deformation of the anode hole than 

the change in the recipe of the anode paste since the average final anode baking temperature 

is highly different from pit no. 1 and pit no. 3. The pit no. 3 produces a fewer number of 

deformed anode holes compared to the pit no. 6, which produces much more and has only 

3 °C more than pit no. 1. The standard deviations of pit no. 3 and pit no. 6 are similar, but the 

pit no. 3 has a fewer number of anode hole deformed, meaning that the final anode baking 

temperature standard deviation does not have an impact on the number of anode hole 

deformations. 

In Figure A2- 3, images which present different anode hole deformations illustrate 

that deformation can occur in several places, i.e., at the lower, middle, and upper part of the 

anode holes area. All the anodes were loaded to the baking furnace the same way with the 

same packing coke. They were at the same positions in the pits and in the same section of the 

baking furnace. The mechanical support and baking conditions were also the same. All 

parameters concerning the baking and the raw materials were the same for all anodes 

produced by the two vibro-compactors in the anode plant; thus, it remains the change within 

the dry aggregate recipe of the anode in cause. Hence, the stability of the particle sizes in the 

dry aggregate recipe the anode has an important role to prevent the anode hole deformation. 
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Figure A2- 3: Images of anode hole deformations 

(©Brigitte Morais 2022) 

 

The anodes formed in vibro-compactor A and vibro-compactor B (compaction test) 

were baked in the two pits on the opposite sides of the baking sections, i.e., in pit no. 1 and 

pit no. 6 respectively. Those pits had the same heating profile and width. The anodes of speed 

tests carried out with the vibro-compactor B were in the pit no. 3 where a deprivation of heat 

was observed (see Chapter 4 in Section 4.1). Despite this, speed test with the anodes of 

vibro-compactor B on day 1 baked in the pit no. 3 of the tests has a lower number of 

deformed holes than those of pit no. 6.  

In addition, each baking furnace pit (no. 1, no. 3, and no. 6) had to be filled with 

anodes that were not produced in the compaction pressure or speed tests or the day of tests 

to complete their loading, but they were from the same batch of anodes. 

Bottom 
part

All 
over

Top 
part
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Table A2- 3 shows the percentage of deformed anode holes of those anodes. For those 

baked anodes, there are not many deformed holes compared to those of day 1 test. Pit no. 1 

and pit no. 3, had 4.2 % and 6.7 % of deformed baked anode holes for the anodes tested on 

day 1, and 6.7 % and 0.0 % for the remaining anodes of those pits. For all the anodes used to 

fill the baking pits, the total percentage of deformed anode holes is 5.2 %. Pit no. 6 had 

25.9 % of anode holes deformed for the compaction pressure test carried out on day 2 of the 

industrial anode campaign and 11.1 % for the other anodes which clearly demonstrates the 

negative impact of decreasing very fine particles in the particle size distribution of the dry 

aggregate recipe of the anode on the deformation of the anode holes. 

The deformation of the anode holes is caused by a significant change in the proportion 

of the dry aggregate fractions of the dry aggregate recipe of the anode. It is possible that the 

momentary losses of dry aggregate recipe stability which can happen as demonstrated in 

Appendix 1 may produce short periods during which the anode holes deformation can occur 

during the operation. More significant changes in the fine particles of dry aggregate recipes 

of the anode (small dry aggregate fraction, ball mill product, and dust) during the operation 

will bring longer periods of anode hole deformation. So, the number of anodes affected will 

be higher. 

Table A2- 3: Percentage of deformed anode holes of baked anodes used to fill 
the baking furnace pit no. 1, no. 3, and no. 6 

 
 



 

APPENDIX 3 

ADDITION OF BIOCOKE TO DRY AGGREGATE RECIPES 

A 3.0 Introduction 

The paste particles of the dry aggregate recipes of anode which contain biocoke, have 

lower flowability (fall less easily) at the sample cutter of the flow rheology test compared to 

the recipe which does not contain any biocoke. Biocoke particles have angular shapes such 

as honeycomb-like or needle-like particles that prevent the fall of the anode paste particles. 

In addition, these particles which have a significantly low density than the coke particles, 

absorbs pith and forms agglomeration of particles with pitch, leading to faster drying of the 

anode paste; this yields an anode with a lower density. Subsequently, the paste particle 

spreading tests on experimental cores indicate that the paste particles do not have the 

dimensions and the shape factors required to obtain better characteristics for the cores made 

in the laboratory.  

A 3.1 Effects of Different Methods of Adding Biocoke Particles 

All cores containing biocoke are from two series of laboratory cores and their density 

result are shown in Figure A3- 1. The preliminary cores no. 14, no. 15, no. 22, and no. 23, 

and the experimental core no. 7 to core no. 10. At the preparation of the paste, the dry 

aggregates recipes are always mixed manually for one minute into a seal sampling bag 

followed by resting for one minute to allow the dust to settle prior to the dry aggregates be 

placed inside the laboratory kneader. 
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Three ways of introduction of biocoke particles in green core paste recipes were used. 

The first one, the addition of biocoke was considered as a full component of the paste recipe. 

In this case the percentage of pitch, biocoke, and dry aggregate (coke and butts of all 

fractions - large, medium, small, ball mill product, and dust) make the whole paste recipe 

which is represented by the core no. 14 in Figure A3- 1. Thus, the quantity of biocoke added 

to the recipe reduced the quantity of dry aggregates (coke and butts of all fractions - large, 

medium, small, ball mill product, and dust). Dry aggregate with biocoke is mixed according 

to the standard mixing procedure when preparing the paste. In the second case, the 

introduction of the biocoke was made the same way but the biocoke and the ball mill product 

were mixed for a period of three hours with a rotary tumbler apparatus prior to the standard 

mixing procedure used to prepare the paste, this is represented by the core no. 15 in the same 

figure. The third way was the substitution of a part of ball mill product by the biocoke in the 

dry aggregate recipe. Thus, the size distribution of dry aggregate recipe remained the same 

as the reference paste recipe with a part of the ball mill product substituted by the biocoke 

particles; this is represented in Figure A3- 1 by the core no. 1. The biocoke is also mixed 

with the ball mill product by the rotary tumbler apparatus for three hours before using the 

standard mixing procedure to prepare the paste.  

The three ways of biocoke introduction in the dry aggregate recipes have the same 

percentage of pitch and the same dry aggregate recipe (coke and butts of all fractions - large, 

medium, small, ball mill product, and dust) for each of the paste recipe. In case three the 

quantity of each fraction of dry aggregates recipe is slightly higher but kept the same 

proportion between each other compared to the other paste recipes since the biocoke is a 

substitution of the ball mill product. The exception is the ball mill product which was reduced 
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to accept the addition of biocoke. In all cases of biocoke introduction by substitution of the 

experimental cores (core no. 7 to core no. 10), the mixing of the ball mill product with the 

biocoke particle was also done for a period of three hours. 

In Figure A3- 1, the reference core no. 14 of preliminary cores without biocoke have 

a higher density than those of the same series with the addition of biocoke. The less efficient 

way to introduce the biocoke particle is the core no. 15 where the biocoke is only mixed for 

one minute with the dry aggregates when preparing the paste. The density increases for 

core no. 22 and core no. 23 where the mixing of biocoke with ball mill product for three 

hours. The reference cores without biocoke of the experimental series has the highest density 

of its series too. Unless core no. 7 (lack of pitch) and core no. 10 (change of pitch) the 

substitution of ball mill product by biocoke is beneficial by increasing the density but never 

less it is not reaching the density of the reference core no. 1.  

In general, the density increases from the core no. 22 where the ball mill product 

started to be mixed with the biocoke. As it was demonstrated in Figure 7-11 and Table 7-2 

in Chapter 7 at Section 7.1, the attrition of the biocoke particle occurred during a more 

efficient and longer time of mixing with the rotary tumbler compared to manually mixing of 

one minute.  

The results of the preliminary tests to produce green cores and those of the 

experimental part of the research plan show that, the best density at green state are reached 

for two cores: core no. 23 and core no. 9. The core no. 23, from the preliminary tests, used 

the introduction of biocoke particles in the ball mill product, which was mixed for a period 

of three hours, afterwards the addition of 0.3 % more of biocoke particles was directly added 



309 
 

 

in the dry aggregate recipe of the core prior to the paste preparation. This supplemental 

addition was made to approximate the substitution of ball mill product by biocoke when the 

mixture of biocoke and ball mill product was prepared as case one which considering the 

biocoke as a full component of the paste recipe. For core no. 9, comes from the series of 

experimental cores, the biocoke particles are mixed first with the ball mill product for a period 

of three hours then mixed a second time with an addition of nanoparticles for another period 

of three hours. This final mixture was used as the partial substitution of the ball mill product 

by biocoke in the dry aggregate recipe of the core no. 9 as shown in Figure A3- 1 and 

Table A3- 1 is a summary of the type of introduction and core preparation used in this study. 

Thus, the partial substitution of the ball mill product with the biocoke is the best way of 

introduction of biocoke particle in addition of the attrition of the biocoke particle.  

Only the cores of the experimental part of the research plan were baked in the 

laboratory oven. The best baked core is named “STD Substitution Nano no. 9” and is part of 

the experimental core produced as shown in Figure A3- 2. The core no. 9 contains 

nanoparticles. In any case, the density of the cores made with the addition of biocoke in the 

dry aggregate recipe of the core does not reach the density value of reference cores (without 

biocoke) of the two periods of testing (preliminary and experimental). Adding biocoke to the 

recipe is detrimental to anode density if it is introduced without prior conditioning or if there 

is a lack of pitch as with baked core no. 7 or if the particles are not fine enough. The addition 

of nanoparticles to the recipe containing biocoke helps increasing density compared to the 

case of simple addition of biocoke particles.  
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Figure A3- 1: Density of the green cores of the preliminary tests and the cores 
of experimental part of the research plan with their respective reference cores 

 

 
Figure A3- 2: Density of the baked cores of the experimental part of the 

research plan with its reference core 
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Table A3- 1: Effects of different methods of introducing biocoke particles in 
paste recipe on the density of green and baked cores 

 
 



 

APPENDIX 4 

DATA OF MACROPORES AND MATRIX PARTICLES 

A 4.0 Introduction 

Here is the origin of the indicators (small, medium and large) for macropores and 

matrix particles used in table in the Chapter 6 in Section 6.4.4 in Table 6-6 about the role of 

the matrix and macropores in the reactivity of industrial anodes 

A 4.1 Origin of Indicators and Interpretation of the Results 

The origin of the indicators (small, medium and large) in Table 6-6 which presented 

the matrix particles and macropores outside coke particles, and macropores inside coke 

particles in Chapter 6 at Section 6.4.4, are given in Table A4- 1 and Table A4- 2 for baked 

anode particle samples. The tables contain the total number and the average size of the matrix 

particles or the macropores obtained by the image analysis of the optical microscope 

software. The results are from the images of 8.64 mm2 of the 20 mm disk height which 

correspond to the representation of the anode particles of 1.0 mm and 1.4 mm sizes of the 

industrial baked anode core samples used for the study of air and CO₂ reactivities. 

The samples studied are B06, B11, B15, and B19. Table A4- 1 shows the assigned indicators 

to the results obtained for each baked anode particle sample.  

 

 



313 
 

 

Table A4- 1: Correspondence between the indicators, the average size of 
macropores and the particles of the matrix (Baked core) 

 B0607D  B1107D  B1907D  B1507D 
  Average   Average   Average   Average 

Type of structure (#) (μm2)  (#) (μm2)  (#) (μm2)  (#) (μm2) 
Macropore inside coke 930 1 792  1 468 2 315  596 1 246  887 1 413 

Indicator Medium Medium  Large Large  Small Small  Medium Medium 
            

Macropore outside coke 2 438 1 623  1 916 1 507  2 695 1 815  2 044 1 374 
Indicator Large Large  Small Small  Large Large  Small Small 

Macropores (in/out) 0.38   0.77   0.22   0.43  
            

Matrix particle inside coke   1 890 1 734  2 472 2 098  1 165 1 535  2 017 1 917 
Indicator --- ---  --- ---  --- ---  --- --- 

            
Matrix particle outside coke 1 478 6 485  2 618 2 066  2780 3 363  1 172 6 789 

Indicator Small Large  Large Small  Large Small  Small Large 
Matrix (in/out) 1.28   0.94   0.42   1.72  

Note: The term “matrix” here has the meaning of “weak structure” since cores 
are baked; (#) = Number 

 

More specifically, Table A4- 2 has the total number and the average size by size 

fraction of less than 3 000, 10 000, 100 000 and bigger than 100 000 μm2 of matrix particles 

or macropores. 

Table A4- 1, and Table A4- 2 compare the number and the size of macropores, and 

matrix particles present on the outside and the inside the coke particles. They also indicate 

the ratio of macropores inside to outside coke particles and that of matrix particles 

(macropores in/macropores out of the coke particles and matrix particle in/matrix particles 

out of the coke particles). 

The interpretation of Table A4- 2 is as follows. The results of the analysis of the 

images corresponding to the anode particles for samples B0607D and B1507D show that 

there are five similar characteristics of their structure, which are marked by the letter “A” in 
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the table. The image analysis of the anode particle structure indicates that B0607D, which is 

more air-reactive than B1507D, has more macropores (930 against 887, i.e., the value of 

B0607D versus that of B1507D) and larger macropores inside the coke (1 792 μm2 against 

1 413 μm2). The macropores outside the coke particles are also much more for the 

sample B0607D compared to the sample B1507D (2 438 against 2 044) and larger sizes 

(1 623 μm2 against 1 374 μm2), thus giving access to the air into the coke structure of 

sample B0607D, which explains its higher air reactivity than that of the sample B1507D. 

For CO₂ reactivity, group 2 which consists of samples B1907D and B1507D is less 

reactive than the group 1 composed of samples B0607D and B1107D. The similarities within 

group 2 are marked by the letter “B” in the table. Group 2 has the lowest CO₂ reactivity. It 

has a lower total number of macropores in the coke (596 and 887 against 930 and 1 468, i.e., 

the values of B1907D and B1507D versus the values of B0607D and B1107D). Their average 

size of macropores of group 2 is smaller compared to that of group 1 (1 246 and 1 413 μm2 

against 1 792 and 2 315 μm2) and more uniform according to standard deviations for the 

macropores in the range of <3 000 μm2 (571 and 592 against 629 and 627). The macropores 

outside the coke in the range of <3 000 μm2 are similar for all four samples. But for group 2, 

the macropores in the range of >3 000 and <10 000 μm2 are smaller (5 112 and 5 061 μm2 

against 5 336 and 5 433 μm2) and their standard deviation is also smaller (1 664 and 1 752 

against 1 841 and 1 871). The similar tendency was observed in range of macropore sizes of 

>10 000 and <100 000 μm2 (19 418 and 18 810 μm2 against 23 802 and 24 552 μm2) with a 

standard deviation of 11 617 and 10 212 against 18 057 and 18 069. In summary, smaller the 

macropores are, the lower the CO₂ reactivity is. 
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The similarities of the structures of the samples B0607D and B1507D marked by the 

letter “A” despite being from group 1 and group 2, respectively, and the similarities between 

B1907D and B1507D samples both from group 2 marked by letter “B” are in agreement with 

those of the data of the overall structure of the samples from the images of 4.4 cm2 of the 

20 mm disk presented in Table 6-5 of Chapter 6 in Section 6.4.3. 
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Table A4- 2: Data of macropores and matrix particles outside and inside coke particles (Baked core) 
   B0607D    B1107D    B1907D       B1507D   
   Average σ   Average σ   Average σ    Average σ  

Type of structure (#) A* (μm2)   (#) (μm2)   (#) (μm2)   (#) A* (μm2)  B* 
Macropore inside coke                    

<3 000 849  894 629  1 319 866 627  559 836 571 B* 807  843 592 B* 
>3 000 <10 000 64  5 470 1 864  98 5 016 1 593  33 5 339 1 914  69  5 352 1 710  

>10 000 <100 000 16  27 521 20 689  49 24 922 20 030  4 24 793 13 965 B* 11  18 512 9 415 B* 
>100 000 1  117 355   2 271 901 238 663  0    0     

All 930 A* 1 792   1 468 2 315   596 1 246  B* 887 A* 1 413  B* 
                   

Macropore outside coke                    
<3 000 2 232  880 629  1 750 851 607  2 395 893 623  1 890  878 618  

>3 000 <10 000 163  5 336 1 841  140 5 433 1 871  229 5 112 1 664  133  5 061 1 752  
>10 000 <100 000 42  23 802 18 057  26 24 552 18 069  69 19 418 11 617 B* 20  18 810 10 212 B* 

>100 000 1  121 983   0    2 120 992 28 986  1  100 165   
All 2 438  1 623   1 916 1 507   2 695 1 815   2 044  1 374   

                   
Macropores (in/out) 0.38 A*    0.77    0.22    0.43 A*    

                   
Matrix particle inside coke                    

<3 000 1 702  978 671  2 205 888 642  1 074 919 632  1 792  936 661  
>3 000 <10 000 151  5 261 1 784  187 5 487 1 925  76 5 368 1 864  172  5 066 1 708  

>10 000 <100 000 37  22 104 11 617  76 22 414 13 525  14 18 489 12 705  52  22 511 14 189  
>100 000 0     4 124 628 11 613  1 13 3884   1  147 107   

All 1 890 A* 1 734   2 472 2 098   1 165 1 535   2 017 A* 1 917   
                   

Matrix particle outside coke                    
<3 000 1 280  832 625  2 286 899 645  2 379 891 655  1 006  843 636  

>3 000 <10 000 123  5 335 1 834  242 5 408 1 958  272 5 446 1 927  99  5 563 1 980  
>10 000 <100 000 58  27 871 22 614  89 21 473 14 974  120 22 567 16 095  47  28 078 17 494  

>100 000 17  367 467 302 
706  1 133 223   9 337 998 306 

138  20  261 917 232 
965  

All 1 478 A* 6 485   2 618 2 066   2 780 3 363   1172 A* 6 789   
                   

Matrix (in/out) 1.28 A*    0.94    0.42    1.72 A*    
Note: The term “matrix” here has the meaning of “weak structure” since cores are baked; (#) = Number 
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APPENDIX 5 

SEM IMAGES OF STRUCTURE OF COKE AND BUTTS 

A 5.0 Introduction 

The SEM images presented in the Chapter 5 and Chapter 7are small. However, the main purpose of their utilization is to compare 

the general aspect of their surface and pores. Here are all the SEM images in a larger size allowing seeing better the scale of the images. 

 

 

 

 
Figure A5- 1 : Fractured coke particle 
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Figure A5- 2 : Structure of coke (general, flat Surface, and bubble shape) part-1 
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Figure A5- 3 : Structure of coke (general, flat surface, and bubble shape) part-2 
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Figure A5- 4 : Structure of butts (general, flat Surface, and gas evacuation pore) 
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Figure A5- 5 :Structure of Coke A1 (left to right, 4 mm, 2 mm, and 1 mm) 

 

 

 

 

 
Figure A5- 6 : Structure of Coke A2 (left to right, 4 mm, 2 mm, and 1 mm) 
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Figure A5- 7 : Structure of coke B (left to right, 4 mm, 2 mm, and 1 mm) 

 

 

 

 

 
Figure A5- 8 : Structure of butts (left to right, 4 mm, 2 mm, and 1 mm)
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Figure A5- 9 : Structure of coke (1 mm, and 2 mm) 
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Figure A5- 10 : Baked pitch on butt particles 

 

 

 

 

 
Figure A5- 11 : Matrix layer on a butt Particle 
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Figure A5- 12 : Structure of matrix and coke subjected to high baking temperature on a butt particle 

 

 

 

 

 

 
Figure A5- 13 : Ball mill product 
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Figure A5- 14 : Biocoke part-1 
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Figure A5- 15 : Biocoke part-2 

 

 

 

 

 

 

Figure A5- 16 : Crushed biocoke part-1 
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Figure A5- 17 : Crushed biocoke part-3 
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APPENDIX 6 

FITR SPECTRA 

A 6.0  Introduction 

The FTIR spectra used for the results shown in Chapter 6 concerning the estimation of the ultra-microposity of the cokes and the 

indication of the average pore diameter of raw materials, which are calculated with the method explained in Chapter 3 are presented in 

this appendix. 

In the case of the estimation of the coke particles’ ultra-microporosity, the method is based on concentrations greater than 0,7 %. 

Spectra may not appear to match with the result show in the thesis, but they are, since they are all compared to each other on a base of 

1.0 % in concentration. Table A6- 1 shows the original concentrations used. Figures A6-1, A6-2, and A6-3 present the spectra with their 

original concentration as mentioned in Table A6- 1. 

Figures A6-4, A6-5, A6.6, and A6-7 are the spectra of the indication of the pore diameter of the raw materials where the 

concentration tolerance used was 1.0 % ± 0.1 %. They were all compared on a base of 1.0 % in concentration. 
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Table A6- 1: Concentration of coke samples for the estimation of coke particles’ ultra-microporosity  

Coke A1 
Concentration 

(%) Coke A2 
Concentration 

(%) Coke B 
Concentration 

(%) 

A12017-05-11BM1 1,37 A22017-05-11BM1 1,43 B2017-05-11BM1 1,59 

A12017-05-11BM2 1,51 A22017-05-11BM2 1,32 B2017-05-11BM2 1,01 

A12017-05-11BM3 1,46 A22017-05-11BM3 1,36 B2017-05-11BM3 1,88 

A12017-05-11BM4 1,71 A22017-05-11BM4 1,32 B2017-05-11BM5 0,95 

A12017-05-11BM5 2,60 A22017-05-11BM5 1,32 B2017-05-11BM7 0,74 

A12017-05-11BM6 2,21 A22017-05-11BM6 1,04   

    A22017-05-11BM7 1,17     

      

Concentration (%) 
Average  1,81  1,30  1,23 
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Figure A6- 1 : FTIR spectra of Coke A1 for ultra-microporosity estimation 
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Figure A6- 2 : FTIR spectra of Coke A2 for ultra-microporosity estimation 
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Figure A6- 3 : FTIR spectra of Coke B for ultra-microporosity estimation 
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Figure A6- 4 : FTIR spectra of Coke A1 for indication of average pore diameter 
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Figure A6- 5 : FTIR spectra of Coke A2 for indication of average pore diameter 
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Figure A6- 6 : FTIR spectra of Coke B for indication of average pore diameter 
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Figure A6- 7 : FTIR spectra of butts for indication of average pore diameter 
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