Effects of Charcoal Addition on the Final Properties of Carbon Anodes
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Abstract

Wood Charcoal is an attractive alternative to petroleum coke in production of carbon anodes for
the aluminum smelting process. Calcined petroleum coke is the major component in the anode
recipe and its consumption results in a direct greenhouse gases (GHG) footprint for the industry.
Charcoal, on the other hand, is considered as a green and abundant source of sulfur-free carbon
with a massive worldwide production of more than 50 Mt per annum. Pre-treated charcoal was
used to substitute up to 10 % of coke in the anode recipe in an attempt to investigate the effect
of this substitution on final anode properties. The results showed deterioration in the anode
properties by increasing the charcoal content. However, by adjusting the anode recipe this
negative effect can be considerably mitigated, e.g. increasing the pitch content was found to be
helpful to improve the physical properties of the anodes containing charcoal.

Keywords: Anodes; charcoal; petroleum coke; specific electrical resistivity; mechanical
properties.

1. Introduction

All modern smelters use the Hall-Héroult process to electrolytically reduce the alumina
dissolved in molten cryolite. In this process, carbon anodes are used to conduct high amperage
direct electrical current necessary for smelting from the busbar to the electrolyte. Oxygen from
alumina is discharged electrolytically and reacts immediately with the carbon anodes, producing
gaseous carbon dioxide (CO,) [1]. Calcined petroleum coke (CPC) is the major component in
the anode recipe. Due to the changes in the oil refining industry [2], most coke supplies do not
comply with anode specifications, which are essentially based on the upper limit of sulfur and
heavy metal content, the density, the molecular structure, as well as the mechanical properties.

Being an abundant source of sulfur-free carbon [3], wood charcoal seems, at first glance, to be
an attractive alternative for petroleum coke. Substitution of petroleum coke by charcoal in the
anode recipe would reduce the fossil CO, emissions. Furthermore, the very low content of
vanadium (V) and sulfur (S) in charcoal could allow the use of petroleum coke with higher S
and V, thus decreasing the raw material cost. However, charcoal is characterized by its
amorphous carbon structure and high concentration of inorganic minerals (Ca, Na). These
undesirable properties result in a material with high reactivity to air and CO, in addition to low
real and bulk density. Charcoal was investigated as raw material for anode production [4], the
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results showed significant deterioration in mechanical, electrical and reactivity of the anodes
containing charcoal.

Hussein et al. [5] tried to improve the properties of raw charcoal via acid washing and heat
treatment techniques. Heat treatment at elevated temperatures (1300 °C or higher) converted its
carbon structure into a more ordered one. The calcined charcoal was found to have higher real
density and lower specific surface area. In addition, performing an acid washing resulted in a
significant depletion in its inorganic mineral content. A combination between acid leaching and
calcination reduced both air and CO, reactivities of charcoal. Its air and CO, reaction profiles
became comparable to those of the calcined petroleum coke. Substituting a portion up to 10 %
of coke with pre-treated charcoal in the anode recipe did not show any negative effect on air and
CO;, reactivities of the baked anodes [5].

This work attempts to explore the effects of using the pre-treated charcoal as a raw material on
the final anode properties. To fulfill the objective, wood charcoal was washed using 1 mol L™ of
hydrochloric acid (HCI) then calcined at the same temperature as the green petroleum coke is
calcined, e.g. 1300 °C. Anode samples were made by substituting portion of coke fine fraction
by the pre-treated charcoal. Mechanical and electrical properties of these anodes were measured
and compared to those of reference anode entirely made of calcined coke and coal tar pitch. As
the composition of the anode recipe was changed the by charcoal addition, the new anode recipe
should be optimized. This can be done by changing the particle size distribution and/ or by
changing pitch/coke mass ratio. During mixing process, pitch must coat the dry aggregate
surface and be able to fill the pores. In this context, the effect of increasing the pitch content in
the anode recipe on the electrical and mechanical properties was studied.

2. Materials and methods
2.1. Materials

Industrial calcined petroleum coke provided by Alcoa Inc. was crushed and classified into
different size fraction as in Table 1. Commercially available maple wood charcoal was used as
the charcoal source. The charcoal was first ball milled and sieved. Particle size of -400 mesh (-
0.037mm) was selected for acid washing pre-treatment. The milled charcoal powder was soaked
in 1 mol L™ HCI (1 g charcoal per 100 ml HCI) in a round bottom flask, kept in an electrically
heated sand bath. The process was performed at 65 °C for 3 h under continuous stirring. The
mixture was then filtered and washed with hot distilled water. The recovered charcoal was then
dried overnight at 100 °C. The acid-washed sample was calcined at 1300 °C in a tubular furnace
under continuous argon flow. Chemical composition of the pre-treated charcoal and coke is
presented in Table 2.

Table 1. Size distribution of coke particles

Particle size -4 -8 -14 -30 -50 -100 -200 400
(US No) +8 +14 +30 +50 +100 | +200 | +400

Particle size -4.75 -2.36 -1.40 -0.600 | -0.300 | -0.150 | -0.075 .0.038
(mm) +2.36 | +1.40 | +0.600 | +0.300 | +0.150 | +0.075 | +0.038 '
Wit.% 21.8 10 11.5 12.6 9 10.6 14.5 10

276



Table 2. Inorganic concentration and ash content of pre-treated charcoal and industrial
petroleum coke

Na Ca Si V Fe Ni Ash
S (%)
(ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) (%)
Pre-treated
29 1685 312 0 58 2 0 0.55
charcoal
Pet. Coke 100 130 120 360 460 250 2.13 0.35

Only one type of coal tar pitch was used as a binder for all the experiments in this work. Table 3
shows the physical properties and chemical composition of the pitch.

Table 3. Physical properties and chemical composition of the applied pitch

Mettler softening Quinoline Coking Chemical Composition (ppm)
point (°C) insoluble (%) | value (%) | Pb | Fe | Ca | Na | S% Si
109.5 16.5 58.8 93 | 209 | 71 48 | 0.55 | 254

2.2. Laboratory pilot scale anode preparation

Laboratory scale anodes were prepared using petroleum coke aggregates with specific size
fractions as listed in Table 1 and coal tar pitch. The reference anodes were made completely of
petroleum coke. A pitch/coke mass ratio of 16.2/116.2 was used to produce the samples. The
preheating, mixing, pressing and baking parameters were selected based on the previous works
[6, 7.

To produce anodes containing charcoal, the finest fraction of coke (-400 mesh) was substituted
with pre-treated charcoal with the same particle size. Two sets of samples were prepared, having
an overall content of 5 and 10% of charcoal. Hereafter, the reference anode and anodes
containing 5% and 10% pre-treated charcoal are named as Ref A, AC-5% and AC-10%
respectively. Two other sets of anodes were prepared using 10% charcoal, but with different
pitch/coke mass ratios of 18, 20 and 22/100.

2.3.  Characterization techniques

2.3.1. Green and baked anode apparent density

The apparent density of the green and baked anodes was measured according to ASTM D5502 —
00 (2010) [8] standard method. The height and diameter of the sample was measured at four
different points with 90° apart, and then the mean value of these measurements was determined.
The apparent density of the specimen was calculated by dividing its mass by its volume.

2.3.2. Specific electrical resistivity

This property was measured according to 1ISO 11713 standard method [9]. The specific
electrical resistivity is defined as:
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P=TT 1)

Where: p = specific electrical resistivity,uQm
U = voltage drop over the sample, V
A = cross section of the sample, m?
L = distance between potential contacts, m
| = electrical current through the sample, A

The test was performed eight times for each sample, four times around the sample periphery
with 90° rotation between each test. For the other four tests, the sample was rotated axially and
the measurements were performed in the same way. The average of these eight values was
reported as the specific electrical resistivity of the sample.

2.3.3. Compressive strength and Young’s modulus

Compressive strength was measured according to ISO 18515 [10]. A MTS Servo-hydraulic
press was used to perform this test. A linearly increasing compressive force was applied until
the sample was crushed. The deformation of the sample (strain) was calculated and the stress-
strain curve was plotted. The maximum applied stress on this curve was reported as the
compressive strength. Young’s modulus was determined from the slope of the stress-strain
curve.

3. Results and discussion

Figure 1 shows the apparent density of the green and baked anode samples containing different
amounts of charcoal. Both green and baked apparent density decreased as the percentage of
charcoal increased. This behavior could be due to the relatively low bulk density of charcoal. In
addition, as the charcoal has a relatively large surface area, the amount of pitch was probably
not optimum to wet all the fine particles, affecting the viscosity of the binder matrix and its
compaction behavior.
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Figure 1. Apparent density for green and baked of anodes with different charcoal contents
Figure 2 shows the effect of charcoal substitution on the specific electrical resistivity and the
compressive strength of the anode. Increasing the charcoal in the anode recipe resulted in
remarkable deterioration in both electrical and mechanical properties of the baked anodes. This
behavior was expected from the baked density results since the baked density directly affects
both parameters.
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Figure 2. Specific electrical resistivity and compressive strength of anodes with different
charcoal contents

3.1.  Optimization of the anode recipe

One of the important parameters determining the anode paste compaction behavior and the
anode density is the pitch/coke ratio. This ratio is usually determined empirically in the anode
plants. The rational for the choice of optimum pitch content is the fact that pitch should wet the
fine coke, providing a binder matrix with sufficient viscosity to enhance the compactability of
the anode paste. Thus, the pitch content would depend on the amount of the fine fraction, as
well as its specific surface area. Blain number of the fine coke is usually used as an indication of
its specific surface area, and the pitch content is adjusted as a function of the Blain number.

By substituting charcoal in anode recipe, the Blain number is changed, so should be the pitch
content. In order to reveal the effect of pitch content on the anode properties, four samples with
10% charcoal and different pitch/coke mass ratios of 16, 18, 20 and 22% were prepared. The
same coke particle size, as presented in Table 1, was used to prepare these samples. The desired
amount of pitch was added to the dry aggregate, then mixed and pressed using the same
previously described conditions to produce green anodes with different pitch/coke mass ratio.
The green apparent density for each sample was measured, and then all the samples were baked
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at the same time. After baking, the baked apparent density, specific electrical conductivity,
Young’s modulus and compressive strength were measured.

Figure 3 shows green and baked apparent densities of anodes containing 10% charcoal but
different pitch/coke mass ratio. For comparison, the density of a reference anode is presented in
the same figure. By increasing the pitch content by 2% (i.e. from 16 to 18%), a pronounced
increase in the anode density was achieved. Gradual improvement in apparent density was
noticed by further increasing in the pitch content. The same trend was observed for both green
and baked apparent densities. As expected, this behavior can be attributed to the availability of
more pitch for better wetting the fine particles and providing a suitable binder matrix for
compaction. Although the negative effect of charcoal on the green and baked density is greatly
mitigated by increasing the pitch content, the apparent densities of the anodes containing
charcoal are still lower than that of the reference anode. In the best case (22% pitch) the density
of the baked sample is 3% lower than that of the reference sample. This could be attributed to
the low density (high porosity) of charcoal itself compared to that of calcined coke. The pore
size of the charcoal is most likely too small to be totally filled with pitch during mixing.
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Figure 3. Influence of pitch mass ratio on green and baked apparent density of anodes
contain 10% of charcoal compared to reference anode (Ref)
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Figure 4 shows the effect of pitch content on the specific electrical resistivity (SER) of the
anodes containing 10% of charcoal. These results suggested a direct relationship between SER
and the anode density. As the density of the anode was improved by increasing the percentage
of pitch, the specific electrical resistivity also had the same trend. SER of the anodes
experienced reduction by 26.1 uQm as the pitch percentage was increased from 16 to 18 %.
Further pitch addition up to 22% led to slight reduction in SER.
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Figure 4. Influence of pitch percentage on specific electrical resistivity of anodes containing
10% of charcoal compared to reference anode (Ref).

Figure 5 shows the effect of pitch content on the mechanical properties of anodes. A significant
improvement in both compressive strength and Young’s modulus was achieved by increasing
the pitch content. It is interesting to note that the compressive strength and Young’s modulus of
the baked samples with 22% pitch are the same as that of the reference samples, even though if
its density is about 3% lower. These results suggest that the very negative effect of charcoal
substitution on the mechanical properties of the anode can be fully neutralized by adjusting the
pitch content.
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Figure 5. Effect of pitch percentage on compressive strength and Young’s modulus of
anodes containing 10% charcoal compared to reference anode (Ref).
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4.

Conclusions

Using pre-treated charcoal in the anode recipe resulted in a general deterioration in the anode
properties. Increasing the charcoal content led to decrease in density, conductivity and strength
of the produced anode. This behavior was attributed to the relatively large surface area and low
density of the charcoal particles. However, increasing the pitch content was found to be helpful
to improve the wetting of charcoal resulting in a significant improvement in the physical
properties of the anodes containing 10% charcoal. The best baked anode in this study (22%
pitch and 10% charcoal) showed a density of 3% lower than that of the reference anode, an
electrical resistivity of 18% higher, and similar mechanical properties.

5.

10.

References

F. Habashi, Extractive metallurgy of aluminum, in Handbook of Aluminum, vol. 2,
New York, Marcel Dekker, 2003, pp. 1-45.

L. Edwards, Developments in Petroleum Coke Production and Impact on
Aluminium Industry, Australas. Alum. Smelt. Technol. Conf. Dubai, UAE, 2014.
http://faostat3.fao.org/download/F/FO/E (accessed November 26, 2015).

B.E. Monsen, A.P. Ratvik, L.P. Lossius, Charcoal in anodes for aluminium
production, TMS Light Met. (2010) 929-934.

A. Hussein, F. Larachi , D. Ziegler, H. Alamdari, Effects of heat treatment and acid
washing on properties and reactivity of charcoal, Biomass and Bioenergy. 90 (2016)
101-113.

F. Chevarin, L. Lemieux, D. Picard, D. Ziegler, M. Fafard, H. Alamdari,
Characterization of carbon anode constituents under CO2 gasification: A try to
understand the dusting phenomenon, Fuel. 156 (2015) 198-210.

K. Azari, H. Alamdari, G. Aryanpour, D. Ziegler, D. Picard, M. Fafard, Compaction
properties of carbon materials used for prebaked anodes in aluminum production
plants, Powder Technol. 246 (2013) 650-657.

ASTM D5502 - 00(2010), Standard Test Method for Apparent Density by Physical
Measurements of Manufactured Anode and Cathode Carbon Used by the aluminum

Industry.
ISO 11713 standard method, Carbonaceous materials used in the production of
aluminium cathode blocks and baked anodes — Determination of electrical

resistivity at ambient temperature.

ISO 18515:2014 standard method, Carbonaceous materials for the production of
aluminium - Cathode blocks and baked anodes -Determination of compressive
strength.

282



	Final ICSOBA 2016 for PRINTING 18-09-2016
	1 - TRAVAUX 2016
	2 - Foreword - Introduction to the conference proceedings
	3 - Welcome note from Claude Vanvoren ICSOBA 2016
	4 - Table of Contents ICSOBA 2016_00
	5 - KEYNOTE SESSION
	KN01 - Data Connectivity, a Key Feature of the Smelter of the Future
	KN02 - Aluminium in Infrastructures
	KN03 - Fostering an Aluminium Culture in Quebec
	KN04 - Global Developments in Bauxite, Alumina & Aluminium – Past, Present and Future
	KN05 - The Amazonic Bauxite - Advantages and Challenges
	KN06 - Aluminium Market Outlook
	KN07 - Bauxite, Alumina and Aluminium Market Overview

	6 - BAUXITE SESSION
	BX01 - Developing Bauxite Projects  Planning for Quality Product
	BX02 - Study of Minor Bauxite Deposits Madhya Pradesh Geological Studies and Techno-Economic Evaluation

	7 - ALUMINA SESSION
	AA01 - Evolution of Tube Digestion for Alumina Refining
	AA02 - Basics in non-newtonian mixing for handling of tailings and other high concentrated slurries
	AA03 - Impacts of Pressure Differentials between Flash Tanks on Flash Train Performance
	AA04 - Scale Formation in Alumina Refineries
	AA05 -  A Model for the Shear Thickening Effect of Raking Systems on Red Mud
	AA06 - Three Steps to Improved Filtration
	AA07 - Vessel Diagnosis in the Bayer Process Using Ferromagnetic Tracers
	AA08 - AKW Equipment and Process Design - Expertise in Alumina Refinery
	AA09 - Particle Image Validation of a Classifier Hydrodynamic Model
	AA10 - Optimizing Alumina Production Utilising Spreadsheet Models Based on Limited Data
	AA11 - Energy consumption optimization in alumina production
	AA12 - Lime Use Alternatives and Impacts on Processing Boehmitic Bauxites
	AA13 - Large-scale Valorization of Bauxite Residue for Inorganic Polymers
	AA14 - Development of Alkaline Aluminosilicates Processing Technology
	AA15 - Environmental and Economic Benefits of Bauxite Residue Management Using Pressure Filtration
	AA16 - The Role of Green Alumina in Green Aluminium
	AA17 - Quantitative chemical analysis of red mud and products of its processing to scandium
	AA18 - Sodium Oxalate Salt Cake Degradation when Exposed to Natural Factors in the Disposal Area
	AA19 - An Overview on Bauxite Residue Utilisation
	AA20 -  Plasma Reduction Process to Minimise Bauxite Residue

	8 - CARBON SESSION
	CB01-Effects of Charcoal Addition on the Final Properties of Carbon Anod..
	CB02-Effects of Bulk Density and Inter-particle Contacts on Electrical R...
	CB03.0-Paste Plant Self-Cleaning Tar Fumes Ventilation Ducts, Design and Operation
	CB04-Equipment Improvements on Existing Anode Paste Plants
	CB05-Multi-Particle Sedimentation under Vibration
	CB06-Vibroforming and Cooling Sections Revamping of Green Anode Plant
	CB07-The Effect of Varying Mixing and Baking Temperatures on the Quality...
	CB08-Considerations for Selecting an Open Top Anode Baking Furnace Relin...
	CB09-Performance Analysis of a Horizontal Anode Baking Furnace for Alumi...
	CB10 - Effects of Flue Wall Deformation on Aluminum Anode Baking Homogenei...
	CB11-Thermodynamic Assessment of the Chemical Durability of Refractory L...
	CB12-Numerical Investigation of the Load Free Permanent Strain in Carbon...
	CB13-Optimum Baking Level of Carbon Anodes for Aluminum Production
	CB14-Evolution of Mechanical Properties of Carbon Anodes During Baking 
	CB15-Inspection of Prebaked Carbon Anodes Using Multi-Spectral Acousto-U...
	CB16-Electrical Resistivity Measurement of Carbon Anodes Using Van Der P..
	CB17-A Non-Destructive Technique for the On-Line Quality Control of Gree...
	CB18-Evolution of Anode Porosity under Air Oxidation The Unveiling of th..

	9 - ALUMINIUM SESSION
	AL01 - Implementation of D18+ Cell Technology in Potline 1 at EGA Jebel Ali
	AL02 - Low Energy Start-Up for Low Energy Cells
	AL03 - Development and Deployment of Slotted Anodes Technology at Talum Smelter
	AL04 - Design Options to Reduce Specific Energy Consumption in Aluminium Electrolysis Cells
	AL05 - Power Supply Outages to Cells in Aluminium Smelters
	AL06 - Optimisation of the Performance of Cathode Risk Pots
	AL07 - Using SPC Method to Design an Aluminum Fluoride Addition Strategy for Aluminium Electrolysis
	AL08 - Factors Affecting Current Efficiency Based on Na Content in the Metal
	AL09 - Modelling and Design of a Forced Convection Network for Hall-Heroult Cells
	AL10 - Economic Simulation Based Decision Support for Cathode Relining Facility
	AL11 - Alternative Methods for Process Control in Aluminium Industries - XRD in Combination with PLSR
	AL12 - Comparison of Electrochemical Methods to Determine Alumina Concentration in Cryolite Based Bath
	AL13 - Metal Tapping Flow Regulation System - A Large Scale Industrial Experiencer
	AL14 - Modeling of Aluminum Tapping Operational Management to Enhance Smelter Productivity
	AL15 - Recent On-line Measurements of Individual Anode Currents at Alouette
	AL16 - Low Voltage AEs and Unreported PFC Emissions_2016-08-04
	AL17 - First Years of Operation of the Rio Tinto AP 60 OZEOS Gas Treatment Centre
	AL18 - In-Duct Scrubber _IDS_ - A Commercially Available Technology for Removal of Gaseous Pollutants from an Industrial Facility
	AL19 - Update on the Abart Gas Treatment Center Technology
	AL20 - Prolonging the Economic Lifetime of GTCs and FTCs
	AL21 - Measurement of Pot Gas Exhaust Flowrate and Heat Loss
	AL22 - Influence of Hooding Conditions on Gas Composition at the Duct End of an Electrolysis Cell
	AL23 - The LCLL process a sustainable solution for the treatment and recycling of spent potlining
	AL24 - Impact of the Solidification Rate on Chemical Composition of Frozen Cryolite Bath
	AL25 - Investigation of the Frozen Bath Layer under Cold Anodes 
	AL26 - Properties of lithium modified baths
	AL27 - Flotation and Infiltration of Artificial Rafts on the Surface of Molten Cryolite
	AL28 - Development of a New Type of Cathode for Aluminium Electrolysis
	AL29 - A New Lining Material for Aluminum Electrolysis Cells that Can be Recycled
	AL30 - Assessment of the Thermodynamic Stability of Thermal Insulating Materials in Aluminium Electrolysis Cells
	AL31 - Role of Pitting in the Formation of Potholes in Carbon Cathodes-Review
	AL32 - A Bypass Bridge Design for the Installation of Additional Cells in an Operating Potline
	AL33 - Electroslag Welding (ESW) - A New Option for Welding Aluminum Bus Bars in Smelters
	AL34 - Contact Resistance versus Pressure of Electrical Connections Used in Aluminium Smelter Potlines
	AL35 - Modelling and Engineering Experience of EGA in Brown Field Modernization of Aluminium Smelters
	AL36 - Validation of Anode Model for Voltage Drop Mitigation Studies
	AL37 - In Situ Investigation of Current Distribution in the Anode
	AL38 - Application of Boron Oxide as Protective Surface Treatment of Carbon Anodes
	AL39 - New Busbar Network Concepts Taking Advantage of Copper Collector Bars to Rduce Busbar Weight and Increase Cell Power Efficiency

	10 - DOWNSTREAM SESSION
	DS01 - Hot Top Mould for Casting Aluminium T-Bar
	DS02 - Influence of Impurities and Gassing on the Tensile Properties of 2xx Sand Cast Al - Cu Alloys
	DS03 -The Influence of Tool Geometry on Mechanical Properties of Friction Stir Welded AA-2024 and AA-2198 Joints
	DS04 - Surface Analysis of Laser Marking of Aluminum
	DS05 - Effects of Friction Stir Welding Parameters on Banded Structure for Aluminum Alloys_Abstract





