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CLEAN RESOURCES FINAL REPORT PACKAGE 

Project proponents are required to submit a Final Report Package, consisting of a Final Public Report and 

a Final Financial Report.  These reports are to be provided under separate cover at the conclusion of 

projects for review and approval by Alberta Innovates (AI) Clean Resources Division. Proponents will use 

the two templates that follow to report key results and outcomes achieved during the project and financial 

details. The information requested in the templates should be considered the minimum necessary to meet 

AI reporting requirements; proponents are highly encouraged to include other information that may 

provide additional value, including more detailed appendices.  Proponents must work with the AI Project 

Advisor during preparation of the Final Report Package to ensure submissions are of the highest possible 

quality and thus reduce the time and effort necessary to address issues that may emerge through the 

review and approval process.   

 

Final Public Report  

The Final Public Report shall outline what the project achieved and provide conclusions and 

recommendations for further research inquiry or technology development, together with an overview of 

the performance of the project in terms of process, output, outcomes and impact measures. The report 

must delineate all project knowledge and/or technology developed and must be in sufficient detail to 

permit readers to use or adapt the results for research and analysis purposes and to understand how 

conclusions were arrived at. It is incumbent upon the proponent to ensure that the Final Public Report is 

free of any confidential information or intellectual property requiring protection .  The Final Public 

Report will be released by Alberta Innovates after the confidentiality period has expired as described in 

the Investment Agreement.     

 

Final Financial Report  

The Final Financial Report shall provide complete and accurate accounting of all project expenditures and 

contributions over the life of the project pertaining to Alberta Innovates, the proponent, and any project 

partners. The Final Financial Report will not be publicly released.   

 
Alberta Innovates is governed by FOIP.  This means Alberta Innovates can be compelled to disclose the information received under this Application, 
or other information delivered to Alberta Innovates in relation to a Project, when an access request is made by anyone in the general public.   
 
In the event an access request is received by Alberta Innovates, exceptions to disclosure within FOIP may apply. If an exception to disclosure 

applies, certain information may be withheld from disclosure.  Applicants are encouraged to familiarize themselves with FOIP.  Information 
regarding FOIP can be found at http://www.servicealberta.ca/foip/.  Should you have any questions about the collection of this information, you 
may contact the Manager, Grants Administration Services at 780-450-5551. 
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CLEAN RESOURCES FINAL PUBLIC REPORT TEMPLATE 
 

1. PROJECT INFORMATION: 

Project Title:  Producing High-Value Nanostructured Metal Carbide (TiC) from 

Bitumen Coke  

Alberta Innovates Project Number:  G2019000391 (AI 2517) 

Submission Date:  March 9, 2021 

Total Project Cost:  $352,000 

Alberta Innovates Funding:  Bitumen Beyond Combustion 

AI Project Advisor: Paolo Bomben 

 

2. APPLICANT INFORMATION: 

Applicant (Organization): Natural Resources Canada – CanmetENERGY in Devon 

Address: 1 Oil Patch Drive, Devon, AB, T9G 1A8 

Applicant Representative Name: Jinwen Chen 

Title: Director of Downstream and Renewables  

Phone Number: 780-987-8763 

Email: Jinwen.Chen@canada.ca 

 
 
 
 
Alberta Innovates and Her Majesty the Queen in right of Alberta make no warranty, express or implied, nor assume 

any legal liability or responsibility for the accuracy, completeness, or usefulness of any information contained in this 

publication, nor for any use thereof that infringes on privately owned rights.  The views and opinions of the author 

expressed herein doe not reflect those of Alberta Innovates or Her Majesty the Queen in right of Alberta. The 

directors, officers, employees, agents and consultants of Alberta Innovates and The Government of Alberta are 

exempted, excluded and absolved from all liability for damage or injury, howsoever caused, to any person in 

connection with or arising out of the use by that person for any purpose of this publication or its contents.  
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3. PROJECT PARTNERS 
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 EXECUTIVE SUMMARY 

 

Adding more value to oil sands bitumen, bitumen-derived products, and by-products is economically 

important to Alberta, given the current low oil price and the high cost of producing bitumen.  Alberta’s oil 

sands industry produces around 9 million tonnes of bitumen coke as a by-product each year from 

upgrading. The high sulfur content (about 7 wt%) in bitumen coke limits its market value and utilization. 

Currently, about 113 million tonnes of bitumen coke are stockpiled in Alberta without much utilization, 

causing environmental concerns and economic challenges. Valorization of bitumen coke, therefore, offers 

potential environmental and economic benefits. 

Recently, high-value titanium carbide (TiC) is becoming an increasingly popular material used in grinding 

wheels, high-temperature heat exchangers, turbine engine seals, as well as an anti-wear and anti-abrasion 

material. Several synthesis routes have been developed to produce TiC, including carbothermal reduction 

processes, thermal plasma synthesis, chemical vapor deposition (CVD), and self-propagating high-

temperature synthesis (SHS). These processes are highly energy-intensive and often lead to the formation 

of non-stoichiometric materials. Moreover, these processes use high-purity, and therefore high cost, 

carbon feedstocks such as graphite. By contrast, methods incorporating mechanical alloying processes 

offer simple and cost-effective alternatives to produce nanostructured TiC material from high-sulfur 

bitumen coke. 

Provide a high-level description of the project, including the objective, key results, learnings, 

outcomes and benefits.  

RESPOND BELOW 

 

Please provide an acknowledgement statement for project partners, if appropriate. 

RESPOND BELOW 



 

 
4 

 
Classification: Protected A 

The objective of this project was to develop a technology pathway for synthesizing high-value 

nanostructured titanium carbide (TiC) from high-sulfur bitumen coke. Two well-developed technologies 

(mechanical alloying and thermal treatment) were applied in the process, with potential low capital 

investment and energy consumption. TiC is in high demand on the global market mainly due to its unique 

chemical, physical and mechanical properties. Therefore, the proposed technology pathway has the 

potential to contribute to a diversified, lower-carbon economy for Alberta. 

Key results to date include the following:  

• A protocol for desulfurization of high-sulfur coke was developed and optimized. Coke samples 

with different sulfur contents were generated for the project. A detailed characterization of these 

coke samples was conducted; 

• Reactive milling (aka. mechanical alloying) allowed for effective synthesis of TiC material from a 

mixture of coke and titanium; 

• A systematic study on the effects of several experiment parameters (such as different ball-to-

material ratios (BMR), milling times, and milling speeds) on the yield and quality of as-milled 

products was conducted. In addition, the study of the effect of sulfur content in coke indicates 

that low sulfur cokes can significantly reduce the milling time, but have a negligible effect on the 

TiC yield in the as-milled product; 

• Thermal treatment experiments (under different heating temperatures) of the unconverted as-

milled products (without TiC being formed) were performed. After thermal treatment, TiC was 

produced at different temperatures for the as-milled products from both High- and Low-S coke 

samples with Ti; 

• TiC yield in as-milled products synthesized from Low-S and High-S coke samples with Ti is in the 

ranges of 91 – 97 wt% and 91 – 93 wt%, respectively. To determine the yield of TiC in as-milled 

products,  thermogravimetric analysis (TGA) under air atmosphere was performed.  

• The synthesized TiC products (TiC >90 wt%), are contaminated with impurities from the original 

bitumen coke used in the experiments. For example, there are some trace amounts of metal and 

about 1.5 wt% of nitrogen and hydrogen in the as-milled products synthesized from both coke 

samples. The as-milled product synthesized from the High-S coke sample has about 1 wt% of 

sulfur content whereas less than 0.1 wt% of sulfur is present in the as-milled product synthesized 

from the Low-S coke sample; 

• The effect of different charging masses of balls and materials on the formation of TiC during the 

mechanical alloying process was investigated. It was observed that shorter milling time was 

required when the mass of charging material increased at the same BMR; 

• Investigations into the feasibility of using alternative sources for expensive Ti to reduce the 

production cost were carried out. The results showed that, under optimal experimental 

conditions, TiC could be formed from the mixture of relatively cheap titanium dioxide (TiO2), coke, 

and Ti. It was found that adding a certain percentage of Ti into the mixture of TiO2/coke is 
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necessary to induce the reaction of TiO2 with coke. The XRD results confirmed the formation of 

TiC from the mixture of TiO2/coke/Ti; 

               

Overall, the concept of synthesizing TiC from bitumen coke by using mechanical alloying and thermal 

treatment was proved to be successful, with both low and high sulfur content coke. Moreover, TiC can be 

synthesized from bitumen coke in a single mechanical alloying step, without further thermal treatment.  

Further investigation on concentration and purification of the as-milled TiC products is needed to obtain 

TiC materials of high purity and quality.  

 

 INTRODUCTION 

 

Sector Introduction 

The Alberta government is seeking to add more value to oil sands bitumen, and bitumen-derived products 

and by-products, including bitumen coke, given the current low prices for oil products from Alberta’s oil 

sands. The oil sands industry produces around 9 million metric tonnes of bitumen coke as a by-product 

each year [1]. Due to its high contents of sulfur (about 7 wt%) and other impurities, bitumen coke has a 

very low economic value as fuel ($20/tonne), which is even lower than the current average transportation 

cost to electric power plants. About 113 million metric tonnes of bitumen coke are stockpiled in the Fort 

McMurray region, resulting in environmental concerns and lost economic opportunities. Therefore, it is 

desirable both environmentally and economically to convert this low-value coke into high-value materials.  

Metal carbides have drawn a great deal of attention in many structural applications due to their 

advantages of resistance to both corrosion and wearing, high hardness, good electrical conductivity, 

chemical stability, and extremely high melting point [2, 3]. Titanium carbide (TiC) is one of the most 

popular metal carbides and is used in ceramic metals (cermets), grinding wheels, high-temperature heat 

exchangers, turbine engine seals, and as an anti-wear and anti-abrasion material for making cutting tools 

and polishing paste. The wide variety of uses for TiC is due to its high melting point (3160 °C), hardness 

(2470-2800 kg/mm2), Young’s modulus (410-450 GPa), and relatively low density (4.93 g/cm3) in 

comparison to other carbides [4,5].  

Please provide a narrative introducing the project using the following sub-headings. 

• Sector introduction: Include a high-level discussion of the sector or area that the project 

contributes to and provide any relevant background information or context for the project.   

• Knowledge or Technology Gaps: Explain the knowledge or technology gap that is being addressed 

along with the context and scope of the technical problem. 

RESPOND BELOW 

•  
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Typically, TiC is synthesized by high-temperature (1900 °C to 2900 °C) processes such as the direct 

chemical reaction of Ti and carbon [6], or carbothermal reduction (displacement reaction of TiO2 and C) 

[4,7]. The main disadvantage of these methods is the high production cost due to the intensive energy 

use and the price of high-purity Ti. Other synthesis pathways being developed at bench scale to reduce 

the cost and energy consumption required to produce TiC include thermal plasma synthesis [8], chemical 

vapor deposition (CVD) [9], and self-propagating high-temperature synthesis (SHS) [10,11]. In these 

methods, the substrates used to synthesize TiC include highly pure and costly carbon sources (e.g., 

graphite). 

In this project, funded by Alberta Innovates’ Bitumen Beyond Combustion (BBC) program, we proposed 

and developed the synthesis of TiC from raw bitumen coke using a combination of mechanical alloying 

(MA) and thermal treatment, with the general objective of reducing energy consumption and production 

cost. MA is a solid-state powder processing technology that enables the production of different types of 

materials, with the advantages of low capital investment in equipment and high energy efficiency [12]. 

Specifically, Ti powder and bitumen coke are mechanically activated through a high-energy ball milling 

process to reduce the energy requirement of the subsequent thermal treatment process. As a result, the 

temperature of the TiC synthesis can be reduced from over 1900 °C for the carbothermal reduction or 

direct chemical reaction processes, to just 900 °C. 

 

Technology Gaps:  

This project addresses two critical technological and environmental gaps: 1) effectively managing bitumen 

coke from oil sands development; 2) efficiently producing high-value materials from bitumen coke. The 

upgrading and refining of Canadian bitumen results in about 9 million tonnes of bitumen coke each year, 

most of which is stockpiled as waste due to its high sulfur content. This represents an opportunity to 

capture the potential economic value while reducing environmental footprints. This project develops a 

novel technology to produce high-value metal carbides and utilize bitumen coke instead of stockpiling on 

the ground. 
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 PROJECT DESCRIPTION  

 

Technology Description 

A technology to produce high-value nanostructured metal carbide (TiC) from low-value bitumen coke, 

which has a high content of sulfur, was proposed and developed in this project. This innovative technology 

consists of mechanical alloying and thermal treatment processes. The mechanical alloying process is a 

solid-state powder process with the advantages of low capital investment in equipment and high-energy 

efficiency. Nanostructured titanium carbide is synthesized in two steps: during the first step, bitumen coke 

and titanium powder are mechanically activated through a high-energy milling process. In the second 

step, the pre-activated mixture is thermally activated in molten salt to produce titanium carbide. There 

are no contaminants formed as by-products in this process, reducing environmental impact and 

cleanup/disposal costs. Energy is also efficiently used through the highly energy-efficient mechanical 

alloying technology. During the synthesis of titanium carbide, the mechanical alloying process uses 

mechanical energy to pre-activate a bitumen coke-Ti powder mixture, reducing the required energy use 

in following thermal treatments. Synthesizing nanostructured materials with a narrow nanoparticle size 

distribution is also a novel feature of this developed technology. Compared to conventional methods for 

the synthesis of TiC, nanostructured carbide can be synthesized in this process due to the use of the 

mechanical alloying process, shorter thermal treatment time, and lower thermal treatment temperature.  

 

Please provide a narrative describing the project using the following sub-headings. 

• Knowledge or Technology Description: Include a discussion of the project objectives. 

• Updates to Project Objectives: Describe any changes that have occurred compared to the original 

objectives of the project.  

• Performance Metrics: Discuss the project specific metrics that will be used to measure the 

success of the project. 

RESPOND BELOW 

 



 

 
8 

 
Classification: Protected A 

The objective of this project 

1. Produce coke samples with different S contents through the desulfurization process as feedstocks for 

the project.  

2. Investigate the formation of TiC by the mechanical alloying process followed by the thermal treatment 

process.  

3. Characterize the properties of the synthesized TiC products and explore the application of the TiC 

products.  

4. Explore the possibility of synthesizing TiC by using other reagents (i.e., TiO2). 

 

Updates to Project Objectives: Low-S content coke was produced successfully and used in the project. 

The TiC product was generated after the mechanical alloying process with different milling speeds, 

milling times, and BMR. The yield of the TiC product was estimated by the combination of XRD and TGA 

tests to be over 90%. Therefore, the steering committee (SC) members discussed the necessity of 

further investigation on the thermal treatment process and decided not to continue the study of the 

thermal treatment process from the originally proposed objectives. SC members also suggested 

performing parallel experiments with petroleum coke and titanium (IV) oxide (TiO2) (i.e. initializing Task 

V as soon as possible) at the first steering committee meeting. This objective was also modified to add Ti 

into the mixture of TiO2 and coke which could release the energy to induce the reaction between TiO2 

and coke.  

 

Performance Metrics 

Key Project 

Objectives 

Key 

Performance/Success 

Indicator 

Project 

Completion 

Target 

Achieved 

Target 

Synthesis of metal 

carbide (TiC) 

Yield efficiency 80% 90% 

Sulfur tolerance Sulfur content in 

bitumen coke 

5% 7% 

 

The proposed target for completing the project in terms of TiC yield was exceeded. We proposed an 

80% TiC yield target in the proposal but achieved over 90% of TiC yield in the as-milled product 

(formed both from High-S coke and Low-S coke samples). 
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 METHODOLOGY 

 

The proposed methodology consists of mechanical alloying and thermal treatment processes. The 

mechanical alloying process is a solid-state powder process with the advantages of low capital investment 

in equipment and high-energy efficiency. Nanostructured titanium carbide is synthesized in two steps: 

during the first step, bitumen coke and titanium powder are mechanically activated through a high-energy 

milling process. A planetary mill is employed to mechanically activate the coke and Ti/TiO2 powder 

mixtures in this project. The milling media consists of five different diameters of stainless steel balls 

confined in a 150 mL stainless steel jar. In the second step, the pre-activated mixture is thermally activated 

in molten salt to produce titanium carbide. The as-milled powder obtained from coke samples after the 

mechanical alloying process is blended with a salt mixture (NaCl and KCl) under 200 rpm for 1 h in the ball 

mill. The mixture is then pressed into cylindrical sheets dropped into a molten mixture of NaCl and KCl. 

The thermal treatment process is carried out in the muffle furnace at different temperatures at a ramp 

rate of 10 °C /min and a holding time of 1 h. After being cooled to room temperature at a ramp rate of 20 

°C /min, the thermally treated products are separated from the salts by washing with distilled water. 

 

During project execution, the coke and products were characterized and studied using several analytical 

techniques including elemental analysis, X-ray diffraction (XRD), thermogravimetric analysis (TGA), 

scanning electron microscopy (SEM), transmission electron microscopy (TEM), and X-ray photoelectron 

spectroscopy (XPS). The density gradient separation experiments with the use of sodium polytungstate 

(SPT) solution were used and this approach was successfully applied for the purification (and pre-

concentration) of TiC in as-milled products after the mechanical alloying process. 

 PROJECT RESULTS 

 

1. Desulfurize bitumen coke 

• A protocol for desulfurization of high-sulfur coke was developed and optimized. A detailed 

characterization of these coke samples was conducted.  

Please provide a narrative describing the key results using the project’s milestones as sub-headings.  

• Describe the importance of the key results. 

• Include a discussion of the project specific metrics and variances between expected and actual 

performance. 

RESPOND BELOW  

 

Please provide a narrative describing the methodology and facilities that were used to execute and 

complete the project. Use subheadings as appropriate. 

RESPOND BELOW 
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The S content in the original coke (~7 wt%) has been successfully reduced, and two coke samples with 

different levels of sulfur were prepared, medium-sulfur coke (2.8 wt% of S) and low-sulfur coke (~0.2 wt% 

of S), respectively. This result provides a basis for studying the tolerance of S to TiC synthesis. This part of 

the experiment is consistent with the expectations in the proposal. 

 

2. Mechanical alloying process for the synthesis of titanium carbide.   

• A full factorial design approach was adopted to systematically study the effect of several 

experiment parameters (such as different ball-to-material ratios (BMR), milling times, and milling speeds) 

on the yield and quality of as-milled products was investigated. In addition, the study of the effect of sulfur 

content level in coke showed that low sulfur coke reduces the milling time, but has a negligible effect on 

the TiC yield in the as-milled product. The results showed that the High-S coke and Ti required higher BMR, 

longer milling time, and higher milling speed to be converted into TiC than the Low-S coke and Ti.  

 

Figure 1. The scheme of the synthesis of TiC through the mechanical alloying process 
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Figure 2. XRD patterns of the as-milled products synthesized from High-S and Low-S coke samples with Ti 

at different milling times, milling speeds, and ball-to-material ratios 
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The results indicated that TiC can be synthesized successfully with a high yield from bitumen coke at certain 

conditions through the mechanical alloying process. It provides the feasibility of synthesizing TiC only 

through the mechanical alloying process without the thermal treatment if the yield of TiC is higher enough. 

It will reduce production steps and costs. In the proposal, it was not expected that TiC could be produced 

just by the mechanical alloying process. The actual performance was much better than anticipated. 

•        The effect of the different charging mass of balls and materials on the formation of TiC was 

investigated during the mechanical alloying process. A shorter milling time was required to synthesize TiC 

when the mass of balls and materials doubled or tripled (80:2 vs 120:3) under the same milling speed. The 

TiC yield of the as-milled product synthesized with the BMR of 120:3 for 3 h (compared with the BMR of 

80:2 for 5 h) from the Low-S coke sample with Ti was ~97 wt%, whereas the TiC concentration of the as-

milled product synthesized with the BMR of 120:3 for 5 h (compared with the BMR of 80:2 for 10 h) from 

the High-S coke sample with Ti was ~92 wt%.  Sample purity was difficult to assess and the need for 

purification will be dependent on commercial requirements. 

This observation will provide useful guidance for studying the scaling up of the mechanical alloying process. 

 

3. The thermal treatment process for the synthesis of titanium carbide. 

• In several cases, the XRD results indicated that there was unconverted Titanium in the as-milled 

products (under certain conditions), mainly due to insufficient mechanical energy during the reactive 

milling process, which resulted in a poor reaction between Ti and coke. In those cases, the unconverted 

Ti and C (from coke) exist as pre-activated Ti(C) material.  Thermal treatment experiments (under different 

heating temperatures) on those as-milled products were successfully performed. After thermal 

treatment, TiC was produced at different temperatures with the as-milled products synthesized from both 

High- and Low-S coke samples with Ti.    

 

Figure 3. XRD patterns of the as-milled products synthesized from High-S and Low-S coke samples with Ti 

before and after thermally treated at different temperatures 
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The results suggest that the unconverted pre-activated Ti(C) powder was converted into TiC after the 

thermal treatment at 850 °C. As expected, the pre-activation of the titanium and carbon mixture reduced 

the temperature required for the formation of TiC in the thermal treatment steps, which would otherwise 

be more than twice as high. Generally, this method implies a cheaper and ‘greener’ way of producing TiC. 

There is a potential to optimize the mechanical alloying process and the thermal treatment process to 

minimize production costs and GHG emissions. 

  

• The feasibility of using alternative sources of expensive titanium was systematically investigated 

to reduce the feedstock cost. The results showed that, under optimal experimental conditions, titanium 

carbide could be formed from the mixture of relatively cheap titanium dioxide (TiO2), coke, and titanium. 

Both High-S coke and Low-S coke were milled with Ti at different milling times and no TiC was produced. 

Furthermore, thermal treatment was conducted on the as-milled product synthesized from the Low-S 

coke sample with TiO2, and TiO2 remained the dominant material in the product after thermal treatment 

at 1200 °C. Therefore, we added a certain percentage of Ti into the mixture of TiO2 and coke to induce the 

reaction of TiO2 and coke by using the energy released from the reaction of Ti and coke. The XRD results 

showed the TiC was produced after the mechanical alloying process. 

This result indicated the feasibility of synthesizing TiC by using the mixture of TiO2/Ti/coke through the 

mechanical alloying process. It still needs further investigation to confirm the yield of TiC and purity. 

However, it may provide a potential method to reduce feedstock cost because TiO2 is much cheaper than 

Ti. 

 

4. Product performance and applications of TiC 

•           The application of TiC was discussed with several experts and the product synthesized through the 

developed process could be a good candidate as a coating material.  The experiments to prove the above 

hypothesis were designed. However, due to time constraints, we were unable to produce the required 

amount of sample for the coating experiment.  

This situation indicates that to explore the application of the synthesized TiC product, there is a need to 

scale-up the production of TiC by mechanical alloying. Larger mechanical milling equipment is needed. 

• To determine the yield of TiC in the as-milled products, the thermogravimetric analysis under air 

atmosphere was employed. The results indicate that the TiC yield in as-milled products synthesized from 

Low-S and High-S coke samples with Ti is in the ranges 91 – 97 wt% and 91 – 93 wt%, respectively. 

The broad diffraction peaks from amorphous coke made it difficult to quantify TiC directly from the XRD 

diffractogram. Therefore, TGA analysis under air atmosphere (oxidative TGA) was used to determine the 

TiC content in the as-milled products. Preliminary results indicated that the oxidative TGA method could 

quantitatively determine the yield of TiC and assist to evaluate the performance of our experimental 

design. 

• The effect of sulfur content in the bitumen coke on the formation of TiC was investigated.   
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The study of the effect of sulfur content level in coke indicates that low sulfur coke can reduce the milling 

time, but has a negligible effect on the TiC yield in the as-milled product. This observation indicates that it 

is not necessary to reduce sulfur content in the coke for the production of TiC as long as the end-users can 

tolerate the impurities in TiC products It should be pointed out that high sulfur coke requires a longer 

milling time to produce TiC than low sulfur coke. There is a trade-off between the costs of desulfurizing the 

coke and using a longer milling time. It requires a much more complicated techno-economic analysis to 

determine the optimized production cost and economic benefit.   

 

 

Project Specific Metrics 

During contracting general strategic and technical project metrics were defined.  They are listed along 

with their outcomes below. 

 

Metric Outcome 

Enabling the chemical conversion of bitumen coke Successful.  TiC was generated from bitumen coke 

through mechanical milling, with/without thermal 

treatment. 
Creation of high-value products from low-value 

bitumen coke 

Sulfur content determined in bitumen coke 
Successful. Different sulfur content coke samples 

were generated via the desulfurizing process. 

Metal content determined in bitumen coke 
Successful. The metals in the coke were identified 

and quantified.  

Mechanical alloying conditions and factors 

determined 
Completed and described earlier in this report. 

Thermal treatment reaction conditions identified Completed and described earlier in this report. 

The purity of TiC determined Purity was partially determined. 

Hardness and wear behavior of TiC determined 
Available TiC material quantities were insufficient 

for these tests. 
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 KEY LEARNINGS  

 

1. The project was successful and proved that TiC can be synthesized from bitumen coke irrespective of 

the sulfur content in the input charge. Moreover, TiC could be synthesized from bitumen coke in one 

mechanical alloying step only, without further thermal treatments.  

2. The effect of the different charging mass of balls and materials on the formation of TiC was investigated. 

It was not expected that the charging mass of balls and materials would affect the required conditions for 

TiC formation at the same BMR.  The interesting observation was that, at the same BMR, the larger the 

charging mass of balls and materials, the shorter milling times required for the TiC formation. This learning 

raises an important research topic of studying the effect of the charging mass of balls and materials on 

the formation of TiC, which will guide the production scale-up in the future. 

3. The difficulty of determining the purity of the final product was fully aware of. The composition of 

bitumen coke is very complex and includes impurities such as hydrogen, nitrogen, sulfur, and metals. Most 

of these elements are retained in the final product. Therefore, it is difficult to achieve the high purity of 

the final product. 

4. An indirect method to calculate TiC yield in the as-milled products was developed. The broad diffraction 

peaks from amorphous coke make it difficult to quantify TiC directly from the XRD diffractogram. 

Therefore, TGA analysis under air atmosphere (oxidative TGA) was used to determine the TiC content in 

the as-milled products. Results indicate that the oxidative TGA method can quantitatively determine the 

yield of TiC and assist evaluation of the performance of our experimental design. 

5. Experimental results suggest that the cost of the one-step production of TiC by mechanical alloying is 

potentially lower than using other energy-intensive methods.   

 

 

Please provide a narrative that discusses the key learnings from the project. 

• Describe the project learnings and importance of those learnings within the project scope. Use 

milestones as headings, if appropriate. 

• Discuss the broader impacts of the learnings to the industry and beyond; this may include changes 

to regulations, policies, and approval and permitting processes 

RESPOND BELOW 
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 OUTCOMES AND IMPACTS 

 

This project commenced prior to the development of the standard metrics described above.  This section 

will evaluate outcomes and impacts relative to the metrics described in the contract.   

Project Outcomes and Impacts 

This project was expected to address two critical technological and environmental gaps: how to manage 

bitumen coke and how to add more value to it. As mentioned in Section E, TiC has been successfully 

synthesized from bitumen coke. The high-value material is produced from bitumen coke and could 

generate economic benefits for the oil sands industry. The current industrial practice for bitumen coke 

storage is stockpiling on the ground near upgrading/refining facilities that produce it as a by-product. The 

inventory of bitumen coke in Alberta has reached around 113 million tonnes in storage, and this is 

becoming an environmental concern in the communities of northern Alberta. This concern would be 

partially addressed through this new application of bitumen coke. Therefore, this project not only 

addresses related environmental concerns but also brings business and economic opportunities for the 

community, which is highly needed under the current economic situation.   

This project proved that mechanical alloying can be an important alternative to the existing TiC synthesis 

pathways and requires only one step to produce TiC instead of using the combination of the mechanical 

alloying and the thermal treatment processes proposed originally in our proposal. The elimination of the 

thermal treating step could dramatically reduce the cost of production of TiC and decrease the overall 

GHG emissions of this process. 

 

Please provide a narrative outlining the project’s outcomes.  Please use sub-headings as appropriate. 

• Project Outcomes and Impacts: Describe how the outcomes of the project have impacted the 

technology or knowledge gap identified.  

• Clean Energy Metrics: Describe how the project outcomes impact the Clean Resources Metrics as 

described in the Work Plan, Budget and Metrics workbook. Discuss any changes or updates to 

these metrics and the driving forces behind the change. Include any mitigation strategies that 

might be needed if the changes result in negative impacts. 

• Program Specific Metrics: Describe how the project outcomes impact the Program Metrics as 

described in the Work Plan, Budget and Metrics workbook. Discuss any changes or updates to 

these metrics and the driving forces behind the change. Include any mitigation strategies that 

might be needed if the changes result in negative impacts. 

• Project Outputs: List of all obtained patents, published books, journal articles, conference 

presentations, student theses, etc., based on work conducted during the project. As appropriate, 

include attachments.  

RESPOND BELOW 
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Project Activities 

Tasks  Proposed activities Completed activities 

1. Purchase the equipment and 

desulfurize bitumen coke 

 

  Desulfurize bitumen coke to obtain 

the coke with different sulfur 

content; Characterize bitumen coke 

with different sulfur content 

Successfully produced different S 

content coke samples and 

characterized the coke samples in 

detail. 

2. Mechanical alloying process for the 

synthesis of titanium carbide.   

 

 Investigate the effects of different 

instrumental and processing 

parameters (BMR, milling time, and 

milling speed) on the variability of 

pre-activated powders;  

All the activities were completed on 

time and useful conclusions on the 

conditions of TiC synthesis were 

obtained.  

3. The thermal treatment process for 

the synthesis of titanium carbide. 

 

 Study the effects of different 

temperatures and heating times on 

the yield and property (particle size) 

of TiC; Explore the effect of sulfur 

content on the property and yield of 

TiC; Establish a model of synthesis 

process for TiC. 

Due to the COVID-19 lock-down, 

only the effect of different 

temperatures on the formation of 

TiC was completed on time. The 

effect of different heating times was 

removed after the steering 

committee meeting because TiC can 

be produced just by the mechanical 

alloying process. 

4. Product performance and 

applications of TiC. 

 

 Characterize TiC with regard to the 

hardness, wear behavior, etc..; 

Explore the applications with the 

collaborators. 

The characterization work was 

conducted including the 

morphology, the elemental 

composition, etc.; The hardness and 

wear behavior weren’t measured 

because the particle size of TiC was 

too small.  
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5. Explore the possibility of 

synthesizing TiC by using the other 

reagents (i.e., TiO2). 

 

 Check the possibility of synthesizing 

TiC using other reagents such as TiO2 

This activity was executed in parallel 

with tasks 2, 3, and 4. The result 

showed TiC can’t be synthesized 

from TiO2 and coke samples by the 

mechanical alloying and thermal 

treatment. A new method was 

conducted, which was adding Ti to 

the mixture of TiO2 and coke, and 

TiC was synthesized after beyond 20 

h milling.  

6. Results dissemination.  

 Analyze and summarize results, 

prepare reports. 

Completed. 

 

 

Project Outputs 

- Four progress reports have been submitted to Alberta Innovates.  

- One conference presentation was given at the Suncor Academic Forum, October 14-16, 2020. 

- One internal technical report summarizing the application of Laser-Induced Breakdown 

Spectroscopic Analysis (LIBS) to the detailed and fast characterization of bitumen coke samples. 

- Several experimental protocols, including coke desulfurization, and reactive milling of titanium 

and coke, were developed and tested. 

 



 

 
19 

 
Classification: Protected A 

 BENEFITS 

 

Economic 

Petroleum refineries and oil sands upgrading facilities, which produce bitumen coke as a waste or by-

product, are the key markets for this developed technology. In Alberta, Suncor, Syncrude, and Canadian 

Natural are the major producers of bitumen coke, creating around 9 million tonnes each year. Only a small 

part of the annual production (around 10%) is used as a fuel to generate heat and steam on site, and this 

use produces significant harmful emissions. Since any unused bitumen coke is simply stockpiled, the oil 

sands upgraders have abundant feedstocks to adopt this developed technology. Although the scale of 

production may be limited by current market demand, there could be various products generated by the 

developed technology, such as TiC and WC, etc. The market demands for these materials also increase 

dramatically every year.  

Taking TiC as an example, assuming 10% annual production of bitumen coke (80 wt% C) is converted 

through this technology with 60% yield of TiC, about 2,156,040 tonnes of TiC (average market price: 

$26,000/T) would be produced, resulting in new revenues of $5.6B per year. Therefore, enormous 

economic benefits would be generated and hundreds of jobs will be created in Alberta once this 

technology is in commercial operation. It is difficult to estimate the exact number of jobs created with the 

commercial adoption of this technology at present. 

It should be pointed out that any small business can implement this technology as long as it can purchase 

bitumen coke from the producers at a low price (or even get it for free).  

Please provide a narrative outline the project’s benefits. Please use the subheadings of Economic, 

Environmental, Social and Building Innovation Capacity. 

• Economic: Describe the project’s economic benefits such as job creation, sales, improved 

efficiencies, development of new commercial opportunities or economic sectors, attraction of 

new investment, and increased exports. 

• Environmental: Describe the project’s contribution to reducing GHG emissions (direct or indirect) 

and improving environmental systems (atmospheric, terrestrial, aquatic, biotic, etc.) compared to 

the industry benchmark. Discuss benefits, impacts and/or trade-offs.  

• Social: Describe the project’s social benefits such as augmentation of recreational value, 

safeguarded investments, strengthened stakeholder involvement, and entrepreneurship 

opportunities of value for the province. 

• Building Innovation Capacity: Describe the project’s contribution to the training of highly 

qualified and skilled personnel (HQSP) in Alberta, their retention, and the attraction of HQSP from 

outside the province. Discuss the research infrastructure used or developed to complete the 

project.  

RESPOND BELOW 
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Environmental and Social 

Currently, the primary application of Alberta bitumen coke is for combustion as a fuel in industrial and 

power generating plants. In Alberta, around 9 million tonnes of bitumen coke was produced by oil sands 

upgraders each year. Of this quantity, about 10% is used as a site fuel every year according to an Alberta 

energy regulator report. One of the oil sands upgraders produced about 4.5 million tonnes of bitumen 

coke, and only 11% of this coke was burned as a site fuel in 2017. Thus, this is an important baseline to 

choose for GHG impacts comparison, if the collaborator implements the developed technology and 

converts these 495,000 tonnes of coke to high-value materials while generating the same amount of heat 

by use of natural gas. According to the "Emission Factors for Greenhouse Gas Inventories" report issued 

by the U.S. Environmental Protection Agency, CO2 emissions for bitumen coke are 2787 kg/ton. In 2017, 

one oil sand producer burned about 495,000 tonnes of bitumen cokes. Therefore, the total GHG emissions 

produced by burning coke included 1.4 million tonnes of CO2. Should these 495,000 tonnes of bitumen 

coke be converted by our developed technology to produce high-value nanostructured materials rather 

than burning them as a fuel, tremendous economic benefits for the company will be generated, thereby 

easily covering the capital cost of replacing their coke-fired boilers with natural gas-fired cogeneration 

units. Production of the same amount of heat energy by burning natural gas would release about 0.7 

million tonnes of CO2. Thus, the GHG emissions reduction would amount to 0.7 million tonnes of CO2 per 

year. 

Bitumen coke also has extremely high sulfur content. Hence direct burning without further treatment 

generates large quantities of SO2, causing serious air pollution. This is why only a small portion of the total 

bitumen coke (about 10% of annual production) is blended with other fuels and burned for steam 

generation and power production in oil sands operations. In general, petroleum coke has been restricted 

for direct burning as fuel in many countries due to these environmental concerns. The current industrial 

practice for bitumen coke storage is stockpiling on the ground near upgrading/refining facilities that 

produce it as a by-product. The inventory of bitumen coke in Alberta has reached around 113 million 

tonnes in storage, and this is becoming an environmental concern in the communities of northern Alberta. 

If this technology is further developed and implemented in that region, it will not only address the 

environmental concern, but also bring in business and economic opportunities for the communities, which 

is highly needed under the current economic situation.   

 

Building Innovation Capacity 

In the short term, this project developed a pathway to bench-scale production of high-value materials 

(TiC) from low-value bitumen coke. The key outcome of this project is a demonstration of the developed 

technology, including several fundamental research studies. Upon completion of the project, four 

progress reports have been completed and delivered to Alberta Innovates, one internal departmental 

report was generated, one conference presentation was made and one journal paper is in preparation. 
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In the long term, the goal is to create a large-scale economic and industrial capacity for the smart and 

environmentally-friendly utilization of 10 to 20 percent of the total production of bitumen coke at the 

early commercialization stage in Alberta. This will require significant training and involvement of HQP, 

which is difficult to quantify at the current stage. The required investment of the entire process for the 

production of high-value materials from low-value bitumen coke is high. On the other hand, this 

investment should create hundreds of highly paid manufacturing jobs and produce substantial economic 

revenue for companies and businesses that undertake commercial production. 

 

 RECOMMENDATIONS AND NEXT STEPS 

  

The project successfully demonstrated the TiC synthesis from bitumen coke on the lab-scale. However, 

some of the unknowns should be explored in further technology development before moving on to field 

demonstration and commercialization.  

1. The relationship of the charging mass of balls and materials (at the same BMR) to the milling time and 

speed on TiC production is an important parameter for the production, especially for the 

commercialization step. So far, we observed that the bigger charging mass of balls and materials with the 

same BMR will reduce the required milling time or speed to produce TiC. Therefore, understanding this 

relationship will guide the process design for scale-up.  

2. The composition of as-milled products. The composition of synthesized TiC products is the key property 

for its applications and product pricing. We explored several methods and still were unable to determine 

the exact composition of TiC products due to the complex composition of coke samples, the formed TiC, 

and unreacted Ti as well as how to differentiate coke, TiC, and Ti. Therefore, the measurement of the 

composition of TiC products and the procedure of the purification process will be important steps for 

commercialization. 

3. The further investigation on the synthesis pathway of TiC by milling the mixture of TiO2/Ti/coke through 

the mechanical alloying process. The preliminary experiment results indicated TiC was synthesized via this 

Please provide a narrative outlining the next steps and recommendations for further development 

of the technology developed or knowledge generated from this project. If appropriate, include a 

description of potential follow-up projects.  Please consider the following in the narrative: 

• Describe the long-term plan for commercialization of the technology developed or 

implementation of the knowledge generated. 

• Based on the project learnings, describe the related actions to be undertaken over the next two 

years to continue advancing the innovation. 

• Describe the potential partnerships being developed to advance the development and learnings 

from this project. 

RESPOND BELOW 
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pathway. However, the optimal ratio of the amount of TiO2 to Ti and the yield of TiC still need to be studied 

systematically. 

 

Potential partnerships 

Our suppliers are major producers of bitumen coke in Alberta. They are potential and suitable recipients 

for this technology and could obtain tremendous economic benefits once the developed technology is 

commercialized. The members of these corporations/partners have attended all steering committee 

meetings and significantly contributed to all the key stages of the project. They are aware of the potential 

of this project outcome and we hope they will continue to be strong collaborators in future investigations. 

 

Dr. Gary Fisher is the Team Lead of the Surface Engineering group at InnoTech Alberta. His areas of 

expertise include wear and corrosion-resistant materials and protective coatings for aerospace, 

petrochemical, energy, and mining applications. His current research is focused on developing protective 

composites and overlays for the oil sands industry. One of his research topics is TiC application as a coating 

material. There was some non-confidential discussion undertaken with Dr. Fisher on the market demand 

of TiC and the application of synthesized TiC products.  A coating experiment could not be conducted 

because our current production scale does not meet the amount required for such an experiment. We are 

hoping in the next phase of the study to set up a larger mechanical milling unit to produce enough TiC 

material for coating tests. 

  

 

 KNOWLEDGE DISSEMINATION  

 

The outcomes of the project have been disseminated through attendance at related conferences, 

workshops, and publishing journal papers, and progress and technical reports (see project outputs in 

Section G). There were regular steering committee meetings and discussions with governmental 

organizations and the industrial collaborators, which are the potential receptors of the developed 

technology, to involve them in research design and analysis of results to adjust the process parameters 

regarding commercial standards as the project progresses.  

 
 

Please provide a narrative outlining how the knowledge gained from the project was or will be 

disseminated and the impact it may have on the industry. 

RESPOND BELOW  
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 CONCLUSIONS 

 

Overall, the project was successful and proved that TiC can be synthesized from bitumen coke irrespective 

of the sulfur content in the input charge. Moreover, TiC can be synthesized from bitumen coke in only one 

mechanical alloying step, without further thermal treatments, although treatments for purity may be 

necessary depending on commercial requirements.  

A protocol for desulfurization of high-sulfur coke was developed and optimized. Different sulfur content 

coke samples were generated for the project. A detailed characterization of these coke samples was 

conducted.  

Reactive milling (aka. mechanical alloying) allowed for effective synthesis of TiC material from a mixture 

of coke and titanium. A full factorial design approach was adopted to the systematic study of the effects 

of several experiment parameters (such as different ball-to-material ratios (BMR), milling times, and 

milling speeds) on the yield and quality of as-milled products was investigated. In addition, the study of 

the effect of sulfur content level in coke indicates that low sulfur coke can reduce the milling time, but 

have a negligible effect on the TiC yield in the as-milled products. 

Thermal treatment experiments (under different heating temperatures) of the unconverted as-milled TiC 

products were successfully performed. TiC was obtained after the thermal treatment. 

The results indicate that the TiC yield in as-milled products synthesized from Low-S and High-S coke 

samples with Ti is in the ranges 91 – 97 wt% and 91 – 93 wt%, respectively. To determine the yield of TiC 

in the as-milled product a thermogravimetric analysis process under air atmosphere was developed and 

used. 

The effect of the different charging mass of balls and materials on the formation of TiC during the 

mechanical alloying process was investigated. It was observed that a shorter milling time was required 

when the mass of charging material increased at the same BMR. 

The feasibility of using alternative sources of expensive titanium was systematically investigated to 

improve the economy of the entire reactive milling process. The results showed that, under optimal 

experimental conditions, titanium carbide has been formed from the mixture of relatively cheap titanium 

dioxide (TiO2), coke, and titanium. It was found that a certain percentage of Ti in the mixture of TiO2/coke 

is necessary to induce the reaction of TiO2 with coke. The XRD results confirmed the formation of TiC from 

a mixture of TiO2/coke/Ti. 

Please provide a narrative outlining the project conclusions.  

• Ensure this summarizes the project objective, key components, results, learnings, outcomes, 

benefits and next steps.   

RESPOND BELOW  
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