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ABSTRACT 

The vast deposits of oil sands in the Province of Alberta Canada bear significant 

quantities of vanadium, nickel, titanium and iron in the bitumen component. During 

the production of oil from this bitumen, the metals are concentrated in the coke 

and coke ash refinery by-products. This study is concerned with the removal of 

metals, particularly vanadium, from the coke and coke ash obtained from different 

coking processes. The feasibility of marketable metal recovery by both chemical 

and microbially assisted leaching techniques has been assessed. 

Further the environmental impact of the solid waste disposal of untreated coke 

and coke ash has been evaluated by investigating the mechanism and extent of metal 

leaching under natural conditions and by investigating the toxicity of these 

"natural" leachates in a novel bioassay system. 

The study presents the data obtained in a critical evaluation of the leaching 

of metals from coke and coke ash in both economic and ecological contexts. 

INTRODUCTION 

The oil sands in the Province of Alberta, Canada occupy a vast area - larger 

than either Holland or Switzerland. In common with all crude oils, these bituminous 

sands contain trace amounts of many metale.” Of these elements, vanadium is perhaps 

the most important, finding its major use as an additive in the manufacture of 

high strength, low alloy steels. During the refining of bitumen, the metals are 

concentrated in the coke by-product. Coke ash contains 2.8% vanadium, 1.8% 

titanium, 1.2% nickel and 4.2% ene For the present operation run by the Great 

Canadian Oil Sands Ltd. (GCOS), this represents over 2 tons of vanadium per day. 

When the new Syncrude plant comes into full production in the early 80's, the amount 

of vanadium potentially available for recovery from the area will be about 

1800 tone fener" With present world consumption at 20,000 tons/year, vanadium 

production from the Oil Sands could make a significant impact on the world's 

vanadium market. Commercial recovery of vanadium does not appear to be economically 

feasible at present and coke and coke ash are stockpiled. The stockpiling of 

materials rich in heavy metals, at the same time constitutes an environmental 

hazard and the toxic effects of high vanadium and nickel contents seem to rule out 

the use of ash in agricultural and reclamation schemes. Vanadium compounds are 

‘ f 3 
also toxic, both to animals and to man.
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We have obtained two types of coke; the one currently produced by GCOS using 

the delayed coker proccss” and the other, produced by the Flexicoker modification” 

of the fluid coking process. The feasibility of recovering vanadium from by- 

product coke (and coke ash) by both chemical and microbially assisted leaching 

techniques is being investigated and the results are reported herein. 

Chemical Leaching: The experiments were carried out in air-lift percolators. The 

columns contained 200 gm coke with 350 ml of leach liquid recirculated by means of 

an air-lift system. 

For Flexicoker coke, typical results for the extraction of vanadium are shown in 

Figure 1. Strong acids such as 2N H,S0, and 2N HCl extract about 35 - 40% of the 

vanadium (in the +4 oxidation state) within a week. (On this graph, 50% extraction 

corresponds to a concentration of approximately 1800 ppm vanadium.) Grinding the 

coke enhances the extraction; over 50% of the vanadium is now extracted within 2 days. 

Releaching of an acid-leached sample gives a slow release of residual metals. 

Alkaline leachates containing Na CO ,/NaHCO , buffers extract vanadium in the +5 

oxidation state. Although basic leaches are not as efficient as acid leaches, the 

extracted vanadium is free from most other metallic elements. The addition of a 

chelating agent such as EDTA increases the efficiency of vanadium extraction by 

basic media. For leachates having intermediate acidity (pH 2-7), very little 

vanadium appears to be extracted. Sodium acetate buffers (pH 6.4), for example, 

extract about 5% and water which contains slight amounts of acid (pH 2-5) only 

extracts traces of vanadium. Together with vanadium, the strong acid leachates 

extract considerable quantities of nickel, iron, titanium, aluminium and traces of 

molybdenum. Titanium is only slowly extracted by acid, but vanadium, nickel and 

iron are fairly readily extracted, at comparable rates and in comparable amounts. The 

results for iron extraction closely resemble the results for vanadium. The 

majority of the iron extracted by strong acid appears to be in the ferrous state. 

Nickel extraction is the characteristic feature of the weakly acidic leachates. 

In Figure 2 it is seen that the nickel content of Flexicoker coke appears to be 

readily susceptible to leaching under very mild conditions. The ease with which 

water leaches nickel from Flexicoker coke suggests that the stockpiling of such 

by-product coke may lead to environmental problems. Under "natural" leaching 

conditions, acute nickel toxicity may result. 

The GCOS coke that is currently being produced (at the rate of about 2,700 tons/ 

day) is not very amenable to chemical leaching. In Figure 3 we see that a fair 

amount of iron is leached out by 2N H,SO,. The other heavy metals appear to be 

securely bound. Traces of nickel are extracted but not even 1% NaOH (pH 12.8) 

extracts any detectable amount of vanadium. With ground coke, it is necessary to 

use a surfactant in the leachate to wet the coke. With the use of surfactant,
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: fae a 4 
decreased extraction efficiency is observed. Other workers have attempted to leach 

GCOS fly ash but with somewhat disappointing results. It has been suggested that 

clays (which are inevitably present) partially vitrify and bind the metals into a 

rather inert matrix. 

Microbially Assisted Leaching: Also under investigation is a metal recovery process 
  

based on microbially assisted leaching. Such processes have been actively used in 

the uranium and copper mining industries for some years, and similar vanadium 

recovery processes have been patented’, The microorganisms largely responsible for 

the leaching process have been identified as Thtobactllus ferrooxtdans although 

other bacteria such as Ferrobacillus ferrooxtdans and Thtobactllus thtooxtdans may 

also be involved. These bacteria promote the oxidation of Fe(IJ) to Fe(III) and 

convert reduced forms of sulphur to sulphate. 

The feasibility of the micorbially assisted leaching processes ultimately depends 

upon the availability of ferrous ion and/or reduced forms of sulphur nutrients for 

the bacteria. Consequently, commercially successful applications of microbial 

leaching usually involve ores which contain pyritic materials. Elemental analysis 

of the Athabasca Oil Sands cokes used in this study have shown the presence of 

significant amounts of sulphur, which appears to consist mainly of organo-sulphur 

gompounas: ” The suitability of these forms of sulphur as a basis for microbial 

growth and acid production is being investigated as shown later. In the present 

investigations, no trace of sulphide (as HS) has yet been detected in the lead 

acetate-scrubbed effluent gases emanating from the coke leaches with 2N H,SOy, but 

chemical analysis of acid leachates from GCOS and Flexicoker cokes does show 

however, that approximately 80% of the soluble iron is present in the ferrous state. 

This result suggests that the iron content of the cokes is primarily in the reduced 

state also. In view of the low iron content and depending upon the suitability of 

the particular form of sulphur, supplementary nutrients may be required for microbial 

growth. 

With the view towards adaption of autotrophs to growth in the presence of coke, 

and ultimately towards the leaching of metals from the coke, a number of cultures, 

primarily of 7. ferrooxidans, have been obtained. At this point the acknowledgement 

of generous gifts of these cultures provided by Dr. A. E. Torma of the Mineral 

Research Centre, Quebec, Dr. D. W. Duncan of the Division of Applied Chemistry, 

British Columbia Research, and Dr. R. G. L. McCready of Energy, Mines and Resources 

Mineral Research Laboratory, Elliot Lake is made. In addition, cultures of F. 

ferrooxidans ana T. thtooxtdans from the American Type Culture Collection were 

obtained. Attempts were made to grow all of the 7. ferrooxidans cultures on ATCC 

# 64 medium with 2% additional FeSO, as an energy source, but it was found that 
4 

growth was quite slow. The bacteria were progressively adapted to the presence of
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both types of coke and then to reduced concentrations of Fe(II).A characteristic 

growth parameter is shown in the next figure. Figure 4 shows the increasing ferric 

ion concentration indicating growth of the Elliot Lake culture in the presence of 5% 

coke, relative to growth in the mineral salt medium alone. The superior growth in 

the presence of coke may be due to nutrients provided by the coke, or to absorption 

of inhibitory materials in the medium by the coke. Another method of adaption 

involved the growth of a mixed inoculum of 7. & F. ferrooxidans in # 64 medium 

containing 10% coke with 2% FeSO, added, and without. With added iron the cultures 

grew readily in the presence of cat types of coke. No sign of growth has yet been 

seen with coke alone. 

T. thtooxtdans grows quite well on the standard ATCC # 125 medium with 1% 

sulphur, as Figure 5 shows. In order to utilize the sulphur content of coke as an 

energy source for microbial growth, a reduced amount of sulphur (0.25%) was used in 

the adaptation experiments. Not surprisingly, Figure 6 shows that growth in the 

lower-sulphur (coke-containing) media was less than in the "control". Interestingly 

the bacteria appear to grow better in the presence of GCOS coke than with Flexicoker 

coke. This result may be a reflection of the higher sulphur content of GCOS coke 

relative to Flexicoker coke (5% vs. 1.6%). 

Two column leaches are currently in progress. A mixed inoculum of 7. and F. 

ferrooxtdans cultures was added to one column, which contained Flexicoker coke and 

# 64 medium with 0.5% added Beso). The other column contained GCOS coke with 3% 

sulphur and # 125 medium containing an inoculum of 7. thiooxtdans. Table 1 shows 

that no significant leaching has yet occurred due to microbial action under the 

present conditions. 

An attempt was made to isolate other microbes which could grow directly on coke 

and perhaps solubilize minerals in the process. Sewage sludge was used as a source 

of microorganisms. Serial dilution depleted the energy source provided by the 

sludge, so that all organisms present were assumed to be growing on the coke. 

As well as a fungus, two types of bacteria were isolated, one growing much more 

rapidly than the other. The isolated fungus and bacteria were grown on both GCOS 

and Flexicoker cokes (10%) but grew better on the former. The supernatant of some 

of these cultures was analyzed chemically for nickel and vanadium leached from the 

coke. The results are shown in Table 2. The fungus and bacteria over a period of 

1 and 2 months respectively, do not appear to enhance the extraction of metals from 

the two cokes (in the presence. of 9K medium). 

Two columns were set up containing Flexicoker coke and mineral salt medium. One 

column was inoculated with weathered oil obtained from Oil Springs, Ontario. This 

material, from the oldest oil field in Canada (ca. 1862), has been found to be rich 

in microorganisms. The amount of metals extracted, however, is comparable to that 

of a simple water leach (see Table 3). The other column was inoculated with raw
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TABLE I 

AUTOTROPHIC LEACHES OF COKE 

  

  

COKE LEACH TIME pH METAL CONCENTRATION, ppm. 

(DAYS) Vv Ni Fe 

Flexicoke Mixed inoculum 11 aad $3 245 x 

Tf and fof 

Flexicoke Water 9 4.3 €2 220 <1 

GCOS atcc-T.t 21 2.9 $2 <0.1 7 

GCOS Water 19 8.2 §2 <0.1 €1 

* Medium contains Fe 

TABLE II 

LEACHING OF COKES BY HETEROTROPHS 
  

  

  

  

COKE MICROORGANISM pH METAL CONCENTRATION, ppm. 

Ni Vv 

Flexicoker Bacteria* 525. 65 13 

Fungus 5.3 83 18 

Bacteria* and Fungus Sad 73 18 

Control, 9K Medium S.2 88 15 

GCOS Bacteria* ek <1 <2 

Fungus Gad <1 8 

* Faster growing bacteria 
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TABLE III 

HETEROTROPHIC LEACHES OF FLEXICOKER COKE   

  

LEACH DURATION pH Vv Ni 

(days) (ppm) (ppm) 

Sewage 77 6.0 70 282 

"Old" Oil 

Springs Oil 13 Bod 9 457 

Water 6 4.4 Gr 9 410-460 

(control) 

TABLE IV 

BIOASSAY OF LEACHATE TOXICITY*   

COKE LEACHATE METAL ANALYSES pH MEDIAN SURVIVAL TIMEt 

(ppm) (minutes) 

GCOS delayed Distilled Water Vig daly non-toxic 

coker Ni <0.1 

Fe sl 

Ti €2 

Flexicoker Distilled Water Vv 9 Baby 167 + 20 
Ni. 430 

Fe «l 

72 <5 

Flexicoker 1% Na,Cco,/ Vv 520 8.65 44+7 

Ni <0.1 

Fe <l 

PL 65 

NaHCO Ce 

* All solutions contain sufficient dissolved oxygen 

+ Limits calculated at the 90% confidence interval 
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sewage. This material appears to leach a significant amount of vanadium, but this 

result may be attributable to the mineral salts alone, (cf. Table 2). It is 

possible that additional vanadium has been leached from the coke, but has been 

incorporated into the sludge. Activated sludge is known to absorb soluble metal 

‘ 8 i : ; 9 

cations and to remove vanadium from industrial wastewaters . 

Toxicity Studies: Studies have been carried out to evaluate the toxicity of simple 

leachates from the GCOS and Flexicoker cokes, and to identify the components of the 

leachate responsible for this toxicity. A simple bioassay system based on the species 

Daphnta magna (or water flea) was chosen. This system has been used in a variety of 

studies involving phenolic compounds, emulsifiers, pesticides, herbicides, inorganic 

salts and Kraft pulp and paper wascen(° The neonates of Daphnta magna have been 

found to be representative organisms of the aquatic invertebrate groups. Comparisons 

of the sensitivity of this organism to that of trout and of freshwater minnows have 

been made for various toxicants and although the correlation of the toxicity is not 

a direct one, Daphnia magna is a sensitive test species for toxicity Wi ceceaye 2 

The great advantage of this system is the capability to permit the rapid routine 

performance of the large number of tests required for analysis of toxicity variables. 

The use of trout or other higher organisms in comparable tests, would be prohibitive 

in cost and time. 

The toxicity data are shown in Table 4 for a variety of leachates, and are 

expressed in terms of the median survival time (MST), the time required to kill 50% 

of the organisms. Previous work with the Daphnia system has established the 

relationship of MST to the concentration of Ni(II) puereni, -. The toxicity of the 

distilled water leach from Flexicoker coke correlates well with that expected solely 

on the basis of nickel toxicity and in carbonate leachates of this coke, the absence 

of nickel and the presence of vanadium reveals that high toxicity can also be 

expected from dissolved vanadium alone. Distilled water leachates from GCOS coke 

showed little or no acute toxicity, as expected on the basis of their low metal 

concentrations. 

SUMMARY 

Recovery of heavy metals, in particular vanadium, is highly desirable; with certain 

types of coke it may even be necessary, since Daphnia magna toxicity experiments 

indicate that "natural" leachates may be toxic to aquatic life. Recovery of 

vanadium from Flexicoker coke may be possible by chemical means; acidic leaches give 

a better yield, but carbonate leaches allow separation of vanadium from other elements. 

GCOS coke is not readily susceptible to chemical leaching. Autotrophic and hetero- 

trophic micororganisms as yet show little indication of leaching heavy metals from 

cokes, but they are very tolerant to the presence of coke. Coke, in fact, seems to 

be quite beneficial to microbial growth. 
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