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3 - AESTRACT
. During the. processing of bitumen from the Athabasca oil
sands of northern Alberta,‘the fly ash produced is rich 1n
many metals. The two plants currently in operation, Suncor
and Syncrude, préduce approximately 250 tonnes/year ‘of ash
éontaining 1-3% vanadium and 0;1—0.9% nickel. This thesis
reviews the formation of ash and the extraction of metals
from ash, attempts to characterize the ash and develops the
optimum extraction procedures for recovering vanadium and
nickel. |
vanadium extraction of 90% can be obtainedvy%;afgasting

ey e

. — o 4
suncor ash with sodium chloride and leaching with

A similar nickel extraction can be obtained ,by ‘roasting
Suncor ash with sulphur ana leaching with sulphuric acid.
Oﬁl& vénadium can be, extracted frdﬁ SyncrUde ash after
carbon removal. The vanadium extraction solution is sﬁitablé
for direct treétmenp to form a vanadium pentbxide prodﬁct,
but the nickel extraction solution may require further
treatment prior tonhickellrecovery.‘.

Suncor ash consists of distinct coke gréins and
aluhinosilicate sbheres containing the metallic components. '
The extraction chemistry indicateé _ that' the spﬂeres may

contain an iron vanadium oxide and a nickel laterite.

iv



PREFACE -

- f -
If many faultes in this book yoh fynde,
Yet think not the correctors blynde;
L 4

1f Argos heere hymselfe had beene

He should perchance not all have seene.

Richard Shacklock, 1565 -
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.- INTRODUCTION AND LlITERI}T_URE REVIEW

Over 50 million ‘tonnes of fly ash are ]currently
. produced annually in North America from coal, coke and "oil
combustion processes Although the ash is mainly a silicate
material, it may also contain s1gn1f1cant quantltles of many
metals. |

" At present only 10-15% of the avaiiable- fly ash is
4huti1ized other‘ than in vland fills. This use in cement,
concret?, 5011 stab111zatlon road beds, ceramics, {minerar
wool, fertlllzers and br1ck manufacture is rev1ewed by  Capp
.Aand Spencer' and 1is a grow1ng field. -
Recent leglslatlon2 in"the United States has stated
"that certain leachable materials must be removed from ash
dumps[ and this may stlmulate an examlnatlon of the possible
recovery of metals from- fly ash. Prev1ous studies have
exam;ned the p0851b111ty of extracting' iron, aluminium,
titanium,. nickel and several other elements but only
vanadium, germanlum and galllum are currently produced from
ash.
. ‘This nhesﬁs will SconCentrateAion the extraction of

y ’ ‘ ‘ _ :

vanadium and nickel from ash derived: from the Athabasca oil
sands,'primariﬁy from the Suncor operation. | o

'Rosenbaum?® has'.reviewed "the history, - occurrence,
processing‘ ind use _of,vanadiumt Updating this review].the
‘current 4annuaerweStern world ;anadium consumption ‘is
:37 mllllon kilograms :of 'v,0,, far below the,productiOn

capacaty of 50 ‘million kilograms. Other plants: are under



conatruction to increase production ~capacity by 10%, -
includiné a 1;8‘8million kilograms, per - year plant in.
Oklahoma utilizing boiier ash; '

However, over 90% of the world's vanadlum reserves are
either in the countrles of southern Africa or in the Sov1et
Union. Recently, it has been reported‘ that the Soviet Union
bhas begun to import vanadlum although still a net exporter,'
and.ls no longer contractlng to\export nickel. Thus, it is
p0551ble that the West will req ive secure sources of ‘these
‘ and other strateglc metals to’ av72é possible supply problems
| in the future. | S ;

It 'has been estlmated5 that ‘up to 1025 tonnes/year of

" vanadium will be potentlally recoverable from the Athabasca

~ ’
-

0il sands area; this is equ1valent ‘to 5% of the world
consumpt1on and 700% of the Canadian consumpt1on. The nickel

wcontent of the ash 1s less than that of vanadium and 1s only

a veryj.small fractl n _of the current annual Canadian
ﬁ%odUctibn'of'é72,000 tonnes. The current annual vanadium‘
and nickel "content:/ of the fly ash prodpction from the oil
sands is approx7\ately .540 tonnes and 190 tonnes,

respectively.

The following literature review will initially discuss
the -'formation, étrugture and coﬁpositionf of fly ash,
followed by a survey of the sdggested.eXtraction :techniquesa
for the recovery of metals from ash. Finally, the formation
and chemical co position of the Athabaéca fly ash’ will be

reviewed and tHe few existing studies of vanadium and nickel



in the coke .and ash examinek\.

)



A. ASH FORMATION & STRUCTURE

Particle Formation

Coal combustion is a major source of particulate
emissions which may include soot, char, “fly ash and acid
droplets. The physical and chemical structure of the
emissions depends not only on the coal composition, but also
on the firing scheme and the'time-temperature history of the
ash. The effect on the environment of the fine particle

emissions has led to much of the recent work on ash

~
»

formation and composition.
Initially, during ' coal or - coke combustion, any
. , , \

remaining volatile hydrocarbons are removed along with
. ' 7

extremely volatile}Flements such as mercury. The\kurninq of
the hydrocargpns maf\aléo‘ vaporize any metals .éssocia£ed
with "the organite mé}erial such as vanadium and—nickel in.
porphyrins. Fiagan éﬁd Friedlander¢ have reviewed. ‘the
formation \of) ash apd they present the following series of
even;s: g

<500°§ - dehydration; changes in mineral form

<g00°K - FeS oxidized

<1100°K - carbonates and sulphates decompose

>1350°K - alkali éalts volatilized |

>1900°K - SiO, volatilizés by reduction to SiO.

Ramsden’ Has suggested thét the mindral inclusions 1in

the coal melt as the combustion front approaches. They then

" agglomerate, as the remaining carbon is oxidized, to form

~



5
/ .

sphegical particles. The molten ash has a high surface
tension and does nét wet the coal. Flagan and Friedlander ~
have also presented a mathematical modél of this system
whiéh they report as being in good agreement with the data

of McCain et al.*® for particles\'aboye 1 pm in diameter.
However, their model is very sensitive to the value given a
conétant in the relationship and they make a possibly
erroneous - assumption. They assume that each coal particle
produces a constant number of ash;particlqs independent of
coal'pérticle size.

The présente of hollow fly ash spheres, cenospheresx
has been explained® as being caused by the evolution of gas
ingide the.ash spheres whén they are in a slighty fluid
state. Pleurospheres, cenospheres wi;h internally trépped
particles, are suggested’ to occur by initial gas evolution
to forﬁ a cenosphere. As the pfessufé drops below
atmoépheric‘outside the combustion zone, the molten interior
"buds off" to form small interior sphéres. :

The mathematical model used by Flagan and Friediander‘
does not acc;¢nt for particles smaller than‘the smallest

mineral inclusion. The genérally accepted explanation for

the fine material}, first suggested by Ramsden,’ is that

. | rapid internal gas evolution may cause the spheres‘ to
N~
5\\‘ : . . . . . » ‘
" shatter - into fine particles. Other possibilities are
- ~ : ’ _ .

* " condensation of volatiles on soot-particles or homogeneous

nucleation but these have been disproved by chemical

analyses.'®
¢ <i



Volatile Enrichment

Collection of fly aSh‘fromvmany different sources and
subseqeent siziné and chem}cal analysis has shown that the
concentration of some‘ elements has: a dependence on the
particle size of-the ash. The generaily acceeted explanation
is that wvolatile elements or oxides éresent in aAgaseOUSA‘
form during combustiqg, tondense onto fly aeh particles as
the temperature drops.

If we assume that an element X has pertially condensed,

©

in some form, on the surface of a sphere of diameter D, thep

O=M+S
where M = mass of element X in.the sphere'interior.
‘ S = mass of element X on the sphere surface
0 = mass!of element X in the total sphere.
The total concentration of X is then given by:.
N
Cg A

where G = sphere 1interior concentration of X (mass per
unit mass) s

overall concentration of X (mass per unit mass)

mﬂ
[}

G = suiface‘concentfa(igp of X (mass per unit area)

3

particle density

°
Ll

V = particle volume ‘ : S

A = particle surface area.



'By assuming sphericity, the average concentration of X, Cg,

2l

is given by:

Simply, this vaporization-condensation model suggests a
relationship of Ca a D',
The thickness, T, of the Hé;bsition layer can then be

t

estimated from the expreSsion, -

¥
S

T = P
where‘p' is the density of the deﬁosition_layer.
Existence of a deposition layer'has’been confirmed for Fe,
Cr, Ni and S by Hulett et al.'' using scanning electron
microscope analyéis and by Natusch et al.’ ysing an 1ion
microprobe, Auger microprdbe Spectroscopy and electron
microprobe speéﬁrqscopy for Cr, K, Na, P, Pb, § and zn.

- The particle size-concentration trends have. been
studied by many authors’® ' and their'~ evaluated
relationships are present;d in Table 1 along'with the number
of reported occurrences of-éach relationéhip. 1t should be
ﬁoted that several elements obey differeﬁt relationships in
various ashes, due to varying production schemes.

The deficiency of some  elements in the fine fraction of
‘the fly ash 1is due to the reduced proportions of matrix

material to surface eleménts in these fractions, 1i.e., the

v
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deposition layer is a larger proportion of the total
material in the finer sizes. '

As some of the_enriched elements have compounds with
low melting points, they are believed to exist in a gaseous
form in the deposition zone. Kaakinen et al.'* found that
the enrichment of Cu, Sb, Zn, As, Mo and Pb over the other
elements was in agreement witﬂ the higher‘.volétility og
their oxides. Shroeder?? suggests that the volatility of
nickel and chromium may be due to the presence of carbonyl
and sulphide forms respectively.

Fisher et al," stated that uranium and chromium are
associated with organic material. They are released on
burning and conden§e onto the fly ash particles. Another
study® . reported that the preferred condensing element
depends on the particle matrix. This was shown as _antimony

condensed preferentially on magnetic particles; arsenic

preferred high density ones; and barium and manganese

_preferred high density non-magnetic particles. Davison et

«

al.'* have calculated the deposition layer thicknesses shown
in Table 2.

Superficially, the vaporization-condensation model is
in excelleﬁt ag;;ement with the observed éoncentratioh
variation 1in man& ashes. However, phe model assumes that the

layer 1s infinitessimally thin and no studies had been

carried out on particles in which the layer becomes a large

proportion of the particle.

/

-



Element

As
cd
Cr
Ni
Pb
Sb
Se
Tl

in

Table 2.

"
CS (ng/cm”) ¢

300
100
Lo

600

Deposition layer thicknesses

(mg/&)

0.6

0.02

wu(x)

0.3

0.7
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Smith et al.'® extended the previous model of an
infinitesimally thin deposition layer to the situation in
which the particle diameter increases due to the layer. They
presented concentration equations for two cases; these were
T being independent of particle size and T being inversely
proportional to particle size. The second case assumes that
the time particles spend in the deposition zone 15 inversely
proportional to the particle size.

The study also reported that many element (As, Pb, Mo,
Hg, Se,  Sb, Sn, V, Cu, Ni, Zn, Ga and Cr) concentrations
were independgnt of particle size below about 0.8 pm, i.e.,
material supposedly formed by the shattering of cenospheres.

Smith et al. considered the various mechanismé‘for the
formation and constant element concentration of the
submicron fly ash, and their accepted explanation involves:

"Formation by "bursting" of larger particles
during rapid gas release and subsequent
coagulation of much smaller fragments.
Condensation of volatilized material may occur

during and after formation....(The process)

e

would lead to the type of ‘(particle)

uniformity...and surface enrichmen%vobserved."
This relationship is 1in close ag;éement with actual
elemental wvariations over the size range examing§
(0.2-200 pm). Additionally, they suggest that their value of

X may be dependent on the combustion temperature and that

further studies may determine the mode and quantities of
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_particles formed under various combustion conditions.
oo B
’ &

‘ComposL¢1on and Structufe,

. Elemental analyses of nume&)us coal and coke’fiy ashes
nave been made primarily for environmentai feasbns‘ and
Tables 3 and 4 show fhe reported concentration ranges.’ *°¢

The cpmponenfs'of fly ash are generaily reported as

B

being ~'.','g,lassy" but five . X-ray diffraction
studies® '°® 22 2 27 have variously identified - Qquartz,
‘ . . r" 3 ‘ :
mullite,, hema , magnesium orthovanadate, magnetite,
yad :

calc1te, py\v; and an iron silicate glass.

A recent study#* 1dent1f1ed three componentsyln fly ash-
glass, mulllte quartz and magnetic spinel. The trace,
.elements are dlstrlbuted in Yarious proportlons in- the threek
phases, vanadium is equally present in each phase, nickel is

concentrated in the“magnetlc spinel phase.

-

xHulett, L.D., Weinberger, A.J. Northcutt, K.J. and
Ferguson, M., "Chemical Spec1es in Fly Ash from Coal-Burning
Powe;'Plants;" Science, 2%, pp 1356 8 1980.



" Element

Al

Ba .

‘Ce

Fe

Na

Pb

Sr

Ti

Zn

Zr

+

Percentage:

7-15"

0.

0.

- 0.

0.

1-12

2-15

.1-8

006-5

22-30

0.
0.
0.
0.

0.

5-2.3
320
05-2.3
0l-2

02-1.4

Table 3. Major elemental components of fly ash
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Element

Ag
As
Be
cd
Co
Cr
Cu
Cs
Dy
Eu

Ge

Ga‘

In
Li

La

Lu‘

N1

Table 4. Minor. elemental components of fly ash

ppm.
12
3-350
1-10
'0.01-100
7-100
10-1000
10-1000
fe5
8-20
2-6
33
- 40-165
5
30
14
~6.1-300
?Q;los
2.5
10-1000

30-1000

Element
Nb
Nd
Pr
‘Pd
Ru
Rh
Rb
Sm.
Sb
Sn
Sc

Se

Ta

Th

ppm
70-180
83
20

5

6

5
40-140

9-25

0.01-100

2-100
2550
1-75

13 ¢

©1-4

3-10>

35

50-115
‘4-11

15

114
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N . [ : ' )
\ - B. RECOVERY OF VANAD IUM FROM ASH S f
. ' : ) 13;') N . )
Extraction of vanadium has been_considered many times
from ashes w1th various-’ sources. . In‘moSt cases, a final

r

.extraction route has been suggested w1thout detalllng
1. the other extractlon.routes exaﬁlned, .
2. the characteristics of thehash end
3. the chemical explanatlon of the extractlon
This sectlon of the rev1ew will dlSGUSS two well- d0cumented
industrial extraction processes for the recovery of vanadlum
from ash Itvwill'also summarize»>the .Various ~patents_ and
publlcatlons dealing with the extractlon of vanadium.
qutroiina
The Petrofina refinery in Quebec used Venezuelan crude
oil averaging 130 ppm vanadium. Unt11 1961 the flu1d coke
produced was sold for fuel and electrode manufacture. A coke'
fired steam boiler was then 1nsta11ed to  use SQ% of ‘the
100 tonnes/day . coke production. The ﬁaddition of an
electrostatic precipitator in 1964 produced ash whichh
contained approximately 20% venadium pentoxide.**
| | In 1962 Petrofina contracted with the Mines Branch in
Ottawa to investigateia possdble process for the ertraction
of vanadium from the. boiler fly ash. The results were
published in 1965.%° '
Three direct leaching mediums were considered', they
uere soda ash, nitric acid and sulphurlc acid. The max1mum

extractions of vanadium obtained with these reagents' wereA



.81.4%! 96.6% and 94.1%, respectively; The final_ﬁecfsion to
recommend sulpnuriq acid leaching to Petrofina was made due
" to the s1gn1f1cantly lower acid concentration requlred éo
obta1n “over 90% extractlon The final process suggested by
the Mlnes Branch con51sted of sulphurlc acid 'leaching,
ox1dat1on of the vanadium solutlon and prec1p1tat1on by
ammonia, followed by calc1n1ng to vanadlum pentoxide.

c

This recommendarlon. was accepted by Petrofina and a )
plant was constructed in_1964'to produce 545 kgi Vzos/day.“&]
Thé, process flow sheet - is shown;in'Fig. 1.5f In 1965_the,
_process was producing 3%:of the world's,vanadium supply at a
..cost of $2. 2/kg V.0 compared to a market price of $2. 75
This process cont1nued operation untll the mid-1970' s,.when

the vanadlumfrlch crude. 0il was no ;longer refined by

-Petroflna

| ,_L'ILCJZO |
. LILCO (Long Island Lighting Company)?’ °' - first sold
high grade vanadium ash from the combustion of Venezuelan
»fuel oil in 1964. By 1973 ‘the company was produc1ng 0. 7A ‘ofv
the - American power requ1rement"and' 5.5% of the Amerlcan‘
vanadium requirementl
.The, 011 contalns approx1mately 0.1 kg V,0; pervbarrél.
In l976 13 7 mllllon barrels produced 1.2:million kilograms
of vanadium pentoxlde. Approx1mately 30% of‘\the'ash is

ollected as high.grade furnace bottom ash contalnlng 35- 40%

V O5 present as magnes1um orthovanadate (due to the addltlonw



Ash

H2SO4 ——— _
| R 'Extraction
Steam ————»
Ca'ke <+ Filtration
NaClO4 .
NHy;———»| Precipitation
Steam — P

v

Filtration

]

-

Drying

]

M}elting

99% V,05

'30% Solids

50 — 93°C

0.25 kg NaClOa/kg V,05
1 kg NH4/kg V5054
82 — 99°C

350°C \

1100°C

Figure 1. Petrofina vanadium extraction process



18

'of'magﬂesium to the oil).
| The high grade ash is sold to various vanadium
prodbcers vfor treatment with ferrophosphorous slégs and .
imported iron ore slags. Pfior Fo_1971, the low 'grade ash}
coilected during dgas cleaning, was stored in a water pond.
.From 1971 to 1976, the ash was dredged from " the pond and
sold for vanadiumg recovefy. |
This storage teéhniqué had the disadvantages of
vanadium‘ dissolution, gfound _water contamination and sand
contamination of the dredged ash. LILCO then developed a
filtration-clarification system with “pH adjustment to
‘prevent vanadium dissolution. A plant is presently beipg
constructed based on this process with additional ash
washing to removq3sulphates and roasting to lower carbon

content. .

.Eatents

Numerous patents and brief étudies of the recovery of
vanadium from various aéﬁes " have been published,
particularly in Jépén.' Virtually all  common extractive
techniques and some novel ohes have .been attempted, but
rafer has more than one process or ésh been étudied

simultaneously.

a. Direct Leaching ‘ , ‘ ¢\% ?

r

Direct leaching of fly ash for Qanadium_ recovery . has

been reéported as being successful for a. wfde(range of .



19

systems. 4

The simplest 1eaching.sy§tem with hot water has been
studied |, often.’i';5 ~One study’*  has reported the
crystallization of a nickel salt on cooling and the
production of V.05 by oxidation of {the .solution with
hydrogen peroxide. Another®® reports the brfétallization of
sodium sulphate and oxidative.,precipitation of 3,0, by
potassium perchlorate. Other processes have ,éxamined
‘leaching under sulphur‘dioxide atﬁosphere,l‘»precip}tation
with ammonia?®’ and dxidation with sodium perchlorate.®*®

The ma jor studiéé on acid ' leaching have ‘involved
sulphuric acid.?’~*’ Precipitation of vanadiuﬁ pentoxide has
been aghievedbv'by ammonia,?® *° pH adjustment*' -and,
_.oxidation and hydrbleis.“ *3 Three -reports have présénted
,unusual pﬁfifiéation'schemes after acid leaching:

a. pH adjustment to "1.5-2.0 and vanadium

&

precipitation by iron,**
- b. sulphur dioxide cantact" to reduce Fe?®*', alkyl
phosphate solvent extraction of/Vanadium and Nié
formation by alkali ég}phide' addition to the
barren solution,*?®

c. a three stage solvent eﬁtract?on process using a
tertiary fatty acid and - di-2,5-ethyl-
hexylphosphbrié acid in kerosene, extracting iron,

vanadium énd nickel.;;
Other écid extractions have involved recovery by 1ion

exchange after ~oxidation*® and precipitation. by ammohia
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after hydrochloric acid leacﬁing."

Leaching with‘basic.solutions has been suggested'using
sodium carbonate®’® and sodium hydroxide.®*° ' Other studies
have reportéd leaching with ammonia®?-** and sodium o>£ide.55
These basic solutions can be purified by calcium hydroxide

additions which = precipitate dissol#ed silicon and
aluminium.®' 3°

An unusual schemé?‘ suggests leaching successively with
three solutions; 10% H,SO., 10% CaCO, and 10% H,SO,. The
vanadium is apparently éxtractedw only in the last stage.
Ueséka‘ and - Ueno®’ reported leaching .with 5% hydrogen
peroxide and p;ecipitation by hydrolysis.

t

b. Pre-leach réasting \

Pre-leach roasting with wvarious additives has been
suggested as the best extfaction.roufe for.many ashes, These
additives have included: .

sodium carbonate/sodium nitrate,®® %°
sodium hydroxide,“"2 , . o
potassiuﬁ hydroxide/sodium hfdroxide,‘?
sodium carbonate,“_‘5
sodium hydroxide/potassium nitrate,*°
sodium chloride, ¢’ ¢’
potassium hydroXide75 Tt
aluminium oxide/sodium chloride:72 .

The majority of these roasts occur at 500°;900°C "and the

resultant material is leached with water. The solution can
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fhen be treated for vanadium recovery by pH adjustment,
oxidation followed by hydrolysisx or precipitation with
ammonia; P

Lukomskaya and Bulankina®’ leached their salt roasted
ash with an 8% sodium carbonate solution and precipitated
iron vanadate. Another study‘* leached with gquebracho and
precipitated vanadium with gelatin, after iﬁitial roasting
with sodium carbonate. |

Direct roasting in air has been studied followed by
acid leaching and pH/NaClO.‘ precipitation’? or hydrogen
precipitation;73 Sulphidizing roasts have also been reported
as having been successful,??

A rather extensive patent’* issued to Vojkovic in 1973
includes different types of treatment for vanadium
contaiﬁing materials. Iﬁ also states results for identicalA
leacﬁing conditions that véry by a factor of two. The
recommended proceés for ash involves roasting in argon with
25% sodium carbonate at 625°C,. then roésting “in air at

900°Cc, followed by water leaching, achieving 88% vanadium

"extraction.

c. Miscellaneous : . Cg
TWO 'r:eg‘)ortsj2 s¢ suggested - the ~use. of direct
thlorination and leaching but no results were presented. One

of many Japanese studies‘® roasted with sodium chloride at

500°-700°C to directly volatilize VOCL,.
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A Japanese patent’® states that the vanadium content of
a Kuwaiti oil can be reduced from 7 ppm to 0.3 ppm and
nickel from 26 ppm to <0.05 ppm by céntacting it with a
nickel ore at 500°C, thus preventing the formation of a
metal-rich ash.

Sato and Yano'* '’ have reported the difectlsmelting of
the ash, after carbon and sulphate removal, to produceva
FeVNi alloy or a Fe-VC-Ni cermet.

The extraction of vanadium from the residues of oil
shale processing has also been considered. The suggested
approaches are either carbonéﬁe roasting and water
leaching,’®"*' or salt roasting and sulphuric acid

leaching.*?
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C. RECOVERY OF'NICKEL FROM ASH

Extraction of nickel from combustion residues has been
considered only as related to vanadium extraction. In many
of th? nickel recovery processes, nickel 1is essentially
removed. from a vanadium—cbntaining solution as a
purification step: ‘

‘a. after an‘écid leach, iron and nickel are femoved
from the vanadiuﬁ containing solution by a cation
exchanée resin;** ** |

b. after a hot water leach, a nickel ammonium . salt
crystallizés from the vanadium solution on’
cooling,**

c. afgér a hot water leaéh, nickel 1is precipitated
from the solution by the addition of 150 g/1

. ammonium sulphate,*? and

d. another study reports that after sulphuric aéid
leaching, nickel can be precipitated on cooling 1if
ammonium sulphate is added.*?

Other experimental studies suggest recovering nickel ).
from the fesidué ash or waste solution after vanadium
recovery:

a. three studies éuggest p;ecipitating NiS from the
waste solution,‘after vanadium' recovery, by the
additioniof»alkalivsulphides,45 20 02

b. after successful leaching ofﬁvénadium’bf hydroéen.

peroxide, Uesaka and Ueno®’ state that hot water

leaching will dissolve nickel,



C. Ami?ﬁ" ;&f?ctﬂd nickel by hot water leachlng of
rhé residue from ammonium sulphate leachlng of
vanadium, and

d. a patent;a Japanese process*'*® extracted iron,

vanadium and nickel successively from the leached

solution by solvent extraction witH1 a lertiary

fatty acid, di—2,5—ethylhexylphosph6ric acid and a

tertiary fatty acid, respectiVely.

The remaining‘leachiné processes either do not comment

on the recovery of nickel from the solution*® ** or eléé

co-precipitate vanadium and nickel by ammonia.?®® *°
The process of Asano et al;?‘ which wvolatilizes .VdClJ
by roasting the ash with sodium chloride is reported as
leaving the nickel as nickel chloride. \
The ash used forb vanadium recovery at the Petrofina
refinery contains approkimately 1% nickel. Leaching of the
ash dissolves 75-80% of the nickel which remains in the

final waste solution at a concentration of 1.5 g/l.



D. EXTRACTION OF OTHER METALS FROM ASH

The large quantity of ash produced }n North America
will increase due to the decreasing use of oil and the
increasing use of high ash content western U.S. coals.
Table 5 shows the estimated gquantities of various metals in
North American ashes and the western world, U.S. and
Canadian production of those metals. The metals for which
ash contains a major fraction of North American production
include: aluminium, cobalt, gallium, germanium, selenium and

vanadium.

Aluminium, Iron and Titanium

The possibility of recovering alumina or aluminium from
fly ash has been examined several times, initially by
Pedersen in. 1927.*% The normal extraction route involves
caustic‘soda dissolution and alumina trihydrate or sodium
aluminate precipitation.®*"** Other techniques examined
include hydrofluoric acid leaching,”® roasting with ammonium
sulphate/ammonium fluoride at 400°C to form aluminium
sulphate®’ and the possible recovery of aluminium chloride
by direct chlorinatioﬁ.” Two Dutch patents by Dorren and
Freling’® '°° state that the addition of 2.5 wt. % of a
Group II hydrOxide to coal before combustion producés an ash
in which 80% of the aluminium is soluble. in concentrated
hydrothloric acid.

Studies on several different ashes containing 2-15%

iron have reported’® '°'-'°’ that a maanetic separation of
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Us.
Metal Ash céhtent production -
Al 5,260,000 4,557,000
Be 256 | Cl9d
.cd 500 1,750
Co 1,000 500
Cu “2,270 1,980,000
G 1,500 c7
Ge 1,500 13
Mo 1,000 63,800
Ni 1,500 12,800
Pb 2,720~ 1,18%,000
Sb 50 680
‘Se 270 270
Sn ; : 140 c57,000
UBOB”“w 1,150 " .¢17,800

/' 5,000 c6,030
Zn 5,000 487,500
c: con@pmptian

Canadian
production

Bl 580

3,450

3,000
k25,000

1
7

10,200

272,000
184,200
1,550
260
6,830
‘clUO

1,160,000

Table 5. Comparison of metals prodgction and
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Western World

production

11,980,000
260
13,400
281000

7,030,000

1,000

390

.87,000 -

567,000
3,878,000

51,000 .

1,170
171,800
L9, 550
22,660

2,527;000

ash, content(tonnes)



,tﬁe - ash produces an iron rich fraotion_’suitable for
‘broce551ng as an iron ore. ng'of these stndies'°"‘°’ state
Tthat the nonmagnet1c .ash fraction contalns up to 30% alumina
and may be suitable for alum1n1um productlon

The nonmagnetlc fractlon of ‘one power plant fly ash‘°'

containing 8% titanium dioxide was directly chlorlnated at

A

faar

Bvoo°c to recover over 60% of " the metal as titanium
E »

tetrachloride. However, the high iron content (10% Fe,0;)

consumed 75% of the chlorine to form iron chloride, thus

making the process lineconomic.

'Germanlum and Gallium ‘“\Ti e '
Morgan‘°’ flrst commented on thd” high germanium anpd

gallium‘ content of Northumberland coal ash in'1935. This
resulted in a process developed by Morgan. and Davies''® in
T937. Their recommended process involved 1each1ng of the ash
with | hydrochloric acid and distillation of germanium
‘teerachloride (b.p. 84°C) from the solution. Contamination
by arsenlc trichloride can. bek remoned in a fractionating
oolumn Th1s process has also been recommended by Stov1k and
'Tyroler, v and Gitter et al.' s ~for germanlum recovery from

flue, coal and pyrlte dust

The majority of the other prooesses suggested fof

9

. . Y .
germanium recovery from fly ash and similar materials’

 utilize.the high volatility of .GeCl,:

~a. direct ghlorination of the ash /at high

o

temperatures to‘produce GeCl,''3>''°®
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b. dissolytion of germanium wlth alkali sulphide or,
sodium hydroxide solution, acidification with HCl
followed by distillation of GeCl, Tre-11s ‘

c. direct hydrochioplnatlon at 700° C to form GeCl,'

d. roasting at 1350°C to form an iron-germanium alloy

| followed by direct chlorlnatlon to GeCl

Other reports have 'suggested leaching germanlum with
sulphuric acig,'?*" hydrochloric acid,'?? or dilute acid
leaching of salt roasted ash followed by preclpltatlon _with
chestnut tanning and roasting to form germanium dioxide.'?®?

A pyrometallurgical process for the recovery  of
germanium and galliuﬁ was . deyeloped in the late
nineteen—forfies by the, Qeneral Electricity Council’ and
Johnson  ‘Matthey Company Limited in  the United
‘ Kingdom.'?* '*% The process involves smelting flue dust with
soda and llme‘as fluxes for 5111ca and alumina. The addition
of copper oxide enables collection of 90-95%  germanium and
50 60% gallium 1n a copper—lron alloy |

The alloy is then treated with dilute ferric chloride
solution and chlorlne gas follewed by dlsf1llat1on of the
solut1on The dlstll}ate is pur1f1ed and hydrolyzed to form

%

germanlum ‘dioxide; the residue is purlfled and electrolyzed

to form gallium. Since 1950, ~the entlre :U K. source of
,germahium has been from coal ash flue dust at‘a‘rate»of
approx1mately 500 kg annuall

_ &
It has been recently suggested"‘ that galllum may be_

extracted from coal fly ash by the use of induction plasma.
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Beryllium,-Cobper, Lead.and Molybdenum

Recovery of -beryllium from ash containing 800 g/tonne, .
produced from a Ruséian lignite coal, has beenAsuggested by
Vratislav.'?7? An 80% recovery/was obtained by Ereatingvthe
. ash with céncentrated sulphuric acid and ‘extract&ng the
beryllium‘from the solution with di—2,5—ethy1hexylphosphoric
acid in kerosene. '

Vetejské"‘ has reported that sulphuric gcid will leach
copper froﬁ fly a%h but comsustion abové 850°C wil} form
insoluble cépper ferrite.

Another Russian st dy of the possibie utiiization of
coal ashes'?’ used ah ash <containing 22 kg’Pb/tqnné and
which can' be pyrometallurgically .beneficiated to
120 kg/tonne. v '

| Fester and Martiszzi“ have reported the“extraction of

" molybdenum, in additiod to vanadium'énd nickel, from asphalt

ashes by sulphuric acid leaching. Mirzakarimov'?® has

examined - an ash containing ~O.‘16—0.2A~\olybdenu\m and
obtained some extraction by Jleaching wite® 0.15 M sodium

carbonate solution.

" Uranium

Presently, the economic‘ grade for uranium mining is
approxihatelyA 0.08% U,O0,. An examination of the metal
coﬁtent’ of various U.S. ashes?® has shown thét the,ash froﬁ
some western lignites contains up to 0.5% U,0,.

Additionally, some lignites and carbonaceous shales in: the

o
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Dakotas contain an average of 0.18% U;O..‘In Yugoslavia,
bituminousz shale containdng\. 136 g U/tonhe ' and ashes
conta1n1ng 0. 1 0.2% U,0, have been 1dent1f1ed.

The only leachlng study'?**® suggests that acid leaching
efficiency is independent of combustlon temperature and that-
alkali leaching efficiency decreases with increasing
combustion temperature. However,.no extraction efficiencies

"were reported.

”Multi—Element Extraction Studies ‘ ot

VThree recent reports7’ tazoras have commented on the
extraction of several elements and,eompounds from ash. by
various treatment schemes, rather than concentrating on the

_extraction of a specifit element. h

Gony and Cossals"z' treated ash produced from the
incineratiod of refuse in a variety of ways and thelr
results can be summarized as: - L \

a. t1n, lead and zinc were concentrated in the fine
ash (<20 pm) .

b. concentrated acid solutions extracted 50% of the
tin and 70—90% of the lead zjnc, copper and iron
from the crude ash,

c. acid solutions extracted over 60% of the copper
from the air roasted ash,

d: 12 N hydrochlorlc ac1d leached 80- 95% of the tin,

lead, copper and 1iron from ash roasted in a

reducing atmb%?here{
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Staff-at the Oak Ridgé National Laboratory (ORNL) . have
carried . out a detailea éngineering analysis and. cost
comparison for the utilization of a typical fly’ash (23% Si,
15% Al, 7% Fe), -at\ a 'rate of 1 million tons per yéar, by
various processes aimed at producing alumina'.énd other
products.'?®? The processes ekamined %eré also studied
experimentally by ORNL7"and are shown below.

' Salt-Soda Sinter

Process: magnetic ash removél; 1000°C sinter with sodium

\\ chloride/sodium carbonatef leach ~ with - dilyke

H,SO,; solvent extraction (sSX) with Primene JM-T.

Products: alumina from leach soldfion; silica gel‘fFom leach
residue; manganese and titanium from SX.

Costs: ' Raw materials $85/ton alumina.
Capital cost $6% x 10°. \
Utilities $30/ton alumina.

Profit: $30/tpn alumina.

Calsinter | | ’

Process: magnetic ash removal; 1300°C sinter with caicium-
cérbonate/calcium sulphate; leach with 3 N.H,SO.;
SX with Primene JM-T. ‘

Products: alumina; mahganese'and titanium; cement from leach
resiéuéL | f

Costs: Raw. materials $56/ton alumina.

Capital cost $72 x 10°.~

o

Utilities $65/ton alumina.

Profif: $30/ton alumina.
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- Direct Acid
Proceés: leach with 8 ﬁ.HNOJ;° SX with di-2,5-ethylhexyl-
phosphoric acid.
Products: alumin%& manganese and titanium.’
Costs: Raw maférials $55/ton alumina.
Capital cOSt‘$58 x 10°¢.
Utilities . $40/ton alumina.
 Profit: $34/t9n.a1umina, ) ' 5
Lime-Soda Sinter |
Process: magnetic‘ash remoVal; 1250°C sinter with calcjum
carbonate/sddium carbonate;- leach with ailute
sodium carbonate éolution.
Products: alumina; cemént,
Costs:  Raw materials $120/ton alumina,
Capital.cost $62 x 10°. |
_Utilitiés_$57/ton alumina. .
Loss: l$60/ton alumina. |
Byproduct recovery was also éuggesfea as being possiblé
from the leach éolutions, by solvent exﬁ:action} or ion
exchqnge, for the follbwing elements: irén, uranium,
thorium, vanadiuh, bismuth, gallium, ‘molybdenum and

A
i

~antimony.
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E. ALBERTA OIL SANDS

The first white man to discover the northern Alberta
0il sands was the fur trader Peter Pond in 1778. 6evelopment
of commercial oil sands technology ICOmmenced after K. A.
Clark's laboratory studies of bitumen extraction from 1900
to 1950. |

It is now estimated'®* that the northern Alberta oil
sand deposits contain 900 x 10’ bbl (143 x 10° m;) of
bitumen from = which only 25 x 10° bbl (4 x 10° m*) are
estimated .to be ‘recoverable by surface ' mining and
proceésing. The distribution of bitumen in the major fields
in Alberta is shown in Table 6. At present,/ two commercial
plants utilize surface mining of the\Athabasca deposit.
Other plénts'afe planned and pilot plants are in qperation
’on‘}the Athabasca, Peace River, Wabasca and Cold Lake .

dépdsits using. in situ recovery techniques..
" Suncor

The first major commgréial oil sands  operation
commenced in 1967, operated by Suncor Inc;,.forme;ly Great
Canadian 0il Sagds (GCos) . &nitially designed to produce
7,200 m*/day of synthetic crude oil it will be soon capable
of producing 9,200 m’/déy. A detaiied examination of the
mining. and extraction operation can be found elsewhere,'’®
jbut Fig. 2 presents a brief outline of the extraction

process and products.



Location

Athabasca
Cold Lake

Peace River

Wabasca

Table 6. Major

Overburden (m)
0-46
46-610
305-610

.305;762

76-762

oil sands fields

Area (103ha)
198
2129
1279
478

714

Bitumen (109bb1)

74
552
164

50
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The Suncor operation consumes approximately
150,000 tdnnes/day o£ 0il- sand producing 13,500 tonnes/day
of bitumen as feed for the cokers. The typical composition
of the bitumen is shown in Table 7. Vanadium and nickel are’
partially present in the bitumen as organometallic

.‘porphyrins.
| The bitumen 1is fed‘ to a fractionator, mixeﬁ with
recycle‘material and is sent to a coke heatef. Partial
volatilization occurs and-uthe vapor and solid are seht to
the coke drums which are held at 480°-500°C and at p;essures
of . 20-60 psig (138-414 kPa) for 22 hours. Approximately 22%
of the bitumen is conQerted to coke and removed from the
coke drum by hydraulic cutting. The vapour re-enters the
fractionator and separates as gas, oils | and reéycle
'‘material. |

At present, approximately 2,450 tonnes/day of céké is
produced, with t%e bulk (2,000 tonnes/day) being sent to
Foster Wheelet boilers for the production of steam by fi:ing
at 900°C. The remaining coke is normally stockpiled, but
recently'?¢ 20,000 toﬁnes was sold for the production ofs
cement to a . Japanese company.‘_Table 8‘shows the typical
composition of the Suncor coke. \ |

The firing of the coke produces little bottom ash and
the metal content of the coke is collected in the wvarious
ash fractions. Prior to‘1980, the fly ash was collecfed from
the boiler efflﬁént by cyclotrells; now thé cyclotrells>have-'

been replaced by electrostatic precipitators (ESP).



Compohent
v
Ti

N1i

Cu

Table 7. Bitumen composition

Bitumen content

150-200 ppm
110 ;pm

60 ppm
4.5-6.0 %
0.5 %

0.6 %

1.1 %

10.3 %

83.3 %

5 ppm
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,Component Coke composition (%)

v " 0.06-0.08

Ti 0.001-0.08
N | 0.03-0.04

s 5-7

0 1-2

Ash , 2.5-3

c 79-8k4

Water | 7-10

Al 0.3

Fe 0.1-0.2

Si 0.2

Ca . 0.07

Table 8. Suncor coke composition
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Figures 3 and 4 illustrate the vanadium profile through
the plant with the cyclotrells and electrostatic
precipitators.?® Table 9 shows the chemical analysis,
provided by Suncor, of the ash collected from the ash pond
with the cyclotrells installed and ash collected directly
from the electrostatic precipitators. Currently ash 1is
produced at a rate of approximately 78 tonnes/day containing

2.2% vanadium and 0.7% nickel.

Syncrude '

The second planﬁ, opefated by Syncrude Canada Limited,
commenced processing in 1978 and now has a production
' capac1ty of approx1mately 125,000 bbl/day. The processing of
the oil sands to produce bitumen is essentially the samé as
the Suncor plant. HoweVer, the lower grade of oil sand

requires flotation t reatmif

of a middlings stream from the

"primary extraction stage &5x' intain a high recovery.

tidd

. , .
The bitumen is fed t uidized bed coker as shown in

Fig. 5.'?AkThe feactor operates at a temperature of 600°C
and a pfessUre of 10-20 psig (69-138 kPa) with injected
steamAbeihg used to control the particle size to less than
200 pm. Approximately 15% of the bitumen is convérted to
coke with one-third df the coke being burned to maintain the
fluidized bed temperature. Excess coke is produced at a rate

of approximately 2,200 tonnes/day containing 9% sulphur,

0.07-0.09% nickel and 0.17-0.27% vanadium.
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Compound ~  Cyclotrell ash(%)-
SlO2 | , 30 |
AlZOB . 20 .'
F¢203 : o 6
‘V205 - .6
© NiO 1.5
S ‘2/ ' 2
. CaO ,*v ' '_ -2
o }Na20 . - ‘0.5‘
e 30
Moo A | Q‘.OB |
MnO’ : vO".:?,
KZO. - 1.6
MgO - 1.6
L P05 0.1

Table 9. Suncor ash composition
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ESP ash (ﬁl

N

28.9
‘18.8'
5.5
4.5
3.0 . -
1.1
2.6
2.1
0.45
30
©0.15
0.2
1

1.1

B
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Fluid coker burner off gas, having passed through a CO
boiler, is treated in electrostatic precipitators The ash,
or unburnt coke, since the coke partlcles pass through the

CO bo1ler w1thout any 51gn1f1cant combustlon, is collected

at a rate of approximately 170 tonnes/day. The ash,

containing approximately0 1% vanadium. and 0.3% nickel, is

K

usluiced.with the excess coke and sent to settling ponds.

o
Vahqdium and Nickel 'Extraction

No detailed ’informatibn is available oh the chemical

. extraction of vanadium and nickel from oil sands fly ash.

Althoggh a patentVJ“has been issued for the extraction of
vanadium from the ash with sulphuric acid, another study®
reports that extractlon is low and acid use hlgh

Stemerowicz et al., > ‘examined the pyrometallurglcal_
recovery of Qanadium and nickel from GCOS (Suncor) fly ash.
Their mineralogical examination. showed the cérﬁon to be

present as coarse irregular grains; the metal content was

contained in alumlnosxllcate spheres.

Initially, the carbon content o€ the ash was adjusted
by roasting at 800°C for 18 hr or by flotatlon. Flotatloﬁ
using pine. oil, kerosene and Dowfroth 250 produced a froth
containing 84% carbon and a residue containing 0.2% carg;n.

The- pyrometallurgicalK studies were, aimed at producing.

commercial ferrovanadium and ferronickel; three routes were

attempted:
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1. Smelting the ash: Qith FeS to form an iron-nickel
matte and a vanadium-rich slag, then smelting the slag wifh
aluminium or siiicoh to form FeV. fhe matte contained 40%
mnickel; however, the high slag to matte ratio (20:1) trapped
vanadium in the matte and nickel in the slag.

é. Smelting the ash with carbon to form FeNi and a
'vanadium-rich slag. THe ailoy was produced in a commercial
rgrade but 24% of the nickel was trapped in the slaé.

3. Reducing the nickel, iron and vanadium with carbon
to form an alloy and selectively reoxldlzlng to produce FeNi. '
and & vanadlum-rlch slag. The initial alloy was produced,

.

with small metal ‘losses to the slag, but the small mass
- produced (2%‘of the ash) limited the reoxidation step to one
;test.“° The reoxidation products were
slag: 28% vV, 24% Fe, 2% Ni
metal: 9% V, 74% Fe,-13%’Ni
~with the: contamination possibly being due to a very ﬁhin
slag 1ayer:‘Further studies may be warranted when sufficient
alloy can be‘produced’fer'a comprehens;ve seri of tests.
‘Two studies'*' '*? have examined'the‘leaéhihg ef iron,
) vanadium and’ hickel from three types of Athabasca coke;
delayed& .fluid ahd flexicoke (from. a pilot plant.
operation“5)i Selphuric acid leaching removea 42% of the
iron from the éelayed coke end 30-40% of the three elements
from the flexicoke, but iittle else. .Bacterioiogicel

' leaching with thiobacillus thiooxidans produced similar

results. Halogenation with chloring and bromine extracted
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less than 7% of the vanadium and 3% of the nickel.

The authors show that the vgnadium in the fluid coke is
concentrated. at the centre of, the coke spheres. They suggest
that the leaching from‘ flexicoke is. due to its high
porosity. 'Further, they state rthat coke cémbustion below
500°C leaves nickel and'vahadiﬁm in anbAacid soluble form,
but no results are presented.. .

A fecent publication'** has reported the fi:st detailed
physical and chemical .e;amination of GCOS fly ‘ash. A
scanning electron hicroscopé analysis of the ash éhowed that
it consists of large coke particles (>37 pm), énd.fly ash
spheres, cenéspheres and . pleurospheres. Microcrystals,
0.1—0.3.Pm in diam?tgr and 0.5-5 Hm iﬁ length, were located
~on the sdrfacé of the sphéres and appear to be enriched in
vanadium, nickel, titanium and iron, and defidient in
siliqon. fhese microcrystélg were thé only component ofv the
finest size‘fraction separated (<4.2 pm), and accounted for
7.6 Qt’% of the ash. | |

:Ar‘ ﬁfbcedurev develbped at the Alberta Reseérch
Council'** is aimea at fixing the sulphur in’ the inorgénic'
'fracfion of the‘Suncor coké. It produces an ash in which the
vanadium” and nickél‘are easily so}ub%e in acid, although the

metal concentration in the ash is significantly lowered.



11. ASH CHARACTERIZATION

A. PHYSICAL CHARACTERIZATIOQ‘

Fly ash was supplied by Suncor (GCdS) and Syncrude
thrbughout this project. The noménclature used to identify
the gamples, date fecéiwed and collection equipment are

" detailed as: ‘ ,

Suncor 1 . July 1977 Cyclotrell
Suncor II August‘1979 Cyclotrell
Suncof’III March 1980 Cyclotrell
Suncor IV May 1980 ESP )

LY

Syncryde I December 1978 ESP
Syncrude <11 May 1980 . ESP

All’ physical studies were carried out on fly ash
(boiler and cyclotrell ash in Fig. .supplied by GCOS 1in
July - 1977. Preliminary studies E;owed that the ash had a
density of 2.24 g/cm? determined by an air pycnometer and a
mean particle diameter, wusing a Coulter Counter Particle -
Size Analyzer, of 15.7 pm.

Fdrther' partic}g{siZing»was carriea out using a Warman
Cyciosizer with a‘ 20 g ash loading} a flow ;até of
13.3 1/min, an elutriation time of 45 min and aséuming a
‘constant patrticle density> g?y 2.24 g/cm?. This sizing
produced Six)fracpiogs, each of which was then sized on the>
Coulter Counter to determine the ﬁéan ﬁérticle diameter of

each fraction, independent of particle density. The weight

distribution, mean particle size and bdéhsity of each
. ) .

47
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fractiﬁn are shown in Table 10. Ih general terms, it can be
noted that the material is very fine with 38.6 wt %' of the
ash particles being less than 14.5 pm in diameter. o

Magnetié treatment of .the ash produced a magnetic
fractgon of approximately 1%. |

The Syncrude II ash 5hés no magnetically separable
fraction. It 1is a;so considerably coarser than the Suncor
ash with 50% of the ash being >250 pm in diameter and only

10% being <100 pm.The density of the ash is 1.56 g/cm’.



Cyclosizer Mean
.Range (pm) wt. % * ?Effugﬁﬂl
>51.3 3.4 -
38.2-51.3 6.6 | L .8
25.6-38.2 15.2 33.0
18.3-25.6 23.5 2.0
14.5-18.3  12.7 15.5
<14.5 38.6 L.2

Table 10. Particle size and density of* Suncor I

&

Density -

(g/cm”)
1.95
2.13
1.98.
2.02
2.02

2.49

ash

b9
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B.. CHEMICAL CHARACTERIZATION

Experimental
Chemical cﬁaracteri;ation of the. ash 1involved ‘six
methods: atomic absorption‘ aﬁalysis >of digested ash
solutions; neutron activation analysis, x-ray diffraction,
electron spin resonance spectroscopy, Leco sulphur analysis
and gravimetpic silica determination.
Atomic Absorp£ion
 The standard technique for ash analyses recommended by
Perkin—Elmér“‘ was used for all ash sample§ received and
for all treated ash samples. Approximately 0.1 g of ash was
heated with 10 ml of hydrofluoric acid until near drynéss.
After cooling,. 10 ml  of percﬁloric acid was added and the
solution steamed for 2 min. Then, after cooling again, a few
drops of concentrated HCl were.added and the sdiution heated
until near dryness. If no undissolved ' ash remained, the
solution was mixed with 15-25 ml of 10% HCl and.ﬁade up to
100'm1 with distillea water and 5 ml of  4% lanthanum
chloride solﬁtion to reduce ionization interferences. To
dissolve any rémaiﬁing ash.the perchloric acid addition waé
repeated. v - |
The solution was then dilutéé as required and analyzed
for various elements on & Pye Unicam SP 1950 Atomic
Absorption Spectrqphotometeruusing the vmethods recommended

by PerkinfElmer;”f‘

@
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The determination of vanadium by atomic absortion
spectroscopy (AA) can be affected by the presence of
titanium and aluminium in solution. Under the an&iytical
conditions used for this study, these elements had a
negligible effect on the apparent vanadium .concentration at
levels below 50 ppm. The vénadium\ absorption appeared to
increase by 10% as the titanium and aluminium‘content
inéreased from 50 ppm to 500 ppm.

The vanadium standards used in the AA analysis did not
éohtain.aluminium and titanium, since the content of( these
metals in the analyzed samples was unknown. The effect of
using these'ii standards, on results which are presented
later, can be summarized for each section:

1. Ash Characterization:

The maximum aluminium and titanium concentrations in the ash

characterization solutions are 10 ppm and 5 ppm
w
respective}x; " producing a negligible change '~ the vanadium
. o ,
analysis.

< .

2. Preizminary Extraction Studies:
The maximum aluminium and titanium conc?ntrations are
unknown. iBut . any enhancement would increase the apparent
vanadium extraction by a maximum of approximately 10%, so
extraction processes are not disregarded due to analytical
errors.

3. Vanadium Extraction Optimization:

The aluminium and titanium concentrations of solutions for

vanadium analysis do not exceed 1 ppm - again, negligible



52

effect.

4. Nickel Extraction Optimization:
The aluminium and titanium concentrations of solutions for
vanadium analysis are approximately 75 ppm and 10 ppm
respectively. Assuming the worst situation in that aluminium
enhances vanadium concentration by a linear relationship
from 50 ppm to 500 ppm aluminium, at which time the vanadium
absorption has been enhanced by 10%; then t@é' vanadium
concentration and hence the vanadium extraction is estimated
to be enhanced by no more than 2%. An extraction solution
for this system was examined, and the addition of 500 ppm
aluminium and titanium to the sample and standards changed
the vanadium concentration from 13.3 ppm to 13.0 ppm, an
error of less than 2%.

An alternative digestion procedure'*’ produced similar

7 .
results to the Perkin-Elmer techniquei About 0.2 g ©bf ash

roasted at 500°C was digested at 110°C in a Parr Teflon

s
digestion -‘bomb with 2 %1 of aqua regia and 2 ml of

hydrofluorfc acid for 1 hr. After cpoling, 1 g of borié acid
was added to the solution which was then heated on a

waterbath for 15 min. The cooled solution was then ma
. ., 4‘{

to 100 ml and analyzed by atomic absorption spegttoséop?@

s
S

o
sprl T

Neutron Activation — R A

The accuracy of the above dissolution’ ;échniqqé*;;L"”

: : 3 o : f&,.ﬁ
checked for vanadium by neutron activation analﬁSis,(NAA) as’

it has previously been noted'*‘’ that volatlle

N

de up

é? vanadium:

I
L3
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compounds may be lost during digestion and roasting. The
analyses were carried out with the ‘assistance of
Dr. M. J. Apps at the University of Alberta Slowpoke
Facility.

| Preweighed standards (V,0,/510,) and samples were
irradiated in the reactor by a flux of 10'' n/cm.sec? for

iy "
30 sec, then allowed to depay for 10 sec. The 1.433 MeV

‘emiésions from the "V(n,y)”V reaction were then
detected and counted by a Ge(Li) detector and a multichannel
counting deyice..
A

X-Ray Diffraction

In an attempt to identify the mineral species present
in thé ash saméles and in the ash after different treatment
schemes, x-ray diffraction was carried out. The,diffraction
appératus consisted 'of a Rigaku-Denki High Voltagey'
Generator, a Philips Horizontal Goniometer and a Philips
Curved Crystal Monochromator. The 1incident radiation was

from a cobalt tube and the diffraction scans were made‘from

6 to 100 degrees (28). .

Electron Spin Resonénce .
The electron spin resonance (esr) of various ash
samples was determined with the assistance of Dr. K. Schultz
at the Alberta Research Council.
The sgmples were placed in a high-intensity magnetic

field and (the frequency varied. To yield an esr spectrum the



: : - I 54

*

'mater1al must have one oOr more unpalred electrons. Tne
. 1]

¢~,”

magnltude of the resonant frequency can 1nd1cate the ion. and

compound present. . o .

Sulphur Determlnatlon
Sulphur content was determ1ned w1th a Leco Induction

Furnase and Titrator. This techn1que assumes all of the

sulphur is converted to sulphur dioxide uhich _reacts: with

’, . Ll

the'tree iodine to fofm HI.
SO, + I, % 2H;0 — H,S0, + HI
The oreSence‘ of free iodine with a starch indicator ish
denoted by a blue colour ana a standard potasslum ~1odate
solution is added according»to the reactlon, 7
KIO, + SKI + 6HC1 - 6KCl + 31, + 3H,0

to ,mélnta1n -a constant colour 1ntens1ty as detected by a

'.photocell

. To Aobtaln an adeguate comﬁQStion of the.sample in a
short enough period of time to prevent crucible destruction,

it was necessary to add one scoop of‘Vanadium pentoxide, oné

o

scoop of iron and one ScoOOp of tin to the ash sample. ‘(One

A

scoop = 0.5 cm®). Normally, 1 g of sample will be su1table

for a sulphur range of 0-0.2%; but-for,the high sulphur ash

the sangles weighed 0.25-0.4 g and the concentration of the cz%

iodate solutiory was increased by a factor of five. -
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R S G B
Silica:Detefmination _ S g

The sillica content of the ash was determined by the

technique of Rigg and Wagenbauer.'*® Briefly, 1 g ofrash was

fluxed with 5 g of sodium carbonate for 30 min. The cake was

reacted with 25 ml of 9 M HC1l, then -:;pd to dryness. _Thgb

yors

salts were dissolved in 10lm1 o ntréted hjdrochloric

-

acid followed by 100 ml of hot vate®. After filtering, the

solid residue and filter paper were combusted in-a platinum

crucible and heated at 1200°C for 2;5 hr. After cooling and

weighing, .Fhe' silica residue was contacted with 15 ml of
hydrofiuoric acid-andaheated to dryness to drive of the
silicoﬁ " as SiF,;' Finé;ly, .the crucible was reheated to
1200°C for 30 min and then reweighed. The weighf loss

represents the silica originally present in the crucible;

 some additional-silica dissolves in the initial treatment
steps and can be determined by atomic absorption analysis of

_the filtrate.

s

Ash Composition i

The elemental composition of the as-received fly ash 1s

shown in Table 11. The variations in the Suncor I ash were

Y

‘determined during the use of a five gallon‘container of ash.

The other Suncor and-Syncrude ashes were sampled as asingle

batch. tf ;
d’

For _the Suanr ash, the carbon céntent‘ranges from
35.0% fQ 88.4% with the sulphur content beihg . 2-5%. The

Syncrude ashes have much higher carbon and sulphur contents,

Y P v
B
7 “ 3 Y w

s . -

4



El ement Syﬁcfudel-
o I 11
v 1.21 0.31"
N 0.36  nd
Fe - 213 0.87
N Al ;," 5.09 1.09
ca 0.04  0.15
K 0.37 012
‘Mg - 0.23 ~ 0.08
Mn 0.06  0.03
Mo . td-l?&é'.0.03 "
e . 0% 1w
' Kf ;o ’ y
Cu 1 0.04 0.04
m 0.03’_'>o.oé‘
[P 0.94  nd
si ‘ - 0.2 0.8
c o727 84. 1
S 8.13 7.78
- nd: noﬁ‘&eteéted

I

4

1.3522.39
- 0,43-0;68;
9. 993, b

LLE
Sl uel

4.61.8.04

£ 0.07-0.27
Q. 25-0. 82

0. 32-0.40

oé@s-o.o9'

£ 0.10-0.15

0.83-2. 85

0.04-0.05
0.03

FRIERE

v

'10.3-16.0

50.5-54.5
j 2.65-3.47
}% ‘ i )

- Table 11l. As received"fiy ash,cbmposition (%)

Y
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' Suncor
L IL 111 v
1.15 0.37 2.06
0.67 0.21  0.69
3.38  0.81  2.86
9.35 0.21 8. 28
0.1  0.03  0.09
0;53 - 0.14 j6.53
0.46 0.0l  0.69
4oﬁo9'7'io.oz 0.09
" 0.09  0.03  0.20
‘2;48 0.37 5.45
0.04 0.05  0.04
20.03 5 002 0.03
1.81 0.16  1.44
26.1 3;Q' 12,9
35.0 . 88.4 40. 4
if9of 4.35 é.hlk
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_as they are really unburnt coke._

A

' Table 12A'shows the carbon/sulphuf free (<0;1%,S)
‘:analyseay of the ashesw'for vanadium, nickel, iron and
ﬁitanium,lFofgthe Suncor ash, the,ranges are:

Tron: 5.00-11.17%

Nickel: 1.02-2.90%

'Vanadium: 2{78—5.10% - . |

| TiﬁahiUm: 2.21-4.06%

Compounds are well-knawn that confain,vanadium.in tue
+2, f%: +4 or +5 oxidation-States. Elemental ‘vanadium Hhas
the eiectronic configurafion: |

1s?2g? p¢3s’p d’4sz
Theréfore, vanadlum in the +2 or +4 ox1datlon.states as well
as e;emental yanadlum, ¢has unpalred electrons and will
’ pfoduce an esr specfrum.v
The -esr spectrum of Suncor I ash contalned no  vanadium
'.reaonance peaks, only the characterlstlcally broad peaks of
magnetite, Fe,O,. Thus the vanadium in the Suncor I sample -
is present in the +3 - and/or +5 oxidationdstatesfand thek
magneticalf§'separablelfractioh is probably magnetite.
~~ The «x-ray d1ffractlooyscans of all the ashes produced
broad peaks at . 6-30 degrees (28), typlcal 'of amorphous
5111cate_ material, and ‘a few small unldentlflable peaks at

higher angles. Scans .of the wvarious Suncor I ,ash size

'fraCtions* produded'by the cyclosizer were similar: althoUgh
o
the peak intensity 1ncreased w1th decrea51ng partlcle sizei“ff

This result may @ue to an 1ncrea51ng compound
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Eiement : | Syncrude Suncor
: I 1T I 17 III IV
v - 6.31 3_.83\l 3.21-5.10 2.78 ‘™10 3.60
NI 1.87 0.20. 1.02-1.45 1.06 2.90 ~ 1.2l
. Fe 1.1 10.7%  5.31-7.3% 5.35 11.17  5.00
AN | 4.90 nd = 2.24-L.06 2.87 2.21 2.52

nd: notjdetested

& Table 12. Carbon/sulphur free ash composition (%)
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concentration, or, .more ptobably, due to a particle size
effect.

Additionél samples of the Suncor I ash were roasted in
air,\argon and hydrogen at temperatures of 7005—1100°C.

Althou 4 or 5 well defined peaks were produced in most of

\

» \ . ] 3 . ' ¢ - »
the scans\(they were ingufficient for any mineral specles

identification from the ASTM X-Ray Powder Data File.

Particle Siée Effect

Previous .\éuthors"z' ha§é noticed that the
concentration of vafi?us elements in ‘a fly ash is dependent
. upon Vﬁhe particle gige of the ash. Speci%ically; g;;::::
gron“‘ havé noted that\yanadium,bnickei, titanium and iron
are enriched in the fine fégction (<4.2 pm) of GCos fly ash.

Table 13 shows the résﬁ;ts of ';hemicél‘ analyses of"

various size fractions of Suncor I ash. In general terms, it
\

N

can be noted that: . \ .
a. The concentration of Cr,\Ee, K, Mn, Ni, Ti and v
increases as the particle”sjze decreases.
7 b. The ﬁaximum co?iggg;gfion 5f Al, Mg and Si occurs
J in the 1%/§i{§fg pm fraction;*
c. Compared to the bulk ﬁaterial, épei fine fraction
is deficient in Al, C, S and Si: and enriched in
Ca, Cr, Fe, K, Mg, Mn, Na, Ni, Ti gnd V.
d. Carbon and sulphur concentrations\\decredse as

particle size decreases.

.

a R
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. Now, according to the simplified vaporization-
condensation model and its associated - concentration
equations, if the deposition layer is assumed to be of

negllgible thickness,

Thus, Cg 4 é D', and a plot of C_ vs. 1/D will have a slope
of 6C5/p and an intercept at (.

These plots are presented in Fig. 6 and 7 for vanadium
and nickel. The results are similar to those oﬁ smith et
al.'® described earlier with a linear pprﬁion over the
cOarse-size.ranée and a relatively constant 'concentratiog
region in the finer size range. E |

Evalpating the-pa:ameters ang assuming p = 2.24 g/cm?;
for vanadium Cg = 1742 ug/cm? and C = -0.26%,
for nickel Cg = 666'ug/cm; and Cn1; -0.23%.

&owéver, these results may be in error due to the negative’
valués”of Cn and the'-high vanadium value of”“CS, (which
ihpiies that all the spheres'qpﬁéist entirely. of vanadium)..

The basic reasonrfof these possibiy erroneous results

is that the carbon content iS5 not distributed- evenly
throughout the ash. ItS'présenCe/in the sized ash decreaseg
as the pérticle Size~decreases_ana,‘as'will be‘éhowh in the
next séction,_it is_présent as discrete materiai, separéééuh

from the “other fly " ash componénts. _Thus,A'if there 1s

negligible metal content in the carbon gfains, carbon-free

-
%,
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Figure 6. Dependence of vanadium concentration on ash
particle diameter (D)
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analyses of the ash must be used when considerihé elemental

trends.

The treatment of this problem by other researchers’ ?'
during. the examination of concentration trends is not
‘reported, except for four cases:

a. Kaakinen et al.'® used carbon-free ash,

b. Smith et al.'°-used‘ash -with only 0.3y carbon,
which does not significantly affect the trends,

c. Davison et al.'® would have Sthn extra
concentration-size trends for vanadium and
beryllium, if they had studied the ash \on a
carbon-free basis." |

d. The only study of GCOS ash'** used carbon-free
material. .

{f the metal content of the carbon grains is similsr to Ehe

silié@te- ash, the vaporization—condensation equatiOn may

Cé .

still - be valid.. 4

Table 14 shows the element concentrations of various
size ffactions of Suncor I ash on a carbon-free basis.
Although no trends are now apparent, it is worth peoting that
the "matrix" elements (Al,,éa, Mg, Na and Si), are generally
at a lower concentration‘iﬁ the fine ash (<14.5 pm) than the
other size fractions. |

The lack of concentration trends implieg that thé
yaporii&tion—condensation model is not éppl;cable to the
conditions wunder which Suncor fly ash is produced. In

particular, these results suggest that V.O, is not vaporized

ks .
[
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during coke burnihg. Since the boiling point of V,0, 1is

i§Wificantly above the firing temperature of the coke,

';kigtle vaporization may be expected.

%g The lack of volatilization of vanadiumg?s suggested by
a study of the utilization of Suncor coke as Euel in cement
manuﬁagture““ whicgﬁfhowed that ggly 5% of the vanadium is

“collected in cement .kiln off-gas during combustion at
1450°C. |

&
SEM Studies
’Microscopic analysis of the fly ash was carried out

using an International Scientific Instruments 1S1-60
scanning electron microscope (SEM) with an energy-dispersive
analyzer (EDA), yhich can present information on the
elements in the sample. Althdugh only semi—qpantitati&e, the
qualitati&% :esults can be an . indication of the relative
propoféioqs’ 6&% elements present in the ash. The “energy
.dispersiQe‘anaiyzef uses an electron beam which (determineé
the é%e@entéi composition éf 1 ym* of sample. Thus, the beam
may ﬁ%éetrate thin samples and the reported composition may
:includé;;the materiél beneath Ehe sample. The markers at the
ﬁpp;r Léif cérﬁer of thé SEM photographs indicate the écale.

'-To,agimﬁlify‘.the use of the markers, the length of the
féf}hest'right, marker is included: after the photbgraph
tiF;ér.}

Vv.Suanf I ash, typical of all the Suncor ,sémpfes, is

shdﬁn in. Photograph 1. The ash basically consists of two

-
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forms, ash spheres and’irregular carbon grains.
The 'spheres.are generally very regular’, and consist ,of

single' spheres with _a clean surface, ones w1th mlcrospheres

A

attached to the surface and agglomeratlons of spheres It is
expected that some of the spheres are hollow (cenospheres)

“51m11ar to the sphere shown in Photograph 2, which has a

‘

small openlng The other fly ash phenomenon of pleurospheres

- was not uneguivocably found, but it would have been very

¥

fortunate to have done so; one would need to locate a Spheﬁé -

similar to Photograph 2 and, within‘it, 1dent1fy a. spheref‘

larger than the v151ble hole, T gﬁ"*lx.l‘

- Vi g
Photograph 3 may Show a pleurosphere, but i& . s -more

prohably 'a large. broken cenosphere that has phy51cally
_entrappeGASmallervspheres. The~sphere is ooveged with small
’vnicrocrystals," 0. 1-0.8 Pm L;h 'diameter_ and 0{5 S pm iin'
'1ength, similar to those 1dent1ﬁ1ed by Bueno et a1T%§~ The
'_mlcrocrystals were found very 1nfrequent1y in all of the
'avallable ash samples, .which differs markedly fgom the hlgh
’co&centraglon of cfy@%als (>7 wt @) ~found . in tfe abdve

: K,r . - :

,hstuax; ’
| " EDA xexamination'of the individual crystals showed them
to be rich in titanium, uanadium ior' iron, or some
comblnatlon of ‘these elenents But there was no apparent
dlfference betweEn those rlch in vanadlum and those rich in
iron etc.

" The elemental EDA scans of fly ash spheres and

microcrystals . are presented‘in Fig. ' (The gold peaks are
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¥

from £he sample preparation routine.) These scans may show
thét(the crystéls are'rglatively“fich in iron, vanadium,
Eiﬁanium and - nickei ’éompared to the - fly ash sphéres."
Additionally, ‘the 'crystalé“ are deficient ”in aluminium,
silicon, calcium and potassium _cémpared_ to the bulk
material. These results are similar.to'those.of Bueno et al,
which suggested that the concentration of vanadium, nickel,
iron and titanium are increased, and silicon decreased in
the crystéls. ) e h
'FUfthérmore,,they feport the "fines" (<4.2 pm) as 5eing.
only . microcrystals. Although the:iaék of‘suitabie equipmeﬁgA
preventéd the extraction of a sﬂ%%lar sample.'from Suncor
;ash;” it. ‘was noted that there was‘an increased quantity .of
Mi"cro&“ys‘tal“s in tﬁe fi,‘ne ash (<'14} Pm“).
i Sydétﬁde ,jﬁfAésh is shown in Photograph 4. The grains
mainly consist of é@szn Wé;h sma}l amounts of sili%ba‘ and
aluminium éﬁfead’throdgkoptf  e

A

Sy

& o

&

e



111. PRELIMINARY EXTRACTION STUDIES
The initial: aim of the preliminary extraction studies
was to wuse the information gained from the ash

characterization to suggest a pgfsiblé route to extract

vanadium and nickel from the ash. However, the -

: characterization provided insufficient - detail of 'éﬂe
compoundg. present . in the ash to reduce the number of
preliminary tests. Similarly, the iiterature revieva:oduéed
an extremely wide rgége of possible extractibn iprécedureé;
Thus, the preliminary expraction studies were carried out in

an attempt to select the .optimum proceflureyysfrom a large

LN
i

L ’f‘hﬂ G !

number of possibilities.

i
%

e
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A. DIRECT LEACHING  °
| Diredt‘ leaching .of vanagium ‘and‘nickél from'ash'has
previously been achieved by a variety ofgreagents.f"s‘. The
majority of these techniques were aﬁpligd to the Suncor I
fly ash. | .
‘ The . geﬁeral 1eaching conditions wene'sqé% that 20 g of
ash was leached;with\60 ml of. ﬂp% :réagent ‘fp;i,4 hf ‘dt‘
946—97°C with miking undq)‘r-‘re'flux~ éonditions. ‘The hot .
slurfies were filtered’ and the filtrate analyzed, after
~cobling,_ by ‘atomic absorptiQn Spéctfoscopy for vana@ium,
nickel and iron. ’Occaégénally throughout ‘the leéching'
studies the %ééidue- was dissolved and analyzed. The mass
balance was accﬁrate_to within #5%. |
. The '1eachants “used gnd ~végéations in. the leaching

& o
By o’ T
T

~ conditions were as. follows:
Mo ' K
K3

‘a. water at 20° and 97°C. 3
b. nitric) hydrochloric and sulphuric acids at 10%.

concentrationQi equivalent to molatities of 1.67,

, st a
Fo i . ' ' ' . ~
5.87 and 1.09, respectively. @ : o .
N o “
h c.  10% solutions of  sodium carbonate, ~ sodium

HYdroxide and ammonia (as NH,OH) Qith molarities‘
of 1.04, 2.77 and 5.62, respe?tively.ag% |
d. hydroden peroxide: 5% - solution, at Ssﬁc and 5%

sblution at  25°C acidiﬁied"to ’pH 1;5 with

sulphuric acid. J?' )

e. 10% sulph%;ic acid with 10% sodium chloride; 5%

]

sulphuric acid with 5% hydrdchloric ac&@.ﬁ\
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The ' results of these leaching tests for the extractlon
of vanad1um, nickel and iron are shown in Table 15. Only the
acidic extractions were affected by increasing the leaching

time to 12 hr:; the increased extractions fere:

HNO, - V:13.5 to 18.8%, Ni: 7.9 to 12.2%
HC1 - V:13.9 to 19.9%, Ni:12.2 to 20.4%
H,SO, - V:17.3 to 18.8%, Ni:11.8 teo_16.3%

Thus, ihéreaéing the 1leaching time .dges nnot produce a
sufficiently anreased recovery to merit further studies.
.Table 15 aléo shows that thef simple brdcedure of
leaching with ~water will not extrétt an& ‘ significant\
;gu%@tttaeé‘ of wvanadium, nickel or iron. However, water

AR S

leaching at room temperature will dissolve some elements,
. . » ' ’ -

namely: »

30-40% of-the‘qalcium, copper-énd‘éodihAj
20-25% of the chrgeiim and magnesiﬁm, and -
15-20% of the ﬁanganese and'éotassium.

These extraction results, along with the provén increase in
extraction of some’metals' from oil sand cokes withr‘the
b;cteria ’thiobaqillus thiooxidans,'*? may indicage possible
ipduétrial environméntai problems - from groundwater
contamination, |
_{ It is impossible to accurately interpret the variations

n extraction efficiency; however, a few comments caﬁ be‘
madej‘Firstly, acidic solutions dissolve up to 20% of the
;three metals examined. Seéondly,.basic'solutipns, apart from

the high extraction of vanadium by sodium hydroxide,
. ’r'



Leachant and Extraction

Conditions N Ni Fe
H,0 20°c 0.k 0.7 nd
sz 97°¢ 0.2 2.3 nd
H,S0j, 17.3 11.8 14.3
HCL ‘ 13.9 12.2 16.6
HNO 13.5 2.9 9.8
NHg L.5 nd nd
NaOH ‘ 27.2 0.2 0.1
'NaZCOB‘ - 6.? nd nd
K H202 | ) 1.8 37.1 nd
H2 5 (a01d) E 8.5 2.8 16.8
. 9+&2§04/HC1 L 20 ., 4% 2. 2% 7.3%
H Soq/NaCl e 00.4%  1h, 1% 2. 7%

Qg SOQ ppt. form®®, nd: not detected

7

jablewlﬁi Direct leaching extractions (%)

! '
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dissolve small or negligible gquantities of the metals.
Lastly, hydrogen peroxide, although digsolving .a large
quantity of 1nickel, is neither sucéessful for wvanadium
extraction nor a likely economic industrial leachant.
Overall, none. of the extraction results shows a
sufficiently high recovery (>70%) under reasbnable 1eaéhing

L%

conditions to merit furthervjnvestigation.
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.B. PRE-LEACH ROASTING

Prior to leaching, the Suncqf 1 ash was roasted in air
jn a‘muffle furnace for 6. hr at temperatures of 600°, 800°
and.1200°C. At 1200°C the ash had completely melted.

The leachlng conditions were similar - to, the previous-
tests with a phase ratio of 3 ml/g of roasted ashJ Analysis
of the leachates was obtained by atomic absorption
epectrosqopy. The extraction of vanadium, nickel and iron by
the same reagents useé"in fhe previous tests 1is shown in
Table 16. : | !

Very little vanadium, nickel and iron dissolves in any
of the leachants from esh that haSrbeen treated at. 1200gf.
The exceptidén is the case‘of sodium hydroxide, where 40% of
theﬁvanadlum is tra@%ferred 1nto the. bas;c solutlon

Only small quantltles of irom and nlckel are dissolved

by any reagents from ash roasted at 800°C. However, the acid

" leachants dissolve 45-57% of‘the vanadiu e' ba51¢ ones,

20*38%. The acid -éitractions are siil

to those fbund
. B '

previously.‘.72 e

Roasting at a lower tem@eraturel‘(600°c) slightly"-
dec;eased the extraétion of vanédiuﬁ by the two ieachants
tested (eulphUric acid and sodium hydroxide), and it may be
.expected that 51m11ar effects would be observed for. thg
other, leaching ;solutions. Further tests showed that roastlng
for %bnger time perfods,' or r%gsting in oxygen had“'a

né@ligible effect on the extractions.
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5
Another series of tests involved roasting the ash at
various temperatures followed by leaching with‘ﬁO% sulphuric -
acid. The maximum extractions, which'occurred after roasting
at approximately 760°C, were 60% of the vanadium; 5% of the
nickel and 6.8% of the iron. | |
During the series of ‘tests shown in Table 16,
precipitates were formed in the filtered solutions on
cooling. These were iaentified by x-ray diffraction analysi§i 
as sodium sulphate and calcium sulphate. A
Once again the results did not produce a sufficienti&ﬁ;
high extrdction of vanadium or nickel to warrant furth;r
investigation. | .
Prefieach roasting with wvarious adgitives has been
suggeéted as the besf extraction route for many
ashes.?s **-72 Suncor I ash was roasted at 800°C " with
20 wt % of each of the two most popular additives, sodium
,chlorié?- and sodium carbonate. The leaching reagents and
broced&re were similar to the 'previous tests and the
extraction results are presented im Table 17.
The vanadium extraction results were high’ compared to

previous tests, producing solutions with negligible

‘contamination by nickel or iron.

-
The highest vanadium extraction used sodium chloride as

" the additive and leached with sodium hydroxide solution.

But, since water and the basic leachants also extracted a
reasonable quantity of vanadium into solution, these cannot

be disregarded and will be investigated'further\in the next
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Leachant o Extraction and Additive
' Y, "o NL ) Fe N

NaCl ~ Na,CO, NaCl Na CO, NaCL _ Na,co,
Hy0 97 C 68.8 68.0 nd 0.1 nd nd »
1,50, g g 8 g 8 g8
HC1 g B - g Y 8 8
HNO, g g "8 g .8 g
NH, 58.6  40.1 Bé | nd " nd nd
NaOH 7905 . 46.4 nd 0.1 nd nd
Na,CO.. -75.2 . 59.1. " nd . 0.1 nd nd
H,50,, /NaCl g g g g g g

g: gelatinous product, nd: - not detected

o

‘Table 17. Additive pre-lrach roasting extractions (%)
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section.
The formation of an unfilterable gelatinous product
during the attempted leaching of the ash by acid solutions

was found to occur until the acid concentration was

!

substantially decreased. At a concentration of 3% $uiphuric
acid, the ash became filterable after leaching. This acid
solution extracted 37% of the vanadium from sodium chloride
roasted ash and 33.5% from'sodium carbonate ash.

Gelatinous material produced. By acid 1leaching 1is
normally formed b; activation of clay miperals which leads
to" an “'incfease in  their .catélytic; adsogpﬁive and
decolourizinyg power. Ovcharenko et ai.’sg' have shown that .
activation is accompanied by the dissolution 6f the
octahedrally coordinated magnesium, iron and aluminium ions.
The transfer of these ions to the solution is accompanigd by
the transfer of protons into the structure to form Si-OH
groups. When the dissolution occurs at the innermost
octahedya, the ‘Silicén:hydroxide groups are no longer
refained on the particle; the§ break away and leYmerize to
form silica gel. -

Roasting with sodium - chloride or sodium carbonate at
600°C and ieaching with sodium hydroxide -or 3% sqlphurié

.

acid reduces vanadiumfextraction by approximately 50%. "



C. MISCELLANEOUS - oo ¥
Although these miscellaneous tgsEs were nbt'carried out
in chronologicaltnorder‘ with the preceding and succeeding

tests, the following series of studies may be considered as

A
¢

-3 oV

preliminary.
_Chlorinatiof” !

Direct chlorinatibn of ash has;been-sgggested in two
studies®*? *¢¢ while aﬁother study*® "has | fggorted that
roasting with sodium chlgriae‘will volatilizé VéCl;.

"Ali vanadium?chlorides are:
1. liquids ér gases at joom temggrature,
2. in a gaseous form abgve 100°C, and
3. soluble in water of alkali.
These properties were utilizéd in the chlorination aéparatus
and experiments similar to thoéeibf-Skeaff.‘s‘

The ash was heated to Yérious temperaﬁtres (287°, 492°
’aﬁd 700°C) in an argon atmosphere. Chlorine gas was then
introduéea;to 4 g(ash‘éamples‘at a rate of apprbximately
0.5 1/min for one hour. The,furnacéigas was. passed thrdugh a
trap at 0°C, then bubbled through a 250 g/l solution of
sodium hydroxide which would absorbvunreacted chlorine gas
or Qoiatile vanéaium coﬁpounds. A second trap contained a
solution of sodium hydroxide and silver nitrate, so that any
chlorine reaéhing .this stage would produce a visible
precigitate» of silver chloride as a protection against

T

atmospheric venting of chlbrine gas. , e



-
. . v
. -

g For each temperature, three "broducts" were analyzed:

high _temperature , condensate after dissolution in sodium
‘ . v !

hydroxide solution, Yow temperature condensate after similar

.

dissdlution and the .sodium hydrbxide collector solution. The
low temperature cbndensate”was ;ollécted in the 0°C trap;
the high .temperature' conde%éate'in the silica tubing fqgm"
the furngCe ﬁd the trap. No v;nadﬁym, Anickel or iron was
carfied— th}ougﬂ to the cqllectog‘éolutioﬁ. The- vanadium was
recbveréd as low temperature condensate; the nickel as high.}

temperature condensate. The iron- was collected as a high

temperature coéndensate at the lowest temperatures; but at

-
.

700°C, B83% of the recovered iron was low temperature )

condensate.

Yiowever, as shown in Table 18, the extraction recovery
b} the three eleéments is insuffiéient to warrant. further
< s

‘

investigation.

Smelting .

The direct smelting of an ash to form an alloy has been
sdggested in Japanese patents’¢ % and by Stemefpwicz et
al.‘l" using GCdS (Suncor) fly ash; The latter study
recommended a process of reducing the vanadium, nickel and
igon"with carbon to form an alloy and‘tben-selectively‘
reoxidizing to ppoddce ferfonickel ;nd a vanadium rich slag.

TBased .on this study, three smelting tests were carried_
out with carbon-free (roastedX.Suncor I ash. The ash mixture

con_sist’ed of: : 'i | I



, Chlorinftion . Extraction
temperature (OC) /A Ni
287 1.0 5.3
492 - 1.b 5.5
, 700 2.3 2.9

Table 18. Chlorination extractlons (%)

85"

0.7
0.9
3.0
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100 g of roasted Suncor 1 ash,
26 g of sodium‘cérbonate, and
-coke~aé‘a reducing agent.
The sodium carbonate addition was enough to proddcé .a slag
with a silicéte'degree of approximately one, so as to avoid
entrapping any alioy in a high'viscosi{y slag.
QWT‘ | Vanadium, ﬁickel‘and.iron were assumed to be present as
' v,0,, Nio andvFe;,O4 respectively. 'If these éompounds are
reduced ‘Sy carbon to the metal Qnd carbon monoxidé, 3.35 g
of carpon are réquired{ if reduced to metal and sa;bon
dioxide, " 1.67 g are required. The four test mixtures
contaihéd 2} 4, 15 and 20 g of coke (90% carbon); the ‘last
test also contained 4 g of éalcium fluoride to increase slag
fluidiﬁy. The earlier study"’ used a carbon to ash ratio of
approximately. 0.1 to 1. This implies that the carbon
addition wés four times;the quantity of carbon required to
/reduce the metal oxides and form carbon monoxi@g.
VV The ash mixtures were placed in. -a coveréd ‘zirconia
crucible and heated in a furnace to'1400°C for 6 hr. After
smelting, the volume had been reduced by 95% and the residue
was . firmly bouha to the zirconia crucible. In each test the
gﬁaé residue was broken and exémined' for areas ~of alloy
.entrapment. ‘ |
The quantity of alloy formed, ité metal content and the
recovery of ;each metal ih the alloy 1is shown in Table 19.
The results of the study compare reasonably to the earlier

work under the recommended optimum conditions.



Coke . Alloy
addition (g) produced (g)
2 0
4 0.12
15 — 11.62
20 7.68

Table 19. Smelting-alloy recovery qu composition (%)

Alloy compositibn ‘

N

L 17.
14.8

10.

1

7

v

9.3
14.9

22.9

Fe

-

71.

59.

b,

4

2

87

Alloy recovery

MV Fe
2 1 2

82 77 88
81 55 63
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Even though the nickel and vanadium recoveries are
reasonable, further proceSsing must occur to sepérate the
metals and produce commercial products. The production of
Fev and FeNi from the alloy has' only been briefly
examined,'*® primarily due to the large guantity of .ash
required (100 kg of ash may on;y‘éhhduce 2 kg of alhpyY.

In this afudy, the;sféxgiéqﬁ%gzggique was noF’examined
any arrther due to the ;ﬁéﬁ;&igsgézgﬁes of wvanadium and
nickel by other techniques and the maferials handling
problem involved in even a brief determination of the alloy

product.

Preséure Leaching

An unpublished study'®? of the sulphuric acid pressure
leaching of GCOS fly ash' showed that the temperature
(65°-120°C) and sulbhur dioxidéipre§sure (0-50 psig) have
little efféct on vanadium and nickel extraction. HowZ&er, a
high temperature. leach (250°C, 550 psig) extracted 70% of
the nickel and 32% of the vanadium. |

An attempt was made to reproduce this High nickel
recovery by leaching Suncor I ash at a temperature of
approximately 130°C and a pressure of approximately 50 psig.
The extraction test extracted 53.2% of the nickel and,k 26.5%

of the vanadium.
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Sulphidatioh

Sulphurization or sulphidation of ash has been reported
as beiné successful’? but no information is available.

The single test initially attempted with Suncor I ash
involved roasting a mixture of the ash and 20 wt % sulphur
at 900°C and leaching with 10% sulphuric acid. This
preliminary ' test extracted 93.5% of the nickel and 25.6% of

the vanadium which obviously merits further study.

Reduction Roasting
Direct reduction roasting was attemptaed “roasting
Suncor I ash.in a hydrogen atmosphere at SOO“Qgggubsequent\
leaching was achieved with 10% sulphuric acid and 10% sodium
hydfoxide'so}utions. The extractions, which were too low for
further investigation, were:
HzSO4‘ 3.4% vanadium, 0.1% nickel

NaOH 11.3% vanadium, 0.1% nickel



1V. OPTIMUM EXTRACTION ROUTES

A. VANADIUM
From the prelimindry. éxttactioh. studies, it appears
that the higllest vanadium extraction. from Suncor I ash is
pbtained by roasting the ash with sodiuﬁ‘ chloride and
subsequent leaching. This.section of the stud¥f is aimed at
optimizing the exﬁraction conditions, mainly with regard to
the following variables:
1. leaching médium
2. roasting temperature : | ,
3. sodium chloride additions .
4, concentration/pH of leachant
5. leaching temperature
6. leaching phase ratio
~The e;pefimental conditions were similar to those
previously used. Approximately 20 g of ash plus additive was
roasted in a tube furnace in air, with the temperature
controlled to #5°C. Leaching was carried out at 97°C for
4 hrf'bith mixing under reflux c@\gitions, and a phase ratio
of approximately 3 ml/g of roasted ash. The hot slurries

were filteredyand the filtrate analyzed, after cooling, by

atomic absorption spectroscopy.

Leachant
The  preliminary tests showed that leaching of

salt-roasted ash with water or sodium hydroxide produced a

1

90
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reasonable vanadium dissolution. Leaching with 10% sulphuric
acid produced an unf'ilterable produciy leaching with
3% sulphuric acid produced a low extraction. Thus the most
effective leachant is either water (pH 6) or a basic
solution.’

A

Roasting Conditions

Prior to leaching wizh either water ror 10% sodium
hydrox'ide solution, the ash was roasted with 10 wt % sodium
chloride for 4-6 hr at temperatures of approximately 700° to
1000°C. The effect of roasting temperature on the extraction
of wvanadium with the two leachants is shown in Fig. 9 and
10. (Appendix I presehts the values upon which Fig. 9 and
all future plots are based.)

As the best extractions are similar, the use of water
as the leaching agent is economically more beneficial. The
roasting temperature te maximize leaching recovery in the
water leaching system was found to be 905°C.

Extending the roasting time be¥ond é hr does r1ot
increase the recovery of metals from the ash. Similarly,
roasting in an oxygen enriched atmosphere does not affect
"the eventual metals recovery.~ Roasting in neutral or
reducing atmospheres significantly reduces the recovery and -
will be discussed later. |

In thé static bed roésting used in this study, reducing
the roasting time below 6 hr reduces the metal recovery.

This reduction is due to the oxygen requirement for the
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1
Poanting feact vaons Cohee the next chapter) tor oo et . Thas,
. S~
Foast 1y f ot less than o i IR rnsut e rent f o the

reactions to occur throughout the ash bed  (depth =2 om)

Cbvrounly, this roastoing time may be pedueed by the use of a

flardiwed bed o o rotat ing kiln,

NaCl Additions

The quant ity ot aodiar chloride addedt o the  anh 1g
Lnpottant In maximising extraction and economic efticiency,
v . . . . . . . N O o~
Previous tests have  shown  that  with  roasting  at Jooro,

vanadium  extraction 15 ob B4 with 20 wt % sodium chloride;
and approximately 52 wt % owith 0% sodium chiorvide.

Figure 11 shows the wvanadium extraction results ot
water leaching of Suncor | ash roasted at 9U05°C with varying
guantities of sodium chloride. Although the optimum quantity
of~5gdium chloride used will be an economic decision, 1n all:
other tests 14 wt % sodium chloride was added.

-
Leaching Conditions

The four wvariables that are examined :1nvolving the
leaching process are solution pH, l=acthing temperature,
leaching time and phase ratio. The ash used for these tests
wa; roasted at 905°C with 10 wt % sodium chloride.

The pH of the leachant was varied from 5.20 to 12.48 by
the addition of sulphuric acid c¢r scdium hydroxide solution.
The wvanadium extraction wvaried irregularly from 70 to 80%

over this range; the best extraction was obtained with water
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Figure 11. Deper.dence of vanadium extraction o‘n NaCl additions
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“direct from the supply system with a pH of approximately
Six. |

The effect of leaching temperature, with a 4 ﬁr leach
time, 1is presented~in Fig. 12. The beét vanadium extraction
(81.1%) is‘obtained by leaching at the boiling poiht of the
slurry. Additionally, Fig. 13 shows that the. optimum
extraction éan be obtained after ~approximately 1 hr of
-leéching. Increasing the mixing efficiency by using a high}
: tempetature shaker bath does not increage the wvanadium
'reéovefy. |

Under .the optimum conditions, roasting at 905°C witﬁ
14.wt'%‘ sodium chloride and leaéhjng with wafér at 97°C for
' hr the maximum vanadium extracfion of approximateiy 90% is
maintained up to a phase ratio of 1 é/ml. As tﬁé phase ratio
increases to 5 g/ml, the vanadium extraction gdecréases to

74%.
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Vanadium Extraction (%)
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time at various temperatures
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B. NICKEL
From the preliminary extraction _studies,- it ‘appears

that the highest nickel extraction from Suncor ash is
obtained by roastihg the ash with sulphur and subéequent
leaching with sulphuric acid. This section' of the study is
aimed at optimizing the extractién conditions, mainly~vwith
regard to the following variables:

1. leaching medium
» 2. roasting temperature

3. éulphur additions

4. concentration of leachant

5. leaching conditions
The experimental conditions were similar to»thoée used
in.the »previous tests. Approximately 10 g of ash plus
additive‘ was roasted in a mgffle fu;néce in air, with the
témperature.controlled to +2°C. Leaching was carried out at
97°C for 4 hr, with a phaée }atio,of‘approximately 3 ml/g of
roasted ash and mixing under reflux conditions. The hot
slurries were filtered and the filtrate analyzed, éfter
cooling, Ey atomic absorption spectroscopy.
Leachant

The preliminary results of the leaching of sulphur

roasted ash with sulphuric acid prodyced a reasonable nickei
dissolutipn. The extraction of nicgel, vanadium and iron'
from ash roasted with} 20 wt % sulphur by leaching with

various reagents is shown in Table 20. Although all the
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\ _ Extraction
" Leachant , Ni v Fe -
H,,0 ' ~ nd 24 nd
. 10% NaOH nd 22.1 nd
10% Hz'sol+ '93.5 46.9 18,5
10% HC1 ‘ 72.4 L5, 3 17,7
10% HNO b 52.1 h6.5 9.6

nd:'not detected-

Table 20. Sulphur roast leachant extractions (%)
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acids extract some quantity of the nickel and vanadium, the
highest extraction is obtained with sulphuric acid which was

used in all the future leaching studies.

Roasting Condftions‘ | {

brior to leaéhing with 10% sulphuric acid, the ash was
_roasted with 10 wt % sulphur at various temperaturés fér
approximately 6 hr. The vanadium and nickel extractions are
présenﬁed in Fig. 14.

The optimum extractgpn of nickel occurred after
roasting at approximately 900°C. Tﬁe highest vanadium and
iron recoveries (34.8% and 17% respectively) were also
obtained at this températurg.rThe iron recovery varied very
little over the temperature range examined; from 14.3% at
200°C to 13.6% at 1050°C. 

The variables that affect the roasting time are similar
to those -discussed previously. The efgect of roasting in‘
neutral, reducing and”sulphur dioxide atmospheres will be

o

discussed later.
Sulphur Additions
' Figure 15 _sho@sq'the nickel énd vanadium extractions
from the 10% éulphuric acid leaching of Suncor I ash roasted
with4 variable quantities of sulphur at 900°C. The iron
‘extraction, not inclﬁded in Fig.-15, varied from 10.6% at

5 wt % sulphur to 20.2% at 25 wt % sulphur.
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Although the optimum addition of sulphur must be made
by an economic analysis of the overall extraction procedure,
20 wt % sulphur was added to the ash in all the following

tests. i

Leaching Conditionse

The variables involved in the leéching process that are
examined include concentration of the sulphuric acid
leachant, leaching temperature and leaching. time. The
material used for these tests was Suncor I ash roasted at
900°C with 20 wt % sulphur.
| Féble 21 shows the nickel ;nd vanadium recovery from
the ash produced as ,above, with wvarious sulphuric acid
strengths. Although the highest extraction is obtained at a
concentration 6f*{5% sulphuric acid, the approximate optimum
recovery can be considered to ,oécur with appfoximatély
10% sulphuric acid. The acid usage during leaching 1is wvery
smail; the»acia molarity decreases from 1.1 to 1.0.

Figure 16 shows the effect of leaching temperature,
with a four hour leach ime, on nickel extraction, and
Fig. 17 demonstrates the ef YX of leaching time at 98°C.
Optimum leaching conditions may be estimated to require
leaching for at least 1 hr at a temperature of appfoximate}y
98°C. Nickel extractions of 90% are maintained, with a

leaching time of 2 hr at 98°C, up to a phase ratio of

1 mi/g.
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Extraction
Sulphuric acid (%) v Ni Fe
5 | h2.0 50.0 11.6
10 h6.9 93.5 18.9
15 hg.7 - 96.7 20.2

‘\éu;

Table 21. Effect of acid strength on sulphur roast extractions (%)
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Figure 16. Dependence of nickel extraction on leaching temperature
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C. EXTRACTION SUMMARY

For an  industrial  process  the  optimum extraction
conditions must be evaluated with the aid of a detailed
economic analysis of the process. However, in this thesis,
the optimum conditions were estimated by attempting to
balance recovery against reagent usage or time requirements,

The optimum conditions selected for the recovery of
vanadium and nickel from tg; Suncor 1 ash were applied to
the other Suncor ashes and the Syncrude ash samples. The
leachates were analyzed by atomic absorption spectroscopy
for several metals to determine the contaminants 1in the
solution. These results are useful 1in comparing the

extraction routes with other recovery processes. for vanadium

and nickel and suggesting further purification procedures.

Vanadium
The optimum vanadium éxtraction conditions determined

from the previous tests are:

roasting temperature: 905°C

roasting atmosphere: air

roasting time: approx. 6 hr

foasting additive: 14 wt % sodium chloride

leaching solution: water

leaching temperture: 97°C

leaching time: approx. 2 hr

phase ratio: 1 ml/g of roasted ash

™~
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The four Suncor ashes and the two Syncrude ashes were
treated under the qgtimum vanadium extraq&ion conditions.

After leaching, thebhot‘slurries vere filtered and washed by

. 1
an eq%al volume of water. The Iéachates were then analyzed,
bygatomicAabsorption sbectroscopy, for several elements.
For the‘Suhcor ashgs the éxtraction of vanadium was:
“Suncor 1 91.2% |
Suncor Ii 89.3% A
Suntor II1I 85.4%

Suncor 1V 95.6%

‘The concentrations of the other major elements in solution

are:

0.00 - 0.01 g/1: Ti, Ni, Cu, Zn

0.01 0.10 g/l: Fe, Al

0.10 - 1.00 g/1: Mn, Mo, Mg, Ca

.00 - 3.00 g/1: K
‘ >8 g/l: Na
10 g/1l: Vv

For the two Syncrude ash samples the vanadium recoveries are

approximately 7%. The nickel and iron recoveries are <0.01%

'and_0.02% respectively;f.

The faétor‘limiting vanadium recovery from Syncrude ash
is the high carbon content. If the ash is initially roasted

in air to remove the  carbon, then roasted with 10 wt %

sodium chloride,vthe vanadium recovery is approximately 75%.

The nickel and iron recoveries both Femain <1%.
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ﬁickel .
» . .
The optimum nickel  extraction conditions determined

from the previous.tests are: |

roasting atmosphere: air

roasting temperature: 900°C

roasting time: approx. 6 hr

roasting additive: 15 wt % sulphur

leaching solution: 10%\su1phuric acid

leaching.temperature: 98°cC

leaching time: approx. 2 hr

phage ratio: 1 ml/g of roasted ash

The four Suncor ashes were treated undeér the oOptimum

nickel extraction conditiéns. After leaching;' the hot
slurries weré'filtered and washed with an . equal volume of
water. The leachates were then analyzed by atomic absortion
spectroscopy. The‘nickel‘exfraction from the Suncor ashes
was: Suncor I 93.2%

Suncor fI 97.6%

Suncor III 94.1%

Suncor IV 82.3%
The produééd solution contained a?proximatelt 3.3 g/l
nickel. The concehtration of the.other major elements in
solution are: |

0.0 - 0.1 g/l: Cu, Zn}.Ca, Mn

0.1 - 1.0 g/l: Mo, K, Mg

-
(@]
i

5.0 g/l: Fe, V, Ti, Na

>10 g/1: Al



For thé two Syncrude ash samples the pickel recoveries
in solution are approximately - 55%. The vanadium and iron’
recoveries are 40.7% ana 39.9% respectively. Nickel recovery
‘'was not  increased by'pre—roasting the ash in air to remove’
carbon.ihdéitionaily, sulphur is not responsible for\ the
metal extractioﬁs from Synqrude ash; ‘Similar nickel,
vanadium and iron éxtractionsntan be obtained by treating
Syncrude ash=;oasted at 600°C with 20% sulphuric acid. It is
probable that'thé‘nickel may not be present in the Syncrude
-ash in a .sfmilaf form to the Suhéor’ash, since they are
formed under different conditions.. o

Only vanadium can be extracted to any extent’by‘watér

.

or acid from Suncor I ash roasted with a mixture of  sodium

~ £)

chloride and sulphur at 900°cC.



V. DISCUSSION

A. VANADIUM EXTRACTION
Further Processing

The processing of vanadium ores by sodium salt roasting
and water leaching generally produces a solution containing

7-20 g/1 vanadium. To produce. a . high - grade vanadium

" pentoxide product or to upgrade an impure vanadium solution,

the vanadium can be extracted from an acidified solution by

solvent extraction. The vanadium is then recovered from the

‘purified solution as ammonium metavanadate by precipitation

.

~

with an ammonium salt.

An alternative'procedure,_moré commonly used, is  to
acidify the “solution \to a pH of 2.4-2.8, then precipitate
the vanadium with ammonium chloridé. The finél ammonium
metavanada£e prodﬁct is roastédito form vanadium pentoxide,
which is a commercial’product in any grade in excess of 83%.
Impure vanadium‘ pe&toxide may be purified by digestion in
sodium carbonate solution and precipitation withA aﬁmonium'
chloride or sulphate.'?®’ |

Table 22 shows the concentration of various elements in
a typical Suncor ash leachate\aﬁd the composition-of the

final oxide product. The leachate was acidified from a pH of

"7 to 2.5, then the stoichiometric quantity of ammonium

chloride was added, according to the reaction,



El ement
v

Fe

Zn
Mo

Al

Mg
Ca

Na

¥

Leachante (g/1)

13.0
0.01
0.09

0.008
10.36

0.06

1.74

10

1

Oxide product (%)

73.4
0.

0.

Table 22: Solution and oxidn'product composition

05

63

.03
.05

.25
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i

. 49

. 84

.15

.13
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VO; + NH{ —> NH;VOJ
The stoichiometric quahtity- of ammon ium chloride
precipitates 70% of the wvanadium to produce, via the
reaction,

2NH,VO, —> V,0, + H,0 + 2NH,
a solid containing 73% V,0s. The oxide product can be
increased to 88% V,0, by increasing the recovery from
solution‘to 81% with twice the stoichiometric quantity of
ammon ium chlo}ide. - . //' |

A detailed economic study is required to evaluate the

use of Suncor ash as a source of vanadium. However, similar
processes are currently producing vanadium veconomfcally in
the United States. Thus the process may be»feasiﬁle if

Y
" sufficient markets can be located.

Roasting Reactions
The first detailed stud§ of the salt roast—water leach
process for vanadium recovery was carried out by Dresher.'s*
The basic roastiné reaction can be written as |
V,0, + 1/20, + 2NaCl —>2NavO, + Cl,
V.0, + 3/20, + 2NaCl — 2Navo, + .ClAz.
.and his coﬁclusions‘can be suhmérized as: |
| a.‘The initiél portion of the roasting reaction rate
curve follows the parabolic rate law, indicating
diffusion of either oxygen or chlorine through the
reactién products.

b. After the initial period, the reaction rate curve
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follows the logarithmic rate law. This is

interpreted as hindered diffusion of the gas

y

A

"by the presence of barriers
consisting of small blisters or
pockets which interrupt the .
straight-line diffusion lof the

1 gas through the  accumulated
reaction'products.f

Oxygen partial pressure does not affect the

roasting feaction rate.

There is a significant reaction rate, increase at

the melting point of sodium chloride.

The main rate controlling step for the formation
of sodium metavanadate is the diffusion to the
reaction site of oxygen .or the diffusion of
chlorine from the reaction site.

roasting of Suncor ash produced some results that

were. in agreement with Dresher's study. Although the final

sodium vanadate compound was not identified, its formation

requires

oxygen, as roasting in neutral and reducing

atmospheres (N, and H,) led to vanadium extractions of 0.6%

and 1.0%,
type to

formation

respectively. The only other conclusion of this
be made 1is that carbon is not required for the

of the water soluble vanadium compound. Initial

ash roasting at 650°C followed by salt roasting led to 86.5%

vanadium recovery compared to 89.1% by direct salt roasting.
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Although the roasting reaction rate was not measured,
it was observed that increasing the oxygen partial pressure
did‘noﬁ affect the vanadium " recovery. Additionally, there
was a noticeable increase in vanadium recovery at roasting
temperatures above the melting point of sodium cﬁloride
4(801°C), but no observafions of the reaction rate were made.
Dresher also noted that the optimum concentration of sodium
chloride 1is 6% plus 1% per % V,0,. The optihum requirement
for Suncor ash is slightly above this value. . \

A study of the salt roasting of wvanadium-rich
titaniferous magnetites'®?® sho&ed an appreciable increase in
vanadium extraction above the melting point of sodium
chlor%de and a maximum vanadium extraction after foasting at
850°C. The ma#imum extractioﬁ was 6btained with a N@CI/V;O5
fatio of approximately 5. | | |

However, a siﬁilar‘ study75‘ found that the maximum
extraétiﬁn occurred after roasting at 950°C with 12% NaCl
from an ore containihg 0.9% V,0;s. Five . times the
stoichiometric quantity of ammonium chlo;ide was required to
précipiéate 98% of the vanadigm. The results from these
studies compare reasonably:with th; optimum conditions for
the Suncor'ash vanadium extraction.

The replacement bf sodium chloridé 'by another sodium
salt has also been examined.'®’ Sodium chloride'is repbrted
as being séiective for vanadium whereas 'sodium carbonate

will - form water soluble cbmpounds with silica, phosphorus

and alumina. Sodium sulphate requires a higher roasting
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temperature and is normally more expensive.
A vanadium recovery of. 89.1% from Suncor ash was
increased to 93.5% by using an additive of 5% Na,CO,/5% NaCl

and decreased to 68.4% by using 14% KCl as the ddditive.

k-2

However, sodium carbon&te will increase the contaminants in
\solution and' decrease the purity of the final product.
Roasting with a calcium compound pgoduces a water insoluble
calcium vanadate.

Tﬁe vanadium recovery from Suncor ash was not alterea
by grinding the.ash to 90% less than 20 pm in diameter. The
finer,particies should'make available more surface area énd
hence more vanadium to chemical reaction. The absence of aﬁ
extraction increase may have éwo explanations. ’

The vénadium may' occur in the ash 1in different
compounds, not all of which react with sodium\\chloride to
form a water soluble vanadium‘cbmpound. Therefore increasing
the surface area may not increase the: vana@ium' extraction.
The extracﬁion increase with the roasting addition of sodium
chloride ana sodium carbonate may suggest that some vanadium
compounds will react in the required manner‘with sodium
carbonate but not with sodium chloride. ‘

Alternatively, the vanadium may react with some of the
.’calcium in the ash to form/'a water insoluble <calcium
vanadate. Formation of a /éalcium/vanadium compound has
" previously occurred duringf.sodium carbonate roastingw of

a

vanadium rich slags.'*®®
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X-Ray/SEM Studies
X-ray diffraction scans of various roasted ashes and.
residues produced few identifiable compounds using the ASTM

. |
Powder Data File. The only firm identification 1is for the

" silicate 1-x NaAlSi,0,,, x CaAl,Si,0,, in the residues.

.
Additionally, sodium chloride is found in the roasted ash

prior to leaching. - The three major x-ray diffraction scan

péaks of an iron vanadium oxide, Fe,. . V$:V:i0,., were found

in the residue scans. The lack of confirming peaks and the
s

small quantity of vanadium in the residue suggest that this

compound may not be present. Chursina and Gutermakher'®®

‘suggest that reacting ash with hYdrofluoric acid on a water

bath will dissolve silica and some silicates, which will
enhance the residual x-ray diffraction patterns. Ash, carbon

free ash, roasted ash and residue were treated by this

- technigue but no change in the diffraction patterns was

observed.

Suncor ash before treatment is shown in Phétograph 1,

"its appearance after roasting with 14 wt % sodium chloride

at 905°C is shown in Photograph 5. The elemental EDA scans
of the. sample indicate that the surface material is rich in
sodium, wvanadium, iron and titanium, After leaching,

Photograph 6, mgch of the surface material has been removed.

The structure of the residue appears to be divided into

three types: (1) apparently untouched ash spheres of similar

" composition to the original material, (2) surface growths

rich in titanium and iron, and (3) ash spheres (rich in iron



e
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and silicon) that have been partially destroyed to reveal a
hollow interior. The presence of wuntouched ash spheres
indicates that some of the vanadium has not reacted-with the
sodium chloride.

Photographs 7 and 8 show the ash after roasting with
33.6 w¢ % sodium chloride at 905°C and the ash. after
roasting with 14 wt % sodium chloride at 1050°C. 1In
Photograph 7, after roasting @ith excess sodium chloride,
the ash appears to have a Smoothef surface finish which
normally indicates melting has occurred. The decrease in
vanadium extraction with excessvsodium chloride may have two
possible explanations:

1. when = sodium chloride melts at 801°C the
solid-solid-gas reaction is converted to a more favorable
solid—liquid—gas reaction. The salt-ash contact is increased
but the oxygen—ash contact is decreased as the molten salt
becomes a bérriep between the » two phases. One study'®?®
suggests that this molten salt barrier 1is the reason for
little improvement in vanadium recovery above 850°C.
However, no examination is made of the effect of increasing
the temperature above 900°C or increasing the sodium
chloride content. If the molten salt does act as a
significant barrier to oxygen reaction‘with the ash, one
would expect large quantities of sodium chloride to incréase
the barrier to an extent where vanadium recovery would

decrease.
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2. The alternative explanation of the extraction
decrease is that the increase in sodium chloride content

decreases the melting point of the ash mixture and forms a

molten sodium silicate. Thus, on cooling a vanadium oxide or-

sodium vanadate is physically trapped within the silicate.

Roasting the ash with 14 wt % sodium chloride at 1050°C
also leads to a decrease in vanadium recovery, although
Photograph 8 shows no substantial differences from those of
ash roasted at 905°C. Silitonga and Prosser'®® found
vanadium to be present in a slag as FeO(V,Fe),0, which
reacted with sodium c¢arbonate to form sodium vanadate.
However, at temperatures above 1000°C the sodium vanadate
réacted with the silicate to physically trap the vanadium in
a sodium vanado-silicate glass. A similar mechanism could
account for the decrease in vanadium extraction after
roasting at high temperatures.

The x-ray and SEM studies, and reports from other
investigators, suggesf that the vanadium exists in the ash

as an oxide, probably as a mixed oxide with iron.

-
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B. NICKEL EXTRACTION,
Further Proceséiﬁg‘ e
Treatment schemes for nickel containind acid solutions
génerally fall into two gfoups; electrowihning and sulphide
gprecipitation.‘The electrowinning of nickel from solution
requires a pure (low Cu, Fe, Co), high nicﬁel concentration
(60 g/1) *solution. The sulphide precipitation route is"ﬁéed
for low concentration solugions (67971) that are generally
producéd by sulphuric acid pressure leaching of ox}dized
nickel ores. A typical éolutién (5 g/1 Ni, 0.8 g/1 Fe, pH 2)
would be reaétedeiﬁh hydrogen sulphide to precipitaté a
high grade nickel sulphide; To obtain metallic nickel, the
sulphide 1is rediééblved,"impﬁrities precipitated and 99%
nickel metal recovéred bf eléctrowinning. |
que solution produced from'tﬁe leaching of Suncor ash.
COnta{ﬁs adequate nickelf but the acidity of the solution
must be reduced. The high iron concentration_&ould result in
the‘ formation of iron sulphide; this formation can be
preveﬁfed.by initial aeration of the solution which will
pfecipitate ‘iron(iII) hydroxide. The’ effect - of the high
concentrations of sOdium, vanadiuﬁ and titanium .on " the

"sulphide precipitation is unknown.

4
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X-Ray/SEM Studies

X-ray diffraction anqusis "of the varioﬁs sulphur -

“,;oaSted ashes and residues produced very few diffraction

scan peaks and no identifiable compounds could be located in‘
the ASTM Powder Diffraction Data File. Similar results wer®
‘obtained for ash roasted with pyrite, sulphur dioxide,
pyrgpotite and sodium sulphate with the exception of
identifying unreacted pyrite  ande pyfrhbtite. (The
extractions from these roasted ashes will be discussed
later.) |

)

Suncor I ash beforeltreatment is shown in Pho

its appearance after roasting with 10 wt % sﬁlphur at

is .shown in Photograph 9. The crystflals fhat have formed on
tﬁe surface of £hé spheres appear ricf in vanadium,.'nickel,'
iron -and titanium,: or some combination of theSe eiemeﬁts;ﬂ
- The sulphur content of the roésted‘asﬁ was 0.34%, vift@é;;y.
identical ‘to that of pure ash roasted at 900°C (0;35%5P
indicating‘that the residual sulphur is present due to. fﬁg_
sulphur in the original ash. The crystals appearAsimilarAto
tﬁe microcrystals originally present .in the “ash
(Photograph 3) and, sincé they. contain very littie or’ . no
‘sulphur; they are probably’oxides;'

Photograph 10 shows vthe ash after leaching with 10%
sulphuric acid. The- majority . of the crys;als have been
removed from the surface of the spheres during the leaéhing

process. Additionally, the sulphur content of the -ash has

been reduced to 0.01% so that the acid has leached theboxide

i
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crystalsﬂand the inorganically bound sulphur.

As is shown in Photograph 11, increasing the initial
sulphur addition to 50 wt % significantly increases the
formation of microcrysFals, The nickel extraction 1is also
increased from 72. 8% té greater than 97%.

The effect of roasting the-ash with sulphur in neutral
or reducing atmospheres was also investigated. Phqtograph 12
‘shows the ash after roasting with 10 wt‘%_sulphur at 900°C
in argon. The éurface'growths on the spheres appear to be
rich in vanadium, iron, nickel and possibly aluminium. The
growths were also rlch in sulphur; the ash contained >2%

sulphur..

1

B -

Roasting ‘tﬁg\ias and 10 wt % sulphhr at 900°C in a
;.fldwing hydroéen étream produced. apparently unaltered ash
that contained 0.5% Sulphur: The nickel extraction from the
ash roasged in neutrai and reducing conditions was 12.?% and
3.2% respectively.

The results to this stage can be summarized as:

1. During roa,s‘ting_ in air the suiph”ay vaporize and
dissipate,-1t may react with 6Xy‘en to %orm sulphur dioxide
ér it may react with the ashfiMicroc;ystalsvthat probably
contain an acid soluble'nickel oxide are formed.

o 2. During roasting 1in argoﬁ the sulphur may vapbrize
and be carried off En the gas stréam or it may combine with

"the ash. Surface growths formed on the ash spheres probably

contain a'slightly acid soluble nickel Sulphide.
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3. During roasting in.-hydrogeh, the sulphur may

vaporize and be carried off.in the gas stream, it may react

with the ash or it may form hydrogen sulphide.
/ ‘ _
The decrease in/ nickel extraction at roasting
temperatures below 900°C is.shown in Fig. 14. The residual

sulphur content of these ashes and their appearance was:

900°C 0.34% mic:oc:ystals
750°C ‘ 0.60% o microcrystals
650°C 0.84% | small crysﬁais
500°C - >2% surface growths ’
200°C >2% no growths

From these reactions and the EDA analyses of the ash growths

and crystals it appears that at 500°C in air or in a neutral

atmosphere, the nickel 1in the ash reacts to form nickel

sulphide. At 650°C in air, the nickel sulphide reacts with

~oxygen to form nickel oxide.

‘Roasting Reactions
Free energies of various reactions at standard
|
conditions can be evaluated from the available data'‘® to

discuss the possible reactions from a thermodynamic

viewpoint. However, no analysis can be made of the kinetics

of any offthe reactions that are thérmodynamically feasible.

Tﬁermodynamically; sulphur will react with hydrogen and
oxygen at 2Q0°C.:The reaction free energies increase as the
tempe}ature increases SO that the thérmodynamic driving

force fo the reaction will -~decrease. However, the
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reactivity ‘of the sulphur will increase as iﬂ mélts (120°C)
ana Qaporizes‘(445°c). Thus it 1is impossiﬁle to easily
evaluate the extent<£o which these reactions occur under the
roasting conditions. Although, it is appareqt"that the
sulphur will react with hydrogen before\thé ash, and with
the ash before oxygen. - A .
The other reaction suggested by the SEM studies was the
reaction between nickel sulphide and.oxygen at approximately
650°C. Thermédynamically, this reaction is feasible: |
| Nig f 3/20, —» NiO + SO, NOG = -88 kcal
The other requirement of the suggested reactiS; scheme
is that the hic&g}/originélly present in(the ash will react
at 500°C with sulphur, to form nickel sulphide.
The simplest nickel compoundslthat'could‘ bé suggested
to occur in the ash are: -
nickei oxide, Nié
nickel-sulph&de, NﬂS
nickel sulphate, NiSO,
hickel silicate, NiSiO,
nickel latefite, (Mg,Ni)Si0,
;If the initial nickel compound is nickel éulphide, it would
be expected that iifstiég the ash at >650°C . in air and
leaching with acid would extract the nickel into solution.
But the recoveries aftér roasting in air or afgon at 800°C
followed by sulphuric acid leaching were .only 2.3% and 0.1%,

respectively.
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1f the initial compound was nickel 'sulphate, £he nickel
shéuld be directly water soluble; similarly,_hickel oxide
should be directly a;id soluble. However, the nickel’
d%ssolution for these leaching conditions was 2.3% and 11.8%
respectively.

Nickel silicate could 'be considered a type of nickel
latérite‘which'is of the general form (Ni,Mg,Fe)SiOJ with a
variable composiﬁion. The treatment of laterites of varying
compoéition is carried out by several differen£ schemes but
some of them afe similar to the process suggested for nickel
recovery from Suncor ash. | |

Q The sulphidétioig of nickel ores was first reported by
Filin et al.,'*' who u ed a mixture of' sodium sulphate aﬁd
wood ;harcoal ‘roasted with the ore at 700°-950°C. The
sulphidizing agent is reported to be sodium sulphide and the
degree of sulphidation to be a linear function of
temperature. | |

More recently, the,sulphidation‘of,hickel laterites has
been examined by the Colorado SchSST"of~ Mines Researéh
Foundation.'®? Approximately \15% sulphur is - added to a
- slurry of laterite ore containing 2% nickel. The sulphur can
be replaced by pyrite. Tﬁé sulphidation reaction occurs at
230°-240°C with a pressure .of 380-480 psig. The nickel
sulphidé is oxidized to nickel sulphate at a temperature of
200°C and a pressure of 210 psig. The nickél dissolves in a

slurry at a pH of 1-2, extracting 85-95% of the nickel. -
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A recent patent'?®’ hés ‘stated that »nickél can be
recerred from laterites by roaséing with sulphur followed
by -acid leaching, but no comments on the ﬁechanism are made.
The sulphur 1is reported to prevent the formation .of
,inéolubie forsterite, 2MgO.SiOz,lduring roasting."

Alternative nickel recovery schemeé for laterites have
involved reduction roastiné/ammonia leaching, "¢+ ' ¢

Y

sulphuric acid pressure leaching'®® '°®¢ and reduction
roasting with pyriﬁe to form nickel sulphate.'*’

The similarity between the sulphidation sthdies and the
Suncor ash treatment schemé, associated with the dood niékel
recovery by éulphuric'racid ‘pressure leaching (a typi;al
laterite treatment route), indicates that the nickel is
present in the ash as a laterite. Roasting the ' ash with
sulphur éroduces, nickel sulphide which 1is subsequently
oxidized to an acid soluble nickel oxide.

- Sulphur was replaced in thé reaction by various other
sulphpr—containing additives. The roasted ash appearance

after roasting at 900°C and the nickel extractions after 10%

sulphuric acid leaching were:

sulphur - 40.7% _ micfocrystals
p;frhotite 4.,2% "unaltered ash
pyrite | 36.3% _ ,microéfystals
sulphur dioxiwe 1.4% unaltered ash
sodium sulphate 37.8% microcrystals

The quantity of solid additive mixed with the ash was

k3

sufficient to produce a mixture containing 5 wt % sulphur.
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The results indicate that if sulphur is available in a
pure,form, from the decomposition Pf ?yrite,
2FeS, —> 2FeS + S, (900°C) NG = 19 kcal
or from éodiuﬁ sulphate, a slightly acid solublé nickel
sulphide will be formed. Sulphur will not be available from
the decomposition of pyrrhotite.or sulphur dioxide as their

free‘energies of formation are <-40,000 cal at 900°C.
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C. ASH STRUCTURE

At various stages £hroughout this study comments on the
structure of the Suncor ash have been made. These brief
comments can be summarized as:

1. Previous studies have located irregular carbon
grains and aluminosilicate spheres,'?® and coke _particles,
fly- ash spheres, cenospheres, pleuroSpheres and enriched
microcrystals'** in the ash.

2. The esr spectrum of,.Suncor ash indicated the
presence of magnetite and the existence of vanadium in the
+3 and/or +5 oxidation stétes.

3. The vanadium aﬁd.nickel distributions in the ash do
not agree with the vaporization-condensation model.

4, SEM studies loééted distinct carbon, grains,
aluminosilicate fly ash spheres and cenospheres, and
microcryspa{s enriched in iroﬁ, vanadigm, titanium and
nickel, and deficient in aluminium, silicon, calcium and
potassium, .
| 5. The vanadium fécovery procéss suggests that the-
vanadium is present in the ash as a vanadium oxide. A mixed
sodium-calcium-aluminium silicate and an iron vanadium.oxide
may also be present during the treatment process.

6. The nickel treatment scheme and the reports of other
investigétoré iﬁdicate that the nickel may‘be present in the
ash as a nickel laterite.

%TheSe,~results can be combined - to ,-suggestA that

components of the Suncor ash include distinct unburnt coke
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grains, magnetite, aluminosilcate spheres which may contain
a vanadium oxide and a nickel laterite, and crystal growths
on the sphere surfaces. The Syncrude ash has & high carbon

content and is aptly described as unburnt coke.



VI. CONCLUSION

This thesis has succeeded in describing extraction
processes for the recovery of vanadium and nickel from the
Athabasca oil sands fly ash. It has also produced some
evidence of the compounds and structure‘in the ash.

Approximately 90% of the vanadium can be extracted from
. Suncor .ash by roasting the ash with sodium chloride and
leaching with hot water. The produced solution 1is suitable
for the production of commercial grade vanadium pentoxide. A
similar procedure can be used with Syncrude ash if it is
pre-roasted to lower the carbon content. Similar vanadium
extraction processes are in commercial opération, so that it
is probable if sufficient ash supplies and markets are
availabie, that an industrial operation could be possible.

Approximately 90% of the nickel can be extracted from
Suncor ash by roasting the ash with sulphur and leaching
with sulphuric acid. Three major probléms may prevent this
process from economic consideration. The factors are:- 1)
" the small quantityvof nickel in the ash compared to market
requirements, 2) the inability to treat other  ashes
,(e.g.,éyncrude), and 3) the high sulphur dioxide emissions
from roasting with sulphur.

The Suncor ash was shown to contain some metal-rich
crystals on the surfaces of the aluminosilicate spheres and
may also have some enrichment of certain elements on the
" sphere surfaces.  Additionally, the nickel extraction

procedure indicates that the nickel is present in the ash as

135
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a laterite.

Further work should examine other ashes produced in the
region as other plants start operation. An attempt can then
be made to optimize, scientifically and economically, a
process for'recovering, at least vanadium, from all ashes of

the Athabasca 01l sands area.
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Figures 9 and 10

T#@perature (°c) Vanadium Extraction (%)
' Water NaOH
713 " 48.5 36.4
756  s0.1 48.8
832 548 63.9
866 67.1 - 68.1
897 9.2 76.1
905 o 81.5 79.1
n 69.2 79.7
2 63.3 77.3
Figure 11
NaCl (%) Vanadium Extraction (%)
0 : ‘ 11.2
3.9 59.3
.8 64.7
10.3 80.8
14.0 91.2
18.0 91.5 v
20.2 61.3
' 33.6 28 .4
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Figures 12 and 13 ,
Temperature (°¢) Time (min) Vv ExtractiOnv(%)

11 2 9.7
7 32.4

N 20 : | b5.0
: ‘ 37 ’ 52.2
oy | . Po 55.6
42.8 2 30.2
7. | 53.2
20 65.0
85 66.7
2270 : 67.1

63. 3~ - 2ko | - 73.9
81.1 5 63.1,
20 - 73.9
66 . ‘ - 73.9
2L7 77.7
97 ‘ T 5 68.2
20 | \‘ 73.9
50 - 81.1
1

263 - 8L,

Figure 14

g

Temperature (°c) V Extraction (%) Ni Extraction (%)

200 ‘ 17.1 12.2
500 - #8.9 27 .4
600 | 20.1 L6.2
750 . 23.0 62.9
900 T 34,2 72.8
1050 33.2 L7 .8
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S Addition (%)

5
10
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Figure 16

Temperature (OC)_

20
L2
78
98

Figure 17
>Time
3
10
30
.90
265
1
5
15
* 80
250

(min)
(20°¢C)

(98°¢C)

V Extraction (%)

27 .4
34.2
34.7
k6.9
51.3

Nickel
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Ni Extraction(%)
40,7 |
72.8
84,2
93.5
96.7

Extraction (%)
55.0
65.8
83.6

93.5

Nickel Ex
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L7,
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