Roasting Arsenical Gold Ores

and Concentrates
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(Annual General Meeting, Montreal, Que., April, 1949)

INTRODUCTION

IT IS the purpose of this paper to
review the subject of roasting as
preparation of refractory gold ores
and concentrates for cyanidation,
with particular reference to opera-
tions at the mill of Beattie Gold
Mines (Que.), Ltd., Duparquet, Que-
bec. Two earlier papers relating to
the Beattie roasting operations (1,2)
are cited as background to the pres-
ent discussion, and more general
reference is made to other publica-
tions relating to geology and metal-
lurgy at Beattie (3,4,5). The Beattie
roasting plant was built in 1937 as
an addition to the existing flotation
and cyanidation plant to permit
complete processing of the ore at the
mine property. Previously, the flo-
tation concentrate had been cyanid-
ed, yielding 70 per cent of the gold
values, followcdpiy re-flotation of a
concentrate from the cyanide residue.
This re-floated residue was shipped
to a smelter for recovery of gold
values unavailable from direct cyani-
dation. The roasting plant itself is
of interest through application in its
design of multiple-hearth roasters
and a Cortrell plant for separate re-
covery of dust and arsenic. In the
laboratory and plant studies that
accompanied development of the
plant into a dependable and efficient
working unit have been found prin-
ciples and ideas applicable to other
roasting problems. Before enlarging
on these aspects relating particularly
to the Beattie problems and plant,
brief consideration is given to roast-
ing in general.

GENERAL CONSIDERATIONS

The subject of roasting for metal-
lurgical purposes generally has been
covered ‘by Dwight(6) and Hay-
ward(7), and the literature on roast-
ing gold and silver ores, up to 1940,
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was reviewed in detail by von Berne-
witz(8). Present discussion assumes
the adequacy of these treatments and
there will be added only such com-
ments as serve to point up the en-
suing discussion.

At the outset it is emphasized that
each ore may present a special set of
problems, the solution of which, or
even a pattern for their solution,
may not be found in any record of
experience.  In consideration of
arsenical ores, however, particularly
when the gold-bearing minerals are
pyrite and arsenopyrite, there are
general similarities that have been
found to respond to the type of
roasting procedure developed at
Beattie. In one case as compared to
another, it may be necessary to
modify the temperature range, the
time or other variable, and in some
cases to add reducing or other chem-
ical agents. The physical and chem-
ical nature of a specific ore is neces-
sarily accepted but, if the necessity
for roasting is indicated, the treat-
ment prior to the roasting step
should be studied and engineered to
suit the best interests of the roasting
operation. For example, if a flota-
tion step is employed, the require-
ments aimed at in the way of con-
centrate grade, particle size, and
composition may be considerably
different if it is planned to ship,
smelt, roast, or cyanide the concen-
trate directly. This is a point that
has not generally been emphasized.
It may, for example, be preferable to
float or otherwise add low grade or
barren silica, or silicate gangue, to
dilute the sulphide and’arsenic min-
eral content. It may be possible by
attention to grinding and flotation
technique to avoid or reject siliceous
slime components which are gener-
ally detrimental to roasting. In an-
other case it might prove advantag-
cous to mine and add pyritic ore,
low or barren in gold values, with a
view to aiding elimination of ar-
senic, and adding fuel in roasting. A

more obvious example would be re-
jection of barren or low grade arsenic
minerals by selective flotation in
cases where the gold is largely asso-
ciated otherwise. This angle is em-
phasized, since too often, even in
laboratory work, a concentrate is
accepted for roasting studies or opet-
ations that could be modified to ad-
vantage by attention to the inherent
nature of the ore and its preparation.

When the ore contains tellurides,
copper, lead, antimony, carbona-
ceous matter, or other specific com-
ponent that necessitates or influences
roasting, special problems may arise.
The present discussion is limited to
arsenical and sulphide ores and con-
centrates, complicated only by the
more usual siﬁcate and carbonate
gangue components.

Informative studies on the refrac-
tory nature of arsenical ores and
compounds carrying gold values
were reported by Leaver and Woolf
(9) and the roasting procedure re-
commended by them in the paper
cited, involving a short period roast

.at 450°C., is considered an important

departure from the school of thought
submitting a long, slow roast as the
preferred procedure for arsenical ores.
This matter is discussed at greater
length in the following pages. At
this point emphasis is laid on the
demonstration by these authors that
the presence of ferric arsenate is most
detrimental and the detrimental ef-
fect can be largely ecliminated by
roasting with admixed pyrite. The
same tendency, illustrated in the
carlier papers on Beattie, and con-
firmed by later work, has been sup-
plemented by later studies which
show that elemental arsenic, when
alloyed with gold, aids rather than
hinders dissolution of gold in cya-
nide solution. The same appears to
be true of gold-silver-arsenic alloys,
which dissolve readily in cyanide
solution. Evidence is that arsenic is
most detrimental in the higher state
of oxidation, particularly in the
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presence of, or in combination with,
iron oxide.

It was found that siliceous gangue
slimes contributed to the refractory
behaviour of Beattie concentrate and
there is other evidence in the litera-

ture that finely ground silica and
silicates are detrimental, particularly
in the case of silver. Clevenger and
Caron(10) reported the formation of
silica-silver compounds in roasting,
and Bouton, Riddell and Duschak
(11) attributed similar results to
adsorption of silver on the siliceous
surfaces. Leaver and Woolf reported
no evidence that gold behaved in
this way, but investigation of the
refractory components of Beattie ore
gave evidence that dissolution of
gold is hindered by the presence of
finely ground siliceous components,
particularly in the presence of a high
proportion of silver. The presence
of coarse silicate gangue, or calcite,
does not appear to be detrimental,
and the former can serve to advan-
tage as a diluting material. It is not
necessary, nor advisable, to liberate
all the mineral particles from the
gangue if they are finely disseminated,
.provided there are sufficient particles
exposed to permit satisfactory con-
centration, and that a grinding oper-
ation follows roasting.

In consideration of roasting pro-
cedure, it is quite generally agreed
that reducing conditions should be
maintained in the early stages of the
roast to ensure climination of the
arsenic in the arsenious state (1,2,9,
12,13,14). Provided this has been
satisfactorily accomplished, the fin-
ishing stages of the roast can be done
under active oxidizing conditions.
It is not enough that reducing con-
ditions alone be maintained during
the period of arsenic elimination as
it is also necessary to maintain move-
ment of the charge and a good flow
of gas over or through the charge to

carry off the arsenious oxide as it is
pro!uced. Laboratory procedure in
particular is apt to err in this regard
if the roasting is done in a closed
muffle.  Sulphur, present in the
arsenopyrite and orafinarily also in
varying proportions of other sul-
phides, is a satisfactory source of
reducing agent and atmosphere, and
full advantage should be taken of
its presence for that purpose. In
specific cases it may be necessary to
add coal, coke, or other extraneous
reducing agent, or to use chemical
agents such as sodium chloride, but
itis believed that, if full advantage is
taken of the possibilities inherent in
the ore or concentrate, and applica-
tion of physico-chemical principles
to them, more satisfactory and eco-
nomical results will be obtained than
by application of nostrums. Many
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ideas were tried in the Beattie labor-
atory and a few were given trial in
the plant, but none of them gave as
gooj) improvement, or promise of
improvement, as the less spsctacular
devices resulting from patient atten-
tion to improvement and control of
flotation and the operation of the
roastets in accordance with guidance
from laboratory studies and de-
tailed operating data.

A second important consideration
in roasting procedure is that of the
time-temperature sequence.  More
complete elimination, or inactiva-
tion, of arsenic, and prevention of
undesirable side reactions, can be
accomplished by control of tempera-
ture to follow a generalized curve
illustrated in the earlier papers on
Beattie roasting and repeated later
in this presentation. The variables
of temperature, SO, concentration,
and rate of roasting are interde-
pendent and may conveniently be
represented on one diagram(2). The
The word ‘inactivation’ of arsenic is
used through obsérvation that gold
extraction from roasted calcine,
though generally so, is not neces-
sarily a function of the percentage of
residual arsenic. The naturally oc-
curring ratio of pyrite to arseno-
pyrite, and the total content of these
minerals, will affect the shape of the
most desirable curve. For Beattie
concentrate, it proved best to hold
the temperature about 900°F. during
the period of arsenic elimination,
followed by a rise to 1,300° before
completion of the roast.  These
general principles have been applied
with success to other arsenical ores
in laboratory studies and at least one
operating plant(14).

More recent work on an ore carry-
ing a much higher proportion of ar-
senopyrite than pyrite has shown
that, in this case, the temperature at
which the arsenic is eliminated can
be advantageously raised to 1,250°F.
In consideration of the lower heat of
combustion of arsenopyrite and the
lower content of sulphur to carry off
the arsenic, it is understandable that
this should be so and it is not con-
sidered contradictory to the general
principles stated.

In considering the matter of roast-
ing-plant design, the basic character
is set by the type of roaster selected.
There are three general types of
roasting furnace in use—(1) the
horizontal, multiple-spindle type, of
which the Edwards furnace and
modifications of it are typical; (2)
the rotary kiln; and (3) the vertical,
multiple-hearth furnaces with rabble
arms attached to a central shaft, of
which the Wedge furnaces used at
Beattie are typical. Modifications
of the vertical type in which the

number of hearths is reduced, and
the distance between them thus in-
creased in part of the furnace, are of
advantage in some cases. Sulphur
and arsenic are eliminated much more
rapidly when the charge drops in
thin streams through the furnace
gases than when rabbled on a hearth.
This is a fundamental difference in
roasting behaviour in a multiple-
hearth. furnace as compared with
the Edwards type of furnace and
explains why the capacity of the
former is so much greater per unit of
hearth area. Reference to the litera-
ture on roasting gold ores and con-
centrates shows that the Edwards
type has been the most popular in
this field, although in the metal-
lurgical field generally the multiple-
hearth type is by far the commonest
and the former practically confined
in use to the metallurgy of gold.
The use of a rotary kiln for roasting
concentrate has not been widespread
and it is probably significant that
one such installation at Boliden has
been discontinued in favour of Wedge
type roasters where both had prev-
iously been in use(15).

The use of Wedge roasters at
Beattie was a fortunate selection, if
for nothing else than the fact that
it was possible to roast concentrate
with sulphur content of 15 per cent
or even less, without the use of
extraneous fuel. It was also possible
to maintain a roasting procedure
reasonably close to that found most
suitable in laboratory tests. The
manner in which this roasting pro-
cedure developed and a discussion of
it is now given, followed by a de-
scription of the Beattie roasting
plant and its operation.

LaBorATORY STUDIEs AND DEVELOP-
MENT OF THE BEATTIE RoAsTING
PROCEDURE

In the first operations at Beattie,
a flotation concentrate assaying
about 2 oz. gold per ton was made

and shipped to the smelter at Ta-

coma, Washington. In 1934, a cya-
nide plant was added to permit re-
covery of 70 per cent of the value of
the concentrate at the property and
a shipping concentrate was made by
re-flotation of the cyanide residue.
There were a number of economic
advantages to this procedure, but the
chief metallurgical advantage was
that the combination permitted bet-
ter flotation recoveries through re-
moval of the necessity for a high-
grade sulphide concentrate in the
first step.

It was obvious that advantages
were still to be gained by complete
processing of the ore at the mine,
provided a satisfactory method of
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treatment could be found.  First
trials at roasting with conventional
procedures did not give good promise
and it was hoped that the necessity
for burning off the sulphur and ar-
senic and collecting the latter could
be avoided. Such a process was
proposed by Professor G. J. MacKay,
of Queen’s University, and a lot of
work was put on it both at the Uni-
versity and the mine. In addition

to the laboratory studies, a pilot.

plant was built and operated for
several months, on a scale in keeping
with the specially built 6-foot-dia-
meter, 3-hearth muffle-fired Wedge-
type furnace. The capacity of this
furnace was 2 tons of concentrate
per day.

This work was based on Pro-
fessor MacKay's finding that, after
heating arsenical  ores or concen-
trates, mixed with soda-ash equal
to 5 to 10 per cent of their weight,
in the absence of air for a period of
20 to 60 minutes at temperatures be-
tween 950° and 1,200°F., and then
quenching in water, residues very
low in gold values could be obtained
by cyanidation of the calcine. Resi-
dues assaying as low as 0.05 oz. gold
per ton were obtained from 2.00 oz.
concentrate using this method. Diffi-
culties due to dissolution of gold in
the quench solution, the colloidal
nature of these solutions, and the
presence of considerable dissolved
arsenic in them, were problems that
yielded fairly satisfactorily to special
treatments, but the continuous oper-
ation of a furnace for this purpose
with exclusion of air was found im-
practical. This conclusion is con-
sidered worth recording since the
most important reason for it may not
be obvious. There was some distil-
lation of arsenic sulphide from the
charge, which, although largely re-
tained within it, was subject to
partial oxidation by the air in the
charge and admitted through leaks.
Arsenic sulphide with a slight ad-
mixture of arsenious oxide has a
very low melting point and the
presence of this sticky material made
mechanical operation of the furnace
practically impossible. A somewhat
similar attempt to.remove arsenic
from sulphide-arsenopyrite ore at
Boliden(16) by distillation of arsenic
sulphide was abandoned, due partly
to the same cause.

The writer has, through the inter-
vening years, been intrigued by cer-
tain aspects of the MacKay process
that, if pursued by intensive labora-
tory study, should throw revealing
light on the causes underlying diffi-
culties in extraction of gold from
arsenical ores. For example, the
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results of an early test using the

. MacKay procedure were as follows:

Head sample............." 2.00 oz. Au/ton

Cyanide heads........... 1.13
Cyanide residue.......... 0.016
Extraction in quench sol’n 43.5%
Extract’'n in cyanide sol'n 55.7%

Total extraction.......... 99.29%,
Cyanide consumption—11 Ib. KCN per ton of
concentrate.

Results such as this led to a trial
in which the object was to determine
how much gold could be recovered
in the quench solution when an effort
was made in that direction. It was
found that 94 per cent of the gold
in a 1.92 oz. concentrate could be
extracted in this way without the
use of cyanide at all.

It is known that gold forms sol-
uble sulpharsenate and polysulphide
compounds and it is believed that
the gold was taken into the quench
solution through such agency. It
could be precipitated from the solu-
tion by gentle aeration, particularly
in the presence of a trace of man-
ganese salt. Such precipitates as-
sayed from 30 to 40 oz. per ton in
gold and the gold so precipitated
was not readily soluble in cyanide
solution. Incomplete analysis of one
precipitate showed it to contain
50.0 per cent arsenic and 41.2 per
cent sulphur.

Further laboratory studies in this
direction were contemplated, but
when the MacKay process was aban-
doned as a practical answer to the
Beattie problem, more pressing stud-
ies replaced this line of attack.

During the latter part of 1935 and
in 1936, various schemes for treat-
ment of Beattie ore were investi-
gated and of these the most promis-
ing turned out to be a roasting pro-
cedure of a conventional nature ex-
cept that a prolonged roasting period
at initially low temperatures was
employed, and the calcine was
ground exceedingly fine for the cya-
nidation step. These tests were con-
ducted at the mine and verified and
extended by ‘similar tests at the
Bureau of Mines laboratories in
Ottawa.  Whereas roasting tests
without special attention to tem-
perature control yielded calcines
from which only 87 per cent of the
gold could be-extracted by cyanide,
the special ‘procedure permitted ex-
traction up to 95 per cent from a 2.00
oz. concentrate. The procedure has
been described in detail in a Bureau
of Mines report(5) and in a Canadian
patent to W. G. Hubler(17). It was
on the basis of this procedure that
the Beattie roasting plant was de-
signed. It can be described briefly
as an oxidizing roast requiring fully
oxidizing conditions over an ex-
tended roasting period, preferably

6 to 7 hours, and an increasing tem-
perature range as the roast pro-
gressed, reaching a- maximum of
1,500° to 1,600°F. When the grade of
flotation concentrate was lowered,
including more of the refractory
middling products, to better flota-
tion recovery, the per cent cyanide
extraction after roasting was lower
than for treatment of the 2.00 oz.
concentrate already noted. Thus for
a 1.00 oz. concentrate, the cyanide
extraction would be about 92 per
cent. This, too, varied seasonally as
mining operations were switched
from open pit to underground, and,
as mining continued, more and more
of the most refractory types of ore
were encountered. Operation of the
roasting plant for the first 18 months
was based on this procedure, but
during this time it became evident
from laboratory studies that real ad-
vantages couldy be gained by adop-
ting, as a guide to plant operation,
the procedure already described in
published papers (1,2). The operating
aspects are dealt with more fully in a
later section of this paper. At this
point, the laboratory procedure is
reviewed.

The type of laboratory apparatus
used has already been described(1).
The important factors requiring con-
trol are temperature, roasting atmo-
sphere, circulation of gases, and
efficient rabbling. It is important to
use sufficient weight of charge to
supply the necessary reducing atmo-
sphere without restriction of gas
circulation. The operation of roast-
ing arsenopyrite concentrate, ac-
cording to what may be termed the
‘Beattie roast’, consists of four steps,
as follows: (1) Pre-heating.—This
should be accomplished as rapidly
as possible, and preferably in a re-
ducing atmosphere, to avoid forma-
tion of arsenates; (2) Arsenic elimina-
tion.—It is important in this step to
maintain the reducing atmosphere
with as high a concentration of SO,
as possible. It is equally important
to have the fuming proceed as rapidly
as possible in keeping with the
ability to dissipate the heat and
gascous  products. Vigorous rab-
bling, or lifting and sifting the
charge through the furnace atmo-
sphere, in a manner similar to the
dropping from hearth to hearth in a
multiple-hearth roaster, aids in the
operation; (3) Complete oxidation.—
The end point of step (2) is observ-
able by a sharp reduction in visible
arsenic fume given off. The roast
should be continued until the charge
ceases to glow when rabbled; (4)
Cooling.—The roasted charfge should
be allowed to cool in the furnace to
a temperature suitable for quench-
ing. With some concentrates it is
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important that this cooling step be

accomplished gradually, for reasons’

probably related to oxidation of iron
compounds.

The description just given seems
to fit the requirements tor roasting
arsenical concentrates generally. No
mention has been macfc of tempera-
ture ranges, and it is in this par-
ticular that variations may be re-
quired from one type of mineral com-
bination to another. * The type of
time-temperature curve developed as
most satisfactory for Beattie con-
centrate seems applicable to cases in
which there is a high proportion of
pyrite to arsenopyrite. In these
cases, the decomposition of pyrite
appears to speed the elimination of
arsenic and promote it at a much
lower temperature than is the case
with materials predominantly ar-
senopyrite. Indeed, it is a require-
ment for a satisfactory roast on
Beattie concentrate that the tems
perature be kept low (about 900°F.)
during the period of arsenic elimina-
tion. Not only does the sulphur
from pyrite serve as a source of heat,
and as a reducing agent, but the
volume of gas generated from it
within the charge serves to sweep
out the volatile arsenic compounds
somewhat in the manner of zinc dis-
tillation in carbon monoxide from
zinc oxide-carbon mixtures.

It is not unexpected to find that
concentrate composed largely of ar-
senopyrite with a minor content of
pyrite requires a higher roasting
temperature for arsenic elimination.
The principles relating to reducing
furnace atmosphere, circulation of
gas, and rabbling of the charge, are
considered as applicable as in other
cases.

A time-temperature curve, illus-
trative of the roast most satisfactory
for Beattie concentrate is shown in
Figure 1. The relative time intervals
and total time will vary somewhat
with the weight of charge, analysis
of concentrate, and furnace charac-
teristics. The end-points of steps 2
and 3 should be determined by obser-
vation of the progress of the roast
rather than adherence to a time
schedule.

Detailed results of tests on Beattie
concentrate, and on concentrate from
the Hard Rock gold mine, following
the procedure just described, were
given in the paper already cited(1).
For completeness in this discussion,
the results of three representative
tests are given in Tables 14 and 1B.
In test A, high-grade Beattie con-
centrate was used; in B, representa-
tive 1.00 oz. Beattie concentrate; and
in C, Hard Rock bulk concentrate.
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Tasre IA.—CrEMICAL Dara

Fe%, S% | As%

A.—Concentrate.....| 41.40 | 45.95 | 1.65
Calelne:. o o st 57.40 | 0.048 | 0.73
B.—Concentrate.... .| 16.90 | 16.14 | 2.21
Calcine.........| 18.80 1.55 | 0.34
C.—Concentrate.....| 38.50 | 35.20 | 8.40
Calcine, . .. iv v 57.20 | 0.165 | 0.67

TasLe [B.—Assays aND RECOVERY

Au Assay, 0z./ton 9 RECOV'RY
BY
CYANIDAT'N

Conc'te| CaLciNE| RESIDUE

A 230 3.00 0.12 96.3
B..:| 1.00 1.11 0.07 935.7
C.| 1.44 2.16* | 0.15 93.0

*Calculated on basis of iron analysis, con-
centrate and calcine. )

Recent studies at the laboratories
of Nepheline Products, Ltd., Lake-
field, Ontario, and at the Bureau of
Mines, Ottawa, have shown that,
for roasting a concentrate with a
low ratio o? sulphur to arsenic (prin-
cipally arsenopyrite), a temperature
of 1,200° to 1,250°F. is required
through the stage of arsenic elimina-
tion, following which the tempera-

ture may be held at that level until

the roast is completed, or may be
lowered to 900°F. for the oxidation
step. Itisexpected that these studies
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will be fully reported in due course
by the investigators concerned. The
author is indebted to the Lakefield
laboratory for permission to include
the data in Table II for purposes of
present illustration. The concen-
tratc used assayed 4.92 oz./ton in
gold; 24.24 per cent Fe; 16.37 per cent
S; and 16.28 per cent As. The pro-
cedure in test 4 was to put the charge
in the furnace at 1,250°F. and main-
tain this temperature through both
the arsenic elimination andg oxida-
tion steps. In test B, the procedure
was similar, except that the tempera-
ture was permitted to drop to 900°F.
for the oxidation step following ac-
tive arsenic fuming. In test C, the
Beattie roasting procedure, as illus-
trated in Figure 1, was used. In all
cases, reducing conditions were main-
tained for arsenic elimination by
regulation of draft and furnace-door
opening, and the roast was finished
under oxidizing conditions.

In laboratory tests, the pre-heating
stage can be greatly shortened by
manipulation of the furnace, but it
is considered wiser to adjust the rate
of pre-heating to suit the practical
limitations of a plant furnace. If it
is critical for a specific ore that the
pre-heating be done rapidly, special
provision for so doing will be re-
quired in engineering the plant.

It has been emphasized that a
primary consideration in roasting
arsenical ores is control of the fur-
nace atmosphere to suit the needs of
the successive steps, and that the
most desirable time - temperature

OXIDATION GOOLING

10 30 50
TIME

70
MINUTES

90 1o 130

Figure 1.—Time-temperature curve, Beattie roast.
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Tasre I1.—Roasting ConceNTRATE witTe Low S/As Ratio

Assays or CALCINE e, % GoLp
Test No. Au, oz./ton | RECOVERY BY
Au, oz./ton | Fe, % S, % | As, % - CranmpaTion
" S R NS £ 9 6.18 30.46 0.12 0175 - 0.233 96.20
6.14 30.23 0.15 0.75 0.23 96.25
R e i 6.21 30.58 0.13 1.09 033 94.68

curve will assume a shape charac-
teristic of the particular ore or con-
centrate, and is dependent on its
mineral composition. A brief study
of the chemical reactions and prin-
ciples involved is now presented to
show how the differences in be-
“haviour and requirements from one
ore to another may arise.

Arsenopyrite (FeAsS) has been re-
ported to dissociate slightly at tem-
peratures as low as 220°C. .and ar-
senic has been manufactured by
distillation of arsenopyrite or lollin-
gite, out of contact with air, at
650° to 700°C. Apparently, the va-
pour pressure of arsenic and diffusion
in the gaseous phase are controlling
factors.

FeAss.FeS, = 2As 4 2FeS
4FeAss = 7As + FesAs

Vapour pressure constants for ar
senic, in the temperature range now
considered, are given as A’ = 6,950

and B’ = 10.800 (18), employing
the approximate equation,
Al ¥
logp=— 2 +B

The minimum distillation tem-
perature at atmospheric pressure
would be expected to be 605°C.
C1021°EY).

Assuming that the mechanism of
the roast according to the procedure
described involves the reactions
given, followed by oxidation to
arsenious oxide, 4As + 30, = As4O;,
the necessity for a furnace tempera-
ture of 1,200°F. in the case of nearly
pure arsenopyrite is clear. Such a
mechanism has not been proven, but
the somewhat similar reactions in
zinc metallurgy are well-known.

Consider now that an inert, or
reducing, gas such as sulphur vapour
or SO, is evolved simultancously
from the charge, or circulated
through it so that the volume con-
centration of arsenic vapour is re-
duced to one-twentieth of the total
vapour in contact with the arseno-
pyrite, then the minimum tempera-
ture for distillation of arsenic will
be 481°C. (898°F.). Such a reduction
in the case of representative Beattie
concentrate carrying 16 per cent S
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value considerably

and 2.4 per cent As would be accom-
plished by utilization of about one-
third of the total sulphur content
for dilution.

The shape of the time-temperature
curve shown in Figure 1 for roasting
Beattie concentrate fits reasonably
with this interpretation, adding the
further expected effect that, as the
bulk of the arsenic is volatilized, and
the vapour pressure remaining be-
comes low, it will be necessary to
increase the temperature to a final
in excess of
1,121°F.

It is evident that oxidizing condi-
tions during the early part of the
roast, forming ferric arsenate sur-
faces, will retard or prevent the

volatilization at low temperatures..

It would be expected that an addi-
tion of pulverized coal or coke to-
ward the end of the arsenic elimina-
tion step might aid in its completion
by reducing arsenates and providing
a gaseous carrier. This was found
to be the case, although the advan-
tage gained was not great enough to
offset the cost of coal and its pre-
paration.

The use of common salt was in-
vestigated from time to time and a
great many variations in its treat-
ment were tried. A survey of all the
data shows that the use of salt is a
tricky business, that results are in-
consistent in spite of efforts to
standardize other conditions, and

. that losses in fume when salt is used

are likely to offset any improvement
in percentage cyanide extraction
from the calcine. Many other de-
vices were tried in the laboratory
but none of them gave promise of
ractical advantage as great as the
Following of the principles already

set out with respect to gas concen-
tration and temperature control.

Some of the chemical reactions
involved in roasting ores of the
type under consideration are set out
here for reference in the ensuing
discussions.

FeASS ==cAai==BeS 1 oo R LTS i @)
4FeAss =7 As+ FeyAs.............. ()
ZFCASS + ch52 = 4FCS + AS-;SAz.. Bess (3)
FCASS + 302 = FCASO4 + SOQ.. 2 B (4)
2As5Ss + 702 = AssOg + 480,........... (5)
4AS + 302 = AS4 Og ................... (6)
4FCS + 702 = ZFCzO:; + 4802 ........... (7)
3FCS + 502=FC3O4 + }SOQ ............. (8)
2502 + Oz—catalyst—>- 2303 ......... (9}
4FCS~1 + 1102 = ZFC;)O;; + 8502 ......... (10)
FeSe == FeS A S0 al i i o (11)
FeSyiof Of SeRes SO Ll a1y
2FC304 + SOa = }FCgOz + SOz ......... (13)
FCO + SO;{ = FCSO4 ................... (14)
2FCSO; = F€203 + SOZ + SO:{ .......... (15)
4FCSO4 + 02 = 2(F6203.2503) .......... (lﬁ)
CaCO; “+ SO; = GaSOy 00 v 5. s 2 (17)
2FCASO4 = FCQO;; + AS?Os (> 932°F.), "y .(18)
A5205 = ASzOg 4+ 0,...... 1 o S (19)
P ST 30, - CIReSEE 4 SO 7l -.(20)
4FC304 + 02 = 6FC:}03 .................. (21)
AS_'»O3 + XSO:; + NHQO =5 ASQO@.XSO:{.HH(zO)

(22]

The first twelve are considered the
most important and desirable re-
actions. :

For clean concentrates carrying a
small proportion of slimes and tgree
from other interfering elements, the
behaviour on roasting can be fairly
well explained on the basis of these
equations and the principles out-
lined. However, there are factors,
still unexplained, that contributed
to the refractory behaviour of Beattie
concentrate. Using identical labora-
tory test conditions and technique,
variations in cyanide extraction from
calcines of 2 per cent or more were
observed from one sample to an-
other taken at different ‘times, par-
ticularly as mining operations chang-
ed seasonally from open pit to under-
ground, or from one part of the mine
to another. :

The set of tests for which data are
given in Tables III and IV illustrate
this fact as well as showing the
effect of variations in rabbling tech-
nique and temperature curve. In the
first set of tests (Table III), roaster
feed for June 3rd, 1944, was used,
assaying 0.84 oz./ton gold; 15.16
per cent Fe, 14.25 per cent S, and
0.79 per cent As. In test A, the

TasLe III.—Roasting Test Data

Carcine Assay Resipue 9% CYANIDE
Test No. 7| Au, oz./ton | ExTracTion
Au, oz./ton | Fe, % S, % | As, %
Al vevnn wE s oo 0.94 17.01 1.94 0.30 0.13 86.20
B 0.95 17.18 1.26 0.34 0.07 92.65
B oo et g e et 0.95 17.09 1.50 0.38 - 0.055 94.19
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TasLe IV.—RoastinG Test DaTa

CarciNg Assay RESIDUE 9% CyANIDE
Test No. Au, oz./ton | ExTrAcTION
Au, oz./ton | Fe, 9 S,% | As, %
A B A s e B 1.10 18.09 1.26 0.30 012 89.12
Bl e Ml sl stie o sy 1.09 17.87 112 0.30 0.09 91.74
Goisi T s vmizwns d s i v s v s 1.08 17.76 1.31 0.30 0.085 92.15

charge was rabbled briefly at half-
minute intervals; in B it was rabbled
continuously and vigorously; and in
both A and B the temperature curve
followed the current roaster plant
curves. In test C, the standard labor-
atory temperature curve was fol-
lowed, differing chiefly from A4 and B
in that the curve was more flattened
during the period of arsenic fuming.
As will be brought out later, under
the section on plant operation, oper-
ating limitations made it impossible
to adhere strictly to the laboratory
curve.

In the set of tests for which data
are given in Table IV, the head
samples was taken from the roaster
feed for June 27th, 1944, and assayed
0.94 oz./ton gold; 15.41 per cent Fe;
14.38 per cent S; and 1.20 per cent
As. In test A, the charge was
rabbled at half-minute intervals; in
test B at half-minute intervals with
lifting and dropping the charge to
simulate the drop between roaster
hearths; and in C, the standard labor-
atory procedure was followed.

Studies aimed at identification of
refractory elements in Beattie ore
were reported in an earlier paper(l).
It was shown then that, in addition
to such behaviour attributable to
arsenic, there were elements related
to slime components, to those com-
ponents relatively high in iron with
reference to the sulphide content,
and to those components with a
high ratio of silver to gold.

These studies were continued after
publication of the paper, but in the
main the results merely added con-
firmation to findings already re-
ported. Present discussion is limited
to three points:

(1) It was shown that the finely
disseminated sulphides characteristic

of Beattic flotation middlings ex-
hibited particularly refractory be-
haviour for reasons difficult to assess.
In chemical composition, the sul-
phides in this material approach that
of a mixture of pyrrhotite and arseno-
pyrite, and the gold content is so
finely disseminated as to be sub-
microscopic and may be of col-
loidal or even atomic dimensions.
This cannot be stated with certainty
on the basis of available data, but
such evidence as could be gained
with the tools available lcnd% sup-
port to the colloidal theory with
respect to the association of most of
the unavailable gold with iron com-
pounds, before, during, and after
roasting. It has been demonstrated
that fine grinding of calcine beyond
90 per cent minus 375 mesh does not
result in increased cyanide extrac-
tion. Norwood(13) has reported
studies and an interpretation that
points to inclusion of sub-micro-
scopic gold in iron oxide structures.
His evidence, however, is not of the
positive kind that might have been
shown by X-ray methods and other
tools now available for structural
studies, although not likely to be
found in gold mine laboratories. The
extreme refractory character of the
finely disseminated minerals in a
‘middling’ concentrate fraction selec-
ted from the Beattie flotation plant
is shown in Table V.

(2) It was also shown in the
earlier paper(1l) that siliceous gangue
slimes reduced the effectiveness of
roasting. Whether this is due to
smothering, to catalysis of undesir-
able reactions, to actual combina-
tion with or adsorption of gold, or
to a combination of these has not
been proven. It was shown that a
particular rock formation in the

TasrLe V.—Data on RerracTorRy MIDDLING CONCENTRATE

1 Assays By CyaNIDATION
| e
Au, oz.ftan | Fe, % | S, % | As, % Resipue %
(oz.) ExTrACTION
Middling concentrate. . ... 0.26 10.5 6.47 3.5Z 0.18 30.8
Afeer FOasting' ;. voiriy o 0.29 11.8 0.99 1.97 0.10 65.5
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mine designated ‘bleached breccia’,
and from which variable tonnages
were included with the ore, con-
tributed especially to the flotation
plant slime problem and roasting
plant dust problem. Further labora-
tory studies on the influence of
multiclone and hot Cottrell dust
returned to the roasters showed that
the extractability of gold was low-
ered on the average, 1.28 per cent if
the dust (15 per cent of the weight of
charge) were added after the arsenic
elimination period (1,080°F.); 4.40
er cent if added just prior to this
step (850°F.); and 3.36 per cent if
added to the cold charges before
roasting. Addition of cold Cottrell
dust (crude white arsenic) to con-
centrate before roasting, up to 5 per
cent of the weight of charge, had
only a slight harmful effect on gold
recovery.

Hot Cottrell dust contained par-
tially roasted sulphides and an ap-
preciable concentration of iron rela-
tive to roaster feed. The sample used
in the tests to which reference is
made contained 23.32 per cent Fe,
4.38 per cent S, and 1.52 per cent As.
When roasted alone, cyanide extrac-
tion from the resulting calcine was
85.3 per cent.

(3) From the studies in which
Beattie concentrate was separated
into fractions showing varying de-
grees of refractory behaviour(l),
and evidence that at least occasional
Farticles of electrum were to be
ound in Beattie cyanide residue(19),
it was suspsctcc{ that gold-silver
alloys, rich in silver, might be re-
sponsible for resistance to cyanida-
tion. Such alloys would also be ex-

- pected to be more susceptible to

surface contamination with arsenate
compounds, and more likely to con-
tain alloyed arsenic. A photomicro-
graph of Beattie residue showing a
particle identified as electrum is
shown in Figure 2. A much smaller
particle (about 1 micron diameter)
is shown enclosed in hematite in
Figure 3.

Considerable study and experiment
were directed toward further light
on this aspect, but the evidence in-
dicates that the presence of precious-
metal particles of size observable
under the microscope is only occa-
sional and could account for only a
small fraction of the residual gold
in Beattie calcines after cyanidation.
Moreover, it was found that syn-
thetic gold-silver alloys of the com-
position indicated by Beattie ore
product assays were readily dissolved
in cyanide solution; and that gold-
silver-arsenic alloys dissolved much
more rapidly than arsenic-free alloys.
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This and the fact that intensive ball-
milling of calcine does not aid ex-
traction beyond the point already
noted argue against refractory be-
haviour being due to arsenic-con-
taining gold alloys, or to gold sut-
faces contaminated with arsenic.
This theory is frequently propounded

as recently as 1941 by Russian
authors(20)— but the evidence for
it is considered inconclusive.

Since no literature has appeared
on the solubility of gold-silver-ar-
senic alloys in cyanide solution, the
results of studies'made by the staff
of Nepheline Products, Ltd., in co-
operation with the author are sum-
marized here.

The system Au-As was studied by
A. P. Schleicher(21) and his method
of making the alloys was followed.
The alloying metals employed were
proof gold (999.9 fine) obtained from

the Royal Canadian Mint, Ottawa;

SC.P." silver foil; and purified granu-

lated arsenic. In the first set of tests,
alloys of the compositions shown in
Table VI, 4 to D, were used.

TasLeVI.—ComposiTiON OF ALLOYS

PercENTAGE COMPOSITION

ALLoy e
\ GULD Sll.\'l‘]R A\RSENIC
A | Proof 0 0
B 93.82 6.17 0
c ' 86.72 12.49 ‘ 0.73
D [ 83.72 13.69 [. 2.59
E | 37.50-| 36.51 | 25.99
F | 49.58 48.77 l 0

One-gram beads of each alloy were
given successive treatments in dilute
cyanide solution. Ia each case the
relative solubilities after a given

(Courtesy American Cyanamid Co.)

(Top) Figure 2.—A metallic particle identified as electrum in Beattie

cyanide residue.

X700

(Bottom) Figure 3.—A metallic particle of electrum enclosed in hematite

from Beattie cyanide residue.

135

X700

I’

ALLOY €

I
3

o
s

e PROOF 6OLD,
2 s

MILLIGRAMS GOLD DISSOLVED
< ~ ®
s S

12 yiue "

T T

nouRs

€0

NT DISSOLV

PERCENT GOLD CONTE

7 @ TIME HWOUAS C

Figures 4 and 5.—Rates of dissolution
of some gold alloys.

(Top) Beads
(Bottom) Filings

period of agitation showed the same
trends as shown in Figure 4.

For a second set of tests, two addi-
tional alloys were prepared of com-
position shown under E and F in
Table VI. In this case, the alloys
were reduced to minus 100 mesh
filings before cyanidation, and 0.5
gram samples were agitated with
0.10 per cent cyanide solution con-
taining 0.0025 per cent CaO for pro-
tective alkalinity. The results are
shown in Figure 5.

It was concluded from these tests
that arsenic, alloyed with gold-
silver alloys, aids rather than hinders
dissolution of gold in cyanide solu-
tion and that such could be ruled
out as a cause of refractory behaviour
of gold-bearing arsenical ores. The
presence of particles of precious metal
in cyanide residues remains unex-
plained.

A subject that has not been touch-
ed in this discussion is that of sul-
phate formation and its effect on
roasting  and the nature of the
roasted product. Considerable sul-
phating occurred in the Beattie
roasters and attempts were made to
trace its progress and estimate its
importance. The oxidation of pyrite
is a complicated process, if inter-
mediate reactions are considered,
and aside from noting that forma-
tion and decomposition of ferrous
and ferric sulphates, and the presence
of calcium sulphate, are of unasses-
sed importance, the subject is not
enlarged upon through lack of clear-
cut results. The amount of sulphate
in final roaster products is shown
later under the section on roaster
heat balance.

Informative studies on the decom-
position of pyrite have been reported
by Gill(22§ and by Schwab and
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