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2SDUCTION OF COPEPEE RECL IT3 O3 IN GUIURAT

iletals are found in nature occasionally native or
elementsl, but most often in a combined state, &8s simple or
complex oxides, suvlfides, carbonates, or silicates. The
metal in these compounds hes a positive valence, that is
each atom is oxidigzed by the removel of one or two valency
electrons. In order to remove these and reduce the metsal
t0 the elemental state energy must be supplied. There are
only two sources of energy known at present which are avalil-
able to bring about the reduction -~ heat and electricity.
When the former is used we have s smelting process, in the

latter case we have electrolysis with insoluble anodes.

Both methods ere used in the metallurgy of copper;
both theoretically can be used for any copper ore. In
practice however it is found that smelting is more efficient
and cconomicel for snlfide pres of medium and high grade
while lesaching and electrolysis applies best to oxide and
low grade sulfide ores. The reasons for this are numerous
and irvolve a number of the most basic principles of copper
metallurgy. Certain of these will be developed in the dis-
cussion below, most of the others will be found in any stan-
dard work on the subject. Hayward‘l) gives a brief but

adequate analysis of the problem.



FUNDAMERTAL DIFVICULTI.S IN THE WAY OF LEACHING: PROCESSES
FO COPPER ORES

Strictly spesking there are no really fundemental
diffienlties, ©nd as pointed ount previously, theoretically
the eopper from any ore cen be removed by electrodeposition.
In certain cases where oxlde is being treated the method
has achieved a high degree 0f sueccess. The chief limitation
to its extension is the existence of & competitive process,
smelting, which has in the least seventy-five years beecn dev-
eloped to an extraordinary degree of efficiency. Aside from
this consideration there cre however certain difficulties
sncountered in leaching processes of copper ores which have
- contribnted materinlly to restrict their wider application.

Thegse are:

1. 7The sulfide copper minerals are not soluble to
any extent in any solvent of commereial importance. This
statement must be gualified. It is true timt ferric sulfats
is a cheap and effovctive solvent For & number of copper
gnlfides and is vsed thus commsrcielly, but its ection is
rapid only at temperatwes which are nct likely to be enéonn-
tered the year round in the temperate gone. Furthermore
chalcopyrite, the most importint copper minersl, is not att-

acked by this solvent.(2)

2. Preliminary treatment of sulfides to render them

soluble is not 100% effective. The preliminary treatment is



a roast, either oxidizing or chloridizing. Ii the former

is used the product is copper oxide which is recdily soluble
in dilute sulfuric acid. However a number of complications
make the roassting a delicate opermtiion. These will be
discussed in detail in & later section; it is sufficlient

to say st this point that the variation in temperature dur-
ing rossting should not greatly exceed 100°C., otherwise
there is a decided fnlling off in copper extraction. BSnch

e roast, even if possible on a commercial scale, is bound

to be more expensive than rossting as a prepsration for

Smel tiﬂgo

Farthermore the resulting calcine, prepared under
ideal conditions, gives & percantoge extraction very little
greater, if at &ll, then the combinsed extraction by flotate
ion snd smelting. There is therefore ,no decided sdvantage
to be obtained from a lsaching process from this point of

view.

Chloridizing roasting end leaching, the Longmaid-
Henderson process, gives & high copper extraeticn(g)'as
well as recovering the gold and silver values in the ore:
It is not however well adapted to subsequent electrolytic
recovery of the copper ani is generslly followed dy precip-
itstion on screp iron which lesaves the eopper in a form
which must be retreated by smelting methods to produce the

pure metal.



3. Precious metsals arc left in the residues. Unless
o chloridizing roast has been used no gold or silver 1s
disgolved in the leaching process. The precious metsls must
be recovered in on ~dditional operation if this is possible
at reaponsble cost whereas is smelting the gold and silver
arc completely concentrated in the metallic coprer and mey

be recovered in the eleetrolytic refining.

4. Dissolving of impurities. In both oxide and sule
fide leaching if electrolysis i:s to be used to precipltate
the copper rather than serep iron, the concentration of imp=-
urities in solution mwst be kept low, otincrwise the ampere
efficiency is lowcred decidedly with a corresponding ince-
rease in power cests. The problem of the building up of
impurities is a scrious onc and has contributed in a number
of cases to the rejection of « leeching proces:z. This was
the case for instence in the test work on Flim Zlon ore. It
wes found in the experiment:l work on copper leaching that
the lerge amount of magnesis in e ore cavsed a repid build-
ing up of this otherwisec harmless impurity to the point where
the solubllity of the copper was seriously interfered with. (%)
‘?)In»athar ceses the discarding dally of & smell fraction

of the leach liquor from the ecirculit is sufiicient to keep

impurities within bounds.

These are some of the rmost important of the dif-
ficulties which sre linherent to hydrometallurgical processes.



Hone is insuperable; in fact each one of them has been
largely overcome at some copper plant or other in the
world. Hore important, as pointed out previously, have
been economic factors in limiting the extension of wet

methods. Bome of these will now be briefly corsidered.

ECOROLIC FACTORS LIMITING THE SXTAESIOE OF HYDROMETALLUR-
GICAYL METHODS ¥On COPPER -XTRACTIOR.

1. The relative cost of electric power and fuel. 1In

the past, although with the large scale development of hydro-
electric power throughout the world and its transmission

ovér considerable distances this applies less and less every
year, electric power has in a gresat number of localities

been so costly that a leaching process involving electrode-
position is out of the question. Lven where this was not

the case 1t was generally found thst fuel could be obtained
at a fer more attractive price. This was especially turs

in aress situsted elose to large production cbal and o0il
fields. Hore recently natural ges has proved its worth as an
inexpensive and efficient furnace~fuel,‘8) The net re¢sult
has been that smelting combined high sfficiency and moderate
cost, & considereation sufficient to warrant ite continuation

and exters ion a8ll over the world.

2. Hidespread distribution of sulfide ores. With the

exceptior of a few very large deposits suech as at Chuquicsa-

meta, Chile, oxide orebodies have been confined to the sur-



face sbove some generally larger snlfide body. The life

of the oxide ore &8s calculeted ic always linmited, &8s op=-
ro8ed to the sulfide, the reserves of which are much larger.
As pointed out »reviously, smelting is most eifective for
sulfide ore wheress lesching is at a disadventage in this
case. Large scale lsaching plants have therefore been con-
fined to those few deposits where oxide is abundant, or
where there is sufficient oxide mixed with the sulfide to

preclude efficient concentration by flotation.

3e¢ IFlotstion. This hags undoubtedly bsen the real
salvation of copper smelting. About twenty ycars asgo the
high grade nassive sulfide ore which was commonly treated
by pyritic smelting in the blast furmece was spproaching ex-
haustion and operators began to develop lower grade depos-
lts. For these ores concentration is necessary previous
to smelting. Existing concentrating mthoés. gave guch high
tailing losses that leaching of roasted sulfide as a more
satiafactory alternative to smelting scemed the oniy. s0luw
tion to the problen. {2)(23) An ides of how serious the
prodblem was, is given in en artiole in the lngineering and
Mining Journsal of January 10, 1914. In this article are
listed the producers experimeniing with leaching methods at
that time. There sre sixteen producers on the list include
ing such well known compsanies &s Arizons, Anaconda, Braden,
Copper Queen, Leystone, and¢ Ghannon. Then ceme fleotation

and with it the large reverberctory furnace. A cheap and



efficient mesns of tresting medium to low grade copper
sulfides ore had been found and the day was saved for copper
smelting. In the succeeding two decades the existing pos-

ition has been still further consolidated.

It muct be noted at this point that the balance
sheet is not all i~ favor of pyrometallurgy. I, as hus
been sald, the lcaching of rossted copper concentrate gives
g total extraction no greater then concentration plus
smelting, it is equelly true that thc latter has no advan-
tage in this regard. If smelting has predominated general-~
ly due to ths lower cost oi fuel, there 1s on the other
hand no reason winy leudhing should not predoninste in those
ereas where hydrc-electric powor is cheap and fuel expensive

provided there are no otier difficulties in the way.

Aside Iyom oxide ores, vilere hydrometallurgy has
a natural advantege, leaching methods find their best appl-~
ication in the case of ores too low grade to concentrate
profitsbly. Large scale tank leaching is relatively inex-
pensive and with low grade materisl the extraction using
ferric sulfate~sulfuric scid solvent need not be above 855.
¥Where elcctrodeposition is possible the eliminstion of

copper refining costs also operates t favor the wet method.

In gereral, whatevcr the grede or rature of the
copper ore, the one exelusive advantage which electro-

hydrometallurgy possesses is the production of pure cathode
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copper in practically one operstions In & previous paper“’)
the situetion is summed up thus. "On theoretiesl grounds
smelting with its multiplicity of meltings and remeltings,
anl its finsl dependence on an slesctrolytic process for the
production of finished copper seems lneffiecient." In con-
trest there is the simplicity of direct eleetrolytic rscov-
ery, & feature so desirable that any number of attemptis
have been made in the past twenty years to introduce it,
also for high grade sulfide materials.

QP THL &

HYDROMETALLURGICAL TREATMENT FOR COPDER
IR SULFILE ORES AND CONCIHTRATES.

liaterisl: Copper sulfides of varying grade; from 3% ore
to 35% concentrates could be considered. Oxide
copper minersls may be present.

Roasting: Careful control is necesssry to savoid overheat-
ing or under-roasting. HMechanicsl multiple-
hearth roasters would be used. These might be
of standard operation or, better, downdraftsd.

Leaching: Agitation leaching with dilute (2-8%) sulfurie
acid. Acld is regenerated by electrolysis. Var-
istions might be employed following standard
zinc plant practice. These are:

l. Heutral leach with residues finished in
acid .leach. {olution and solids travel counter-
currently.

2. Ceparation magnetlically of the insoluble
portion of thc copper (Copper Ferrite) ana gstrong
acid leach for this jortlon.

3+ Treatmemnt of more then one grade of mater~
ial in the same process for better total extrace
tion. Reroasting of part of the residue if
necessarys

Where the size of the material permits per-
colation leaching might be employed &8 an slter-
native.



Purification: 1. Hone may be necessary, discarding of a
portion of the solution being sufficient to
1imit the concentration of impurities.
2+ Iron is removed by neutralization and pre-
cipitation as Fe(OH),.
lieutralization ig8 effected by:
a) Addition of lime or limestone.
b) Addition of excess ore and neutrsal

lsaching.

Precipitation: Xlectrolytic. 4in S0, reducer may be nec~
essary to keep down the F%"‘concentration and
maintain good smpere efficiency. VWaste solut=-
jone are stripped in separate electrolytic
tanks and the remaining ¢opper is precipitated
with sponge or scrap iron. Cement copper is
roasted and returned to the circuit.

Treatment of residues: If gold bearing they msay be:
' 1. Cyanided
2. Chlorinsted
S« Smelted to matte if small in
emount.

APPLICATION TO CALADA

Whether a metullurgical process, no matter how
efficiently it works, 1s of more then academic interest de-
pends in the finel a2nelysis on sconomlec considerations.
ithout going at this point into the question of costs it
will be well to consider whether conditions in Canada war-

rant consideration of an electrolytic process for copper

OTE8a

The newer copper developments in Canads of which
Roranda and ¥lin Flon are predominant, have been located well
within the Pre-Cambrian shield in dstricts where potential
hydro~gle otric developments are conspicuous, and asbundant

cosl supplies are equally consplcuous by their sbsence. Such
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8 condition leads immediately to the suggestion that in

the interests of low operating costs an electro~-nydromet-
allurgical process should be considered. Should in addition
the ore be complex xopper-~ginc, or copper=lead, a wet method
is still more worthy of comsiderstion. This as the case &t
Flin Flon in 1926. A preliminsry estimate‘m gave the de=-
livered price of coal at{l2 per ton and the cost of power

at §25 per HP year. (0.38¢/EKwh.) This snd the complex nature
of the ore (& mixture of copper, zinc, irom, and lecd sul-
fides besring gold and silver) led to the extensive test
work in Denver on the developrnant of a hydrometellurgicsl

extraction process o recover all the metsls.

In(t}:is particular ore technical difflculties g-
rose{7) which brought the finsl decision to use smelting for
the copper in spite of the unfavorable fuel ol tmation. Fuel
at this property still remeinsg the largest item by far in
the cost of supplies. |

Another copper minve riight be still farther from
cheap transportation, zlso convenient to & source of power,
end with an ore preseniing =0 scrious difficulties, such as
the soluble magnesis at Flin Flon,y in the way of efficient
wet extrection of the conper. For =uch & mine an electro~
hydrometollurgiesl process wuld stand at mexinum advantage.

Using this process the price oi coal would not have t be
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considered et all. In faoct, using elsctrical heating for
buildings as practiced at some of the newer gold proper-
ties, no coal &t all nesd be used. 3Iven in the roasting
operation which is the énly step in the process which might
require an sppreciadle smount of external heat, electriecally
prehested slr, already a practical possibility{g) could take

the place of coal.

The mine need not even be on the railway. in ansle
ysis of the process shows that the only operating materials
which would& have to be haunled long distances are the reagerits
used in flotetion and cysnidation, and (possibly) lime.
Outside of thesc the opermtion is adbsolutely self-contained.
Haulsge would therefors be limited to living and incidentsl
operatirg supplies, together with a moderate tonnasge of
finished cathode copper. This hauling if there were no rail-
way near at hand could be by tractor traln or bsrge, both of
which have proved their worth in Canada as economical trans-

portation agencies.

A further edvantage is that the cost of imstallation
and the power consumed is roughly proportionel to the amount
of copper produced. . smaller plant, say of 4000 tons Cop~-
per per annum would not be forced to work under the handicsp

of excessive capital charges.

It is 1ikely that gold end silver wounld be import-

ent constituents of the ore irn such & copper mine. The re-
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covery of these at o reasonable cost would be essentisal.
The dsnte which will be presented in this paper will show that
economical gold recovery from a ‘cepper residne is by no mesans

an imposeibility.

In general, granted that tlhe ore is smaensble to
trestment by the process 6111:.11:19& in & previous sectlion, ele-
tro-nstallurgy can play 8 very decided part in the develop-
ment of a éoyper propexrty in a district unfavorably situated
with respect to transportation.

BISTORICAL OUTLIEE

Just who first conceived the idea of removing the
copper from ore by roasting amd leaching it with sulfurie
scid will probsbly never be known. It is certain that the
idsa was applied on s small scale in warious plants in Bur-
ope at 1sast 100 yeurs sgo. Greenawall describes a number
of sm.llaécale operations of this nature which were carried
on about the beginning of the present ecntury and earlier.
0f these oaly onse or two are imporiant &ouzh t0 desefve men-

tion.

At Eadsbeg, Russia‘w) the 3% ores were roasted
without fuel in kilns to oxide and sulfate and then leached
in open ponds with sulfuric acid containing ferric sulfate.
Pregnant solutions were precipitated on scrsp iron. Several

years leaching wes necessary to reduce the Cu content to
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At Ledzianka, Poland(ll} g gchalcocite ore running
16=20% Cu was crushed, kiln rossted in compressed blocks,
recrushed, and leached in tanks with return electrolyte run-
ning 6% in HpSO,. The pregnent solution was electrolyszed
with insoluble lead anodes separzted fmm the main solution
by cloth diaphragms to prevent oxidation of ferrous iron at
the anods., About 500 1b of cathode copper of excellent pur-
ity was produced daily.

The Keith process{12) was practised at Lrlington,
R.Js The sulfide ore was crushed to 30 mesh and roasted in
a large mechanically rabbled reverberatory furnace at th_e
rate of 125 tons per day. Four leaching vais of 120 tons
capacity esch were used to extract the copper using return
electrolte as solvent. Klectrolysis with insoluble anodes

removed the copper from solution.

Of these early processes perhaps the Siemens-Halske
(12) was the best knmown. It was characterized by & partial
roast, the ferric salts produced acting s solvents for the
unroasted copper. Ulectrolysis was with & diaphrsgm separ-
ating anolyte and catholyte. ‘he process did not provide for
the scoumnlation of impurity in solution, gave imperfect ex-
tractions, had a complicated system of electrolysis, and was

gererally unsatisfectory for large scale operation.



Attention was first directed to applying roast-
ing and lesching on & large scale using essentially modern
methods sabout the year 1911. 1In that year the Braden copper
c0.{13) planned s trestment for their tesble teilings which
contained 35% of the copper in their 2.7% ore. The copper
in the leach solutions wonld be precipitated electrolytic-
2lly. An extension of the process to treat at least a part
of the concentrate was also under consideration. Ir both
cases percolation lesaching was to be useds This plant only
operated e few yesrs before the flotation process supplanted

it.

About the same time in the United States Addlcks
and others corducted experimentis et Douglas, Ariz. on roaste
ing and leaching of concentrator tsdlings.(M) The 2.36%
ores or the Burro Mountsin Copper Co. were used in the tests.
Direct leaching of the roasted ore was dismissed from the
start as giving a total recovery less than comcentrstion and
tailing leaching. The concentratar tails ron 0.84% Cu of
756% eould be recovered in the leaching process. When flot-
ation was substituted for grovity concentration the tails
were tbo low in copper to justify their retrestment and the

leaching process was dropped.

Some tests were slso made at the same time on the
roasting and leaching of the concentrate itself in competition
with smelting.(?’) A 147 flotation concentrate was roasted in
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an 18-ft 6-hearth licDougall roaster. Laboratory tests of
the eslcine chowed an extraction of only 92+ while the 6~ton
tests ylelded only 84% extrection. Several fectors may
aceount for the poor resulis obtalined.

1. Little was known sbout correct roasting tempsratures
and no great effort was made to secure proper temperature
control.

2. Agitation leaching was not used. The hot caleines
were s8imply run into an scid launder where they received
60 seconds sgitation before bcing delivered to the dewater-
ing drag. This process had to be repeated es much a8 seven
times to obtain a resesonsble extrsction.

3. The materi:l was relatively coarse, 65% plus 100
mesh of a type relatively unsuited to instantasneous extract-
of this sort. Grinding to -100 mesh or longer agitation
periods in suitable apparatus would have given better res-

alts.

Lesching was introduced in 1915 at Anaconda to
treat old concentrator railings having a copper content of
0.64%.(15} The success of this ventwre as a subsidiary to
regular smelter operstione is well known and hence no space
will be taken in describing it. It is a 2000-ton plant with
roasting, percolation leaching, and scrgp iron precipitation
88 the essential features. The plant has been in operation

now for twenty yesars.



Greenawalt has done considerable experimental
work on the hydrometallurgy of copper, particularly in the
direction of better ampere efficiency in electrolysis thru
control of the ferric iron contemt of the solution(16),

The Greenawelt ferric iron reducer or s similar device forns
an integrel part of any electrolytic copper process where

the iron problem is &t 81l serious.

Among recent work which has been done on the sub-
Jeot is the experimentsl work of the Complex Ores Recovery
Co. on Flin Flon ore. This hes alrecady been mentioned sev-
eral times. A comprehensive review of the hundreds of tests
made is given in & paper by Olﬁright.w) This gives one some
idea of the scale on which tests are neeassary before der-
inite conclusions can be drawn on the applicability of &

process to any given ore.

In 1928 & plant was erected at Liount Elliot,
Qtzeanslzmd(lﬂ to treat c« mixed oxide snd sulfide ore. The
plant was designed for an ultinmate eapacity of 10000 tons
cathode copper per annum. Operstions included crushing the
oie, niixing sulfide and oxide in proportions to give the cor-
rect acid regeneration, roasting in & producexf ges Tired
T/edge Furnace and percolation leaching in two 30' x 60' x
10' tanks. The pregnant solution was purified by agitating
to neudrality with limestone slurry in two Pachuca tahks.



the iron being settled off .5 insolubls Fefcﬁ)s. (18)

The solution for electrolysis had & Fe content below 2
gm/liter. Any copper precipitated with the iron was to be
recovered by leaching with ammonia, distilling off the HHg
and precipitating the copper oxide to be returnsd to the
circuit. The leach tailo containing 0.3% Cu were éa be
cyanided to recover the gold and silver. The low price of
copper and the poor financisl condition of the company pre-~

vented the plant from ever being put into operation. (22)

This process hes also been opersating on & pilot
plant scale at the Bagdad Property at Hillside, Arizona with
results which the superintendent, C.T. Barooch, reports as
"highly gratifying".{20) mhe pilant roested 25% Copper con-
centr- tes in reverberatory and Brackner roasters, leaching
the csleine by mechanical sgitation, in a batch process. 1In
spite of the sormew.at inadequate roasting equipment they
claim extrections of 91% of the copper with the iron suffic-
iently insoluble to msintain s concentration in the slectr~-
olyte no groster than 7 gm/l. Cathode copper of 99.98%
purity was obtanined at an average ampere efficiency between
83 and 92% depending on iron content. Careful roasting is
emphasized by Mr. Baroch as the key to the success of the

Process.

The latest experimental work on the electro~-hydro-

metallurgy of copper was performed at “ashington State College
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by Floe and Drucker. The resulis havc been publishel in a
balletin of that institution({21). comperatively high grade
{20%) concentrate was used for the investigation. Laboratory
scale tests were made on roasting, giving s caleine with acid
soluble copper &s high as 98%. This wos followed by leaching
tests in which 1t was determined that iron in solution cen

be kept down t0 5 gm/liter by a period of neutrsl leaching

as 1n zinc plant practice. Klectrodeposition tescts showed
that & current efficiency of 90% can be maintsined under these
conditions. A favorable report was also given on gold extr-
action and cysanide consumption in the trestment of the
leached residues. The experimental results on which these

last conclusions are based are rather scanty.

PURPOSE OF PHE PRESENT EXPERIEEETAL /ORK

Prom the foregolng historical outline it can be
seen that considerablc experimentation on both laboratory and
plent scale has been done on the leaching and electrodepos-
ition of copper from sulfide ores and concentrates. The re=-
sults can bc classified as:

1. Those obtained prior to 1920 using methods ess=-
entially not modern.

2. Thogse in which experimentstion or ojeration is
on oxide-sulfide ores.

3. Those in which experimentation has been on prec-
ious metal bearing snlfide ores of the type 1likely to be
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found in Canads.

As exanmples of Class 3. we have only the Flin #lon

tesis on & complex ore and the Yashington State College ex=

periments.

The purpose of this work was to repeat these tests

using an ore (from the Horne mire at Horands, P.Q.) which has

heretofore been considered purely & smelting proposition.

The points of main irnterest are, first what sort of copper

extractions can be obtsined and second whether the precious

metals can profitably be recovered.

TH: MAIN DIVISIONS OF TH: T“ORK.

1.

2o
e

4,

Be
6.

Hand roasting tests in a muffle furnace with detcerminations
of copper solubillty in the ealclnce.
Ixperiments on the formation of copper ferrite.
Production of flotation concentrate from the ore.
Roasting testc in mechanicsl roaster on both ore and
concentrate.
Small scale leaching tests on &l the culelnes produced.
Cyanidation tests on the leached residues.

Elsctrolysis of the leach solution was not includ-

@l as part of the work.

Limitations of the Lxperimental Vork.

It is to be understood thet any resulite obitained
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from an investigation of this kind cannot be regarded as
cther than prelinminery. In the first rlsce, tests were made
on only one ore which was regarded as typiocasl of those gen-
erally found in the Canadian Rorth Country. A genersl set
of conclusions can be drawn from these resulte but the same
conclusions might be nullified in the case of another ore
differing to a s1ight but important degree from our FEoranda
ore. This applies especially to the section on precious

metals recovery.

Then agein the tests were rmde on only 2~kilogram
batches. There have been any number of processes which pro-
vedquite effective on that scale but could not survi#e the
rigours of praetical application and so have since met a
violent end. In order for a process on any ore to be cone
sidered it msat first be tested on s small scale, as I have
done, then on a somewhat larger scale, and finally on &
pilot plant scale over a period of months. Only in this way
1s it possible to farses all the difficulties which are

likely to crop upe.

Another limitation was the lerge amount of analyti-
cal and control work which had to be done. In commercial
testing a staff up to as many as forty men are needed, de-
pending on the sesle on which the tests are made. This inc-

ludes samplers and analysis as well as the regular researeh
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ataff. A single~handed investigation is necesssrily limit-
ed by thie consideration, while in my case time was another
factor. 1In gll some 1200 andlytieal determinations were made

in getting the results to be presented.

Electrolysis was not included as psrt of the work.
This eliminated also the pogsibility of tests using a c¢yelie
process so that deta on the purification of leach solutions
is miesing. This guestion is important however; therefore

it will be discussed to some extent later on.
EXPERILENTAL TORK

linterisl Used,

Massive sulfide ore from Forands llines, Limited
was used. This ore comsists principelly of Pyrite PeSp,
Pyrrhotite Fendg, and Chalcopyrite CuFel3, together with

slliceous gangue.

- The ore &s received was in pieces sbout 5" in size.
#With the assistance of the rourth year lietallursy class it
was crushed to ~40 mesh material. This was done in the
gyrotory crusher and rolls in the mining laborstory. ZPrev-
ious to crushing sone hand scyting was done, those pieces
containing lergely pyrrhotite being re jected. The crushed
ore was cut in & riffle sampler into 2000~-gram lots and placed

in cans until resdy to bs used.



The ore asnalysed as follows:

Cu  2.98 %
Fe 45.2 %
S S34.6 f;a

Au C.14 oz.
Ag 0.50 oz,
A soreen anslysis was made of the crushed product
with the assistance of the 4th year Hetcllurgy class. The
Bell screening machine in the mining laboratory was used.

This apalysis is given in Tsble 1.

Screen analysis of erusied ore.
Sereen Zercent on screen Cumulative percent
35 mesh 0.32 0.32
48 11.40 11.72
65 11.84 23.56
100 13.86 27.42
150 10.61 48.03
200 774 55477
-200 44.05 99,80
Concentrate.

Por tests on higher grade materisal & flotation
concentrate was nsed. This was prepsreft from the same Horands
ore usging the 2000-gm Denver Laboratory flotation mechine
in the Mining lsboratory. This machine is shown in Figure L.

A summery of the flotation tests made is given in the sect-
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ion headed "Flotation."

In 811, 35 pounds of concentrate wes prepared. This
was mixed and cut into 1500-grem lots in a riffle sampler.

The analysis was:

Fe - 40.5
S 37.6
Aun UeRZ OZe

Ag l.34 oz.
HETHODS OF ANALYCIS,

These were taken from four sources.
1. I;o:eé and Demorest "letallurgical /nalysig.”
2+ Seott "Standard Hethods of Chemieal Analysis."”
3. Low "Technical lethods of Ore Lmalysis."
4, "Hetallzzrgiéa}. Anclyeis™. HMethods used by the the Gon~
solidated Yining end Cmelting Co., Trail, L.C.
They were modified tc meet the spocial conditions encounter-

ed.

Copper.

The standsrd Low's iodids method wes uvsed for most
of the deteminations. In the experiments on Ferrite form-
ation the fluorids~iodide method was employed. Copper in
residues and eyanide solutions was detemmined by the colori-

metric method.
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The permanganate nethod was used. In &1 cases
the filtrate from the copper precipitation was titrated with-
out further treatment as is the practice at Trail. slthough
this is not & gemerally acr.:epte& method it was found to give
good checking results and is very rapid as both copper and

iron msay be determined on the same sample.
Total Suifur.

Samples of low Sulfur content were detemined by
precipitetion as BaS0, in hot solution snd weighing the pre-
cipitate. Por high sulfurs the cold precipitetion method was

uged.

Snlfste Sulfur.

The sample wes boiled fiftcen minutes with 5: HC1

and the sulfete in solution was determined in the regular way.

Copper as ferrite.

Ses gection on ferrite formmtion.

Free HoSO0, in solution.

Five cc. of solution was titrated wi th standard
0.72 K. HaQH solution until & permanent preciritate was ob~
toined. Then the solution was back-titrated with weak (0.1 H.)
HC1 until the precipitate disappesred. Ordinmery indleators



cannot be used when there is a large quantity of irom or
copper in solution as the precipitate masks the color change

at the end yoint.

Gold.

Standerd fire~assaying methods were followed, The
flux charges were the same as those used in the Noranda assay
effiae; Gold in solution was detemined by evaporating the
soclution to dryness in a lead boat and scorifying. Silver

also was detemined in s few samples.

Preec Cysanide.

The standard method wes followed. This involves
titration with standard Agl0; solution using K1 indicator.
Samples containing snliide in the recgeneration experiments were

subjected to the following preliminery treatment:

To 8 quantity (about 20 ec) of solution to be‘ test-
ed is asdded a2 halfegram or so of solid lead casrbomate. A
reaction takes place and insoluble PbS is precipitated on the
salts This ranoves the sulfide from solution. As PuC04 1s
also sparingly soluble it does not contaminate the solution.
Lead does not form o complex cyanide and hence dces not affect
the titration. The FbC0yz is filtered out of the solution
which is then ready to be smmpled for titration.
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Alkalinity.

Phenolphthalein is added to the sample vhich has
been titrated with AgRO,; and the titration is continued using
standerd oxslic acid solution. Results are reported a8 pounds

Cal0 per ton.

Acid and Vater Soluble Copper and Iron.

These are ususlly detemined by boiling the sample
with an excess of dilute HyS04 or water as the case mey be
and then detemining the amount of copper or iron in solution.
The results so obtained will represcnt the maximum solubil-
ities obtainsble using the given leaching agents. Actual ex-

traction will usually be somewhat less thin this.

For this reason it was preferred to sdopt an arb-
iirary system of leaching which would dbe held to rigorously
in 811 tests and would give &8 series of comparative results
which might be called "Solubility under lesching plant con-
ditions.™ ‘ctual extraction was found in some coses to exceesd
the percent solubility detemnined in this way showing that

more idsal leaching conditions had been obtained.

Soluble copper was cxtracted by a twelve-minute
agitation with s definite quantity of 5% sulfuric acid or
wvatey at s temperature of 50°C. Ixactly the szme conditions

were maintained for all determinstions.



wDEBw-

7o do this a constant tempcrature water bailh was
86t ups ThiB wag made from an old 4~hole copper steam bath
set up on bricks. A Bunsen burner provided the heat and the
ges supply to the burner was conmbrolled by a Cenco mercury
ges regulator set in the water bath. Iater it was found that
the regulator was unnecessary; 1f the burner was set with 8
very low flame t.c natural radistion of the bath was just
enough to balance the heat supplied and the temperature re-

mained constent within 2°C.

Ths bath had in addition to the reguletor and a
thermometer, a stirrer driven by an electric motor. In the
two remeining holes in the bath were set two 100-cc beakers
for duplicate determinations. ZEach besker was provided with
its own glass impeller for agitation of the solution. Both

impellers werc drivon off a 1/50 HP Cenco stirring motor.

To meke a dstermination two L.b gm sanples of cale
cine were welghed out and put into 100-ce beskers. These
were put in the water bath —- exactly 30 cc of 5% Hp304 or
water previously heated to H50°C was poured in and the impel-
lers were started. After twelve minutes the beakers wers
removed and the contents weire filtered and washed immediatelye.
The copper and iron in solution were thon determined by the

ueusl methodse.

One or two scamples were determined by boiling them



with the sulfuric acid. The acid solubility in this cass,
as would be expected, reached a higher figure.

The majority of detemimetions were run in duplie~

ste.
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PLOTATION,
I

The object of the flotation experiments was simply
1o prepare sufficient concentrate to work with. 4 record was
made of the tests however and some of the results will be pre=-
gsented here as having a bearing on this process of treating

COppPer 0res.

Procedure in &l) the tests was uniform except for
Hose 1 and 4 where the variation was as noted. A 2000-gran
sample of Toranda ore cuwrshed to «40 mesh was ground with 4.5
gm NayC0; and 1000 ec water in a smell Bell mill for % hour.
The pulp was then put into the small flotation cell, diluted
and conditioned for twenty-five minutes. The reagents were
then added. These were:

7 drops (0.77 gm ) Pine 0il

50 ce (0+10 gm ) Amyl Xanthate.

Pigure 1l.



The froth was then removed, filteraed, dried, and ansalyzed.
In some of the tests the $ails slso were an:lyzed for cop-

rer. Tsble II gives the results of the flotetion experiments.

In the last three tests the composition of the ore
wes asgsumsd $0 be the same as in 2 which was cut by riffle
from the ssms lot. There night however have been a meximum
variation of 0.3% which would reduce the perceni extrsction in

tests 4 and 5 to 93 or 94%.

The highest grade conceatrste was obtained by us-

ing 7.5 pounds per ton of Bagllz --- 16.75% in test 4.

Lime was found to be a poor J(e¢pressor for pyrits.
This checks with the resultis obtained at FHoranda; for some

resson the FRorsnds ore requires soda for effective concent-

ration.

These tests indicage that & 95% extraction by
flotation is comeroeially possible on the ore in guestion.

FERRITE FORMATION

Copper in common with & number of elements forms
with ferrie oxide compounds of the spinel type called ferrit-
e8. Two are known, cuprous ferrite CuFelp, and cupric
ferrite Cu(Fe0,),. (24) They are very refractory and prace
tically insoluble in dilute acids. Hot concentrated HC1l dis-



No,
1

Wt.
Conditions Ore

Ore-100 mesh from 1929
rolls, Put into
machine direct with

2 gm Ca(OH )pas

depressor,
Standard 2065
Standard 2005

3 Tests averaged
7.5 gm soda in each
6006

Standard 1970

TABLE 11

Tt
2 Cu gconc,
5.04 398
460
4,55 186
459
4.,55% 541
4.,55% 1611
4,.565* 643

FLOTATION T3S5TS

wt.
ﬁ Cu Tails

10.10
9.94 1067
12,65

14,65 1442

14,.75% 1498

16.75

13.7

Items starred * have been calculated from other results,

Tt.*
Cu in

96.7

273

89.6

Cu out

86.9

90.7

79.8

270

88.1

% *
Extraction

89.1

95.8

87.4

98.8

98,3



80lves ferrites howevere

It has been known for some time that wien sulfide
minerals are rossted these insoluble ferrites are apt to
form. (25)(26) Considerable work has been done ir the case
of zinc ferrite in determining the exact conditions under
which it forms. This has been ably summerized by Oldrighte.
(27) The various results indicate that ferritc formation is
8 function of temperature, time, satmosphere, and assoccistion
of the iron and ore metal oxides. Zinc ferrite beginsto
form under ordinary furnace conditions at a temperature of
760°C but ferritizstion is not complete under 950°. The
properties and conditions of formation of coyper ferrite are

less well knowne

After hand rossting tests had been begun in the
ex@eriﬁental work it was recognized that some information on
the formation tempsrsature of copper ferrite would be valusble
in conducting the roasts. :iccordingly a few cXperiments were
begun on this subjccte ¥hide the wors was on, & recent
publication of the United States bureau i miies came to
hand describing the preperation und properties of copper fer-
rite-‘zg} This gave most of the desired results and so the
investigagion was not continued beyond one or twe detemin-

ations.

sreparation of Copper Ferrite.

A number of workcre cleim to have produced the pure
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compound from stoichi&meﬁric proporitions of the two oxides,
Cu0 and Feylz. ilostovich and Upensky heated the mixed

oxides andreported the reaction heginning at 650°, rapid at
750°.024)  Stenl nemed u soumewhat higher temperature 750-800°.
(24) gaigen used similer methods.(29) Hilpert fused the two
oxides to obtain the aampaund.(ao} List used & wet method

$0 obtein the twooxides in sn intimstely mixed condition.(31
He treated copper oxide with ferric chloride solution, pre-~

cipitated the mixed chlorides as hydroxides with potash and
dried the precipitate at 110° obtaiping 2 yellowish sub-
stance eslled the pentshydrate. Iorestier used crystal ana-
lysis to determine whether or not ferrite had formed. (32)

He discussed the limitations of previous work on the subject
and has rccently proposed the following procedure as being
more relieble: Preeipitate with llaCH a titrated mixture of
ferric and cupric chlorides in equimoleculsr proportion to
produce Cnﬂ.?ezﬁa. Filter arnd wash the precipitate. Ignite
for 10 houre at 900-1000°C.

All these investigations do rot give any indicatim
of the extent to which copper ferrite forms at variouvus tem-
peratures or how it is affccted by the previous state of
sssocliation of the copper and iron. For more satisfactory
information on this subject we nuct lock to the work of
Sullivan at the USBM previously cited.(28) 7his will be sum-

marized along with the results of the present investigation.



Proceduree.

Pest 1. 16gm of intinately .ixed copper and iron
oxldes was prepeared using the nethod of Porestier. Four
3=gm portions were placed in porcelain erucibles and heated
in a Lecds and Horthrop "Hump" electric furnace controlling
to plue or minus 3°C. After heating the samples were anal-
yzed ss follows:

a) Per cent acid soluble. 20 minute sgitation with 6%
32304 et Hu°C.

b) Soludbility in hot acid. The four ssmples boiled
gimnl taneously with hot Ej> HoSO,. Time of heat-
ing sbout 30 minutes.

¢} Total copper or irén. Sample dissolved in strong
HC1.

These are given in table I1I. These results show
the curions anamely that while tne solvbility of the copper
decresses with incresse in heasting tenperature wien wesrm
acid is used, a8 would be axpscted, in hot acid the reverse

is the case and the 20lubllity increases slightly with tem-

perature.
This can be seen from ULie diagrsms, Figs 2 and 3.

Test 2. A more exacl method of determining copper

ferrite formation was used. This relies on the faot, dis-



ZABLE 111

4 Solubility % Solubility
Samp. Pe Pe x 10
No, Time Temp, Cu. Fe Cu Cu Fe Cu Cu Fe Fe x 10

Cu

Theoretical
Cu0 Fey0g 26.55 46.7 1,758
1 7% hrs 600-700° 215.65 45.1 1.758 43.8 9.5 2.16 97.4 70.0 7.2
2 2% 600° do do do 48,3 19.6 4.06 98.3 76.2 7.75
3 2% 6500 do 2.1 13.1 3.10 98.7 79.3 8.03
4 23 700° do 36.3 10,8 2.97 99.0 82,3 8.32
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covered by Sullivan at the Bureau of !lines experirent stat-
ion, that copper ferrite is insoluble in cyanids solutions
while prractiecally all the other copper compounds sre sol-
uble. Therefore to separate copper ferrite from copper oxide
in a sample the scmple was ground o ~100 mesh and an 0.2
gran portion was treated with 50¢c of boiling 8% KCK solut-
ion for 15 minutes. The solution was flltered and washed
into a coniesl flask and the cyanide was decomposed under
the hood by e 2:1 mixture of sulfuwric and nitric acids. The
solution was then evaporated to dryness and thne copper was
determined by the fluoridee~iodide method. From this the

copper as ferrite could be calceulated.

gg&grials.

g) Cu0 and Peglz pulverized to ~150 mesh were weighed
out in the proportion 4 mols Cul0 to 1 mol Feglz and mixed
for six hours in s mechanicz]l mixer. Having s excess of one
oxide in the mixture tcnds to promote the completeness of the
resction.
b) Some intimately mixed Cul and Pes0z in the molecular
proportion 64:1 co~precipitated by the Forestier method.

Heati 0ngre

In the "Hump" furnace controlling to 3°C. Four
differend temperatures were used. in ll-hour heat was made

at each termgperature.

The results are given in table IV,
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In8°10 Tho

Samp Total Total Soluble Cu by insol.
No, Material Temp, Time Cu, Z Fe % Cu % aiff, Cu
1A 4:1 oxides

8560 11 h 20 min. 52.5 22.5 42.3 10.2 13.3
1B do 760 do do do 45,1 7.4 do
1C do 650 do do do 50.2 2.3 do
1D do 550 do do do 52.4 0.1 do
2B 64:1 co-p 750 do 73.356 2.2 72.056 1.2 1.25

oxides

2C do 650 do do do 72.4 0.95 do

#

Fenite
Formed
76.8
55.56
17.3
0.07
97

76



Sullivens experiments were similar. He worked with
8 mizxture of copper and iron oxides in ecuimolesenlar propor=
tions coprecipitated from nitrate solution. His resulls are

given in Table V.
TABLE V.

Ferrite formed by heating 1 hour at various temp=

eratures.
Temp. dege. C Percent of total Cu in ferrite
. v fo Tile
650 67
700 ' 84
800 955
900 a7
1000 9643

Zffect of tinme on completenses oi ferrite forme

ation at 650 deg. C.

Time of heating Hrs. Percent Cu gs ferrite.
1 673
2 688
4 69.2
8 : 722

1z 71.1
24 7362
96 73«2
326 71.5
66
S AR

In figure 4 the results of table 4 and 5 are
plotted. The upper dotted curve representing the 64:1 nix-
ture of oxides is only epproxi.ates In this sample the
percentsge of insolublc copper is very sma&ll, hence a small
error in the.analytical determination of soluble copper res-

ults in a high pesrcentsge error for ferrite copper.
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From Tables IV and V we may conclude:

1. Bxtent of ferrite forustion is beyond a cerisin
limit largely indepondent of tins.

2 It is very much dependent on the mode of occurrence
of the copper and iron oxides in the mixture. The morse in-
timate the mixture the greater the ferrite formatiohn.

3+ Percent ferrite formstion increases with the temp-
erature of heatings It is practically zero at 550°C rising
to 100% st abont 1000°C.

4. Vhatever the mode of occunrrence of the oxides,
above 700° the ferrite formation is s great as to seriously

interferec with solubility in dilute acids.

Conclasions 1 2and 3 indicate that there is an equiw-
l1ibrium betwesen tviic oxides and ferrite verying with temper-
ature. Conclusion 2 indicstes just tie reverse, namely that
at no time we have & complete reasction and that the extent %o
wnich the reaction tazes place depends on the degree of con-
tact of the grains. W to tue present no adequate explanat-
ion of the mechanism of ferrite formation has been given to

clear up the difficulty.

4pplication to roasting.

Figure 4 indicates that if irtlnaately mixed oxides
of copper and iron are heuted for a short time at 600° sbout
30% of insoluble copper will be formeds The corndition of
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intimate mixture obtsins when chalcopyrite (CuFeSy) is
roasted -~ hence sz copper calcine produced at thet temper-
ature should be unsuiteble for leaching purposes. Sullivan
tested this reasoning with the following experiment:

"b grams of pure CuFe3, was placed in a uncovered
porcelain erucible and roasted about 30 hours at 600°C
without stirring. Analysis of tiic caleinc showed a dead
roast with only a trace of ferrite and about a third of the
original sulrur content conwverted to enlfatce.”(zsl

This indicates that in the renge (550-650°) in
which sulfate and ferrite are both stable tiec sulfate will
form in preference to the ferrite. Above itne decomposition
temperature of copper sulfate (053°C for the pormel sulfate
and 702°C for tihe basie mfate)‘%) ferrite formation will
be rapide ience in roassting as & preparaticn for hydromet-
gallurgy to lower the smount of water-soluble copuer simply
by heating above the decomposition tempere ture of copper sul-
fate is not the correct procedure =- it will result in a

deeided falling off of copper solubility.
ROASTLEG
f—

It was proposed to use a single-hesartl mechanically
rabbled roaster for tie roasting tests. TPinis wes constructed
in the laborstory; while waiting for its completion other

woTk wes proceeded with., The lirst preliminary roasts wers



hand-rsbbled ord were cerried out in s Hoskins eleotrically
heated muffle provided with o Brown pyrometer. Some of these
tecte gove a high perce tege copper solubility but the temp-
crature control obtalnable was too uncertcin to be of muech

v:lue. Hence hand roasting wns discontinned after six tests.

The procedure in hand roesting was as follows.
A charge of ore, about 1900 grams, was put into & f£lat iron
pan t¢ bs heated in thce mnffle. The power was turned on --
after onc hour the' furnece resched a tempersature of about 400°C
and the charge began to burn. Row the ourrent was shut off,
allowing the roasting to procecd precticslly to completion
without overheatings ¥#hen most of the sulfur had been burned
off the power weos turned on again and the roasting was complet-
ed at thc desired temperaturc. . complete roast required on

the averagec about seven hours.

Of thc six tests los. 4 b & & were supposed to be
"ideal" roasts, that is conducted at a low heat until the
reaction was about completed and finished et ithe msxinum tem-
perature sllowable before ferrite iprmction sets in. Los. 4
& 6 practically Ml1flll this requirement, Lo. 5 however gave
very poor results due most probably to & very low and erratic
tempercture dvring the inltial roasting pericd. RNo. 2 was
Izept below 60°0° during the Tirst 5 hours giving a high copper
extraction on the hourly ssmplcs. Then the temperature was

allowed to rise $o 700° for an hour; the copper extraction im-



mediastely fell off to below 50%. No 3 was roasted throughout
&t a low tempereture, It shows ¢ vory Ligh rercentege of

water-soluble copper, in faet almost 100, of the soluble cop=
per was in the sulfate form. The results oi the hand roasting

tests are given in tebdle VIi.

FPigures 5,6,7, and 8 show some of the mors signific-
ant results in graphieal form. Zigure 5 shows how copper and
iron soeiudviliiies very as roasting proceeds, from determingt-
ions made in idocast Ho. 4. Grob samples were tcken from the
charge every hour ond enslyzed completely to give tiic rssulis
precented. It can be seen tiial aiter the third hour the iron
is at 8 meximum solub.lity probably converted completely to
oxide &nd sulfate. (opper is only pertly co:verted to ti.e sol=
uble Torm &t this siege. 1n the next two Lours the total sul-
fur éid not decreuse greetly (Sese E‘ig, 61 but reaction took
place between Cuyd, Cul, “eplz &nd FeBCq with an incresse of
soludble copper and & deoresse oif soluble iron. This reaction
was completed after 5 hours. In the final two hours the tem=
perature wee reised to 670° to decompose Culd0, and decrease
the amount of woter soluble copper. -8 the graph ghows this

temperature resulted also in a fclling off of acid solubility.

The percent of water and acid soluble iron is low,
asbout (o. However the totnl percentage of iron in the calcine

is =mbout 14 times that of the copper so the asctusl smount of
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soluble iron in much greater in proportion. This i one of
the disadventages of treating unconcentrated ore; this will

be discussed in 2 later section.

In Pigurs 7 percent solubility is plotted against
percent “ulfur in the csaleine while Fipure 8 shows the per-
cent of the suliur in the sulfate form as the rossting pro-

ceeds.

Mechaonical Roaster.

This was used for the next thirteen roasting testu.
The furnace was designed by Prof. ¢. Sprounle, pntterned some-~
what aiter thce Herreshoff laborator: roasting unit but with

& number of importsnt modifications.

It consists of a 16" shell made »f 1/8% steel plate
supported on legs of iron pipe. Inside the shell is a refrace
tory lining. On the hesrth of tihe roaster this consits of
24" of Sil-o-cel brick with a covering of 3/4™ of Grsfco
chrome cement. The walls have 13" of Sil-o-cel "C-3" cement
covered by z to " of Grefco cement mekins the inside hearth
diemeter 12"+ The cover of the roaster is romoveble and con-
sists of a steel shell iilled with Silwo~-cecl cezent about 2"

thick over which is " ol slundum cement. In the alundun

cement is imbedded the hesting element.

The bealing cieament comsists-of 80 feet of Chromel
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The heating element consists of 80 feet of Chromel
A wire B&S gauge #15 wound in a 3/16" coil to make =n open
coil (turns stout 1/16" apart) 175" long. This is wound
in a flat spiral 10" in diameter having 8 turas of coil.

The rabble is a 3/4" nickel tube on which are fas-
tened eight teeth of chromel hairpin 1 3/8% long and 3/4"
broad. To it is welded a central drive suu:t of nickel tub-
ing which passes downward thru a 1" alundum tube imbedded in
the h&artb; A cover of nickel welded to the rabble serves
to protect the bearing from dust. The nickel~tube sghaft
extends downward about 5&? below this out of the region of
high temperaturé it keys into a 1" iron tube which is suppor-
ted on the bearin: below. On this tube is an 8% inch pulley
leading by belt to an electric motor and speed reducer.

Alr is supplied to the roaster under light pressure
from a blower. It enters at the boltom of the hollovw bearing
sapporting the drive tube, passcs up thru the hollow rabble
arm snd out between the ratble teethe. A cehimney in the
cover earries off the S50, gases to & hood.

Details of construction are shown fully in Figure 9.
Figure 10 shows the rousting unit set up for operation. rizure
11 is a view of the interior of the roaster sunowing the rabble

and the thermocouple.
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Flgure 10

Pigure 11



Operating detalils

Moter, 110 volt DC supply. % HP. 1600-1800 RPH.

Speed reducer., 48:1 ratio.

Radble speed, 2-6 RPM,

Powser to roaster. 220 volt DC witn variapie re-
sistances in series. HMaximum current
13.9 amps = 3.06 Kw.

Temperature control. Iron-eonstantan thermo~
couple connected to Leeds ana Horthrup
recording and controlling potentiomstere.
Relay control switehes resistances into
the main power cireuit. Control to 4°C

at 600°C.

Method ef conducting roasts.

A charge of from 1300 to 1800 grams of material
was used. In the case of the =40 mesh ore the 1800-gm
charge could be handled with case, but the fine concentrate
gave trouble, due to eaking snd piling up in front of the
rabble. Hence when concentrate vwas rousted charges of only
1300 grams were used.

After the charge had been put in, the curyenit was
turned on. In about 45 minmates the temperature of the

chamber reacued 500°9C, enou h to ignite the cooler layer of

gulfide belowe At this point the power was cut down somewhat,



the rabble was started and the alr was turned on. During
the raasting'perioﬁ, which lasted 2 hours and 45 m.inutes on
the average, the temperature was kept around 5509. Then the
air was cut off and the temperature raised to the desired
value. The controlling mechanism kept the roaster at this
temperature for snother two hours. Tho roast was then com-
plete, A complete roast took about five hours.

In Table VII a typical log of & roast is given to
illustrate the procedure followed. The actual temrerature
record made by tﬁe recording pyrometer is Yreproauced in

Figure 12.

Botes on the roagting operation.

(1). In the rirst raaéting test measurcments were made
to determine the relation between the muifle temperature re-
gistered by the recording pyrometer and the actual tempera-
ture of the bed of material. 70 do this & second thermo-
couple pyrometer was used with the Junction inserted into the
gharge itself. In addition periodic measurements were made
thru the peephole using an optical pyrometer. Some of the

regults obtainsa are given bslow:

Tempe Tempe Optiesal
Condition of roast Huffle __Bed _Pyrometexr
Initial heating 300 220 2= eemea——
Ignition begiuning 580 560 650
Full Ignition 625 650 650 *
Ditto. Lir on 670 710

+ Small localized areas gave readings as high as 8009C.



TABLE V11
Mar, 1, 1935
Roast M-6 Can. No, XV Ore,
Rabble speed 6 RPM
9.10 aAM Power on 1l4a mps,
9.40 Temp. Chamber 390°C
9.55 Power 10A mps. Air on 490°C
10,10 6% 4 mps
10.50 550°¢C
11,30 560°¢C
12,15 560°@
12,40 Power 10 A mps Air off 540°C
1.15 Controlling 80, coming off 650°C

2.10 Power off Roaster opened 665°¢
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Tnis ta!le shows that before ignition takes plaece
a minus correction of 20-80°9 has to be applied to the recorded
temperature to give the true bed temperature; during the actual
roasting the bed is from 20 to 509 hotter than the recorded
temperature. In the finishing stages muffle and bed tempera-
tures are about the same although the latter may be lower.

In view of this difference between actual and
recorded tempsratures, the muifle temperature was not allowved
to exceed 550° during the period in whieh the sulfides burn.
In this way the actual roasting temperature stayed below 650°
After the sulfices were all decomposed the muifle temperature
could be raised to 600-650° without danger of overheating.

(2)« The air supply was not entirely satisfactory. It
was found that natural draft passing thru the follow rabble
was not sufficient to roast the ore in s reusonable timc.
Accordingly air was provided from a blower. This gave the
necessary volume but as used was thrown on the ore in Jjets
as the rabble moved around with a resulting tendency to
loeslized overheating. Large draft ports in the side of the
roaster would have given better resulits. Gné advantage of
the method of supply used was that bearing, rabble, and
teeth were air cooled and hence were better able to stand

the high temperatures.



{(3). The ealcine from a good roast is = bright bricke
red in color. IT overheating has taken place the color is
slate gray, due to the presence of eopper ferrite. This has
also been noted by previous investigators. (20) (21).

The results of the roasting experiments are given
in Table VIII. In most of the roasts the finishing tempera-
ture was the variable but in one or two the effect of time of
roasting and size of material was noted., (Roasts M=b snd i-=7).
The relation between roassting temperature snd copper solu-
bility in the c¢ase of the concentrate is shown in Figure 13.

Table IX gives the results of periodie sampliug of
roast Ho. F=3, and experiment performed in the Metallurgy
labsratorﬁ by the fourth year mining students. The "atandard®
method of determining solubilities was used == that is the
sample was boiled first with water and filtered to determine
water-soluble copper, then the residue vias boiled with dilute
acid to determine acid-soluble couper, and finally the in-
soluble coper was defermined from the second residue. The
last semple (#7) was cut from tine final eslcine by riffle and
determined by me by the method I have been foilowing. Figure
14 shows the results of table IX in grari forme The dotted
curve is one obtained by Floe snd Drucker (21) working .ith a

307 coneentrate. It is put in for purposes of comparison.



Summary of Roasting Resultis.

de Maximum "leaching plani solublility” obtainable
was 89% for the ore, 99% for the concentrate.

2. For maximum solubility the finishing temperature
‘should be between 600 and 6709, preferably around 630°.

. ¥ater soluble copper was around 75%. If tae
temperature was kept low this could be raised as high as 874
while if the temperatures exeeeded TU0° it went dowmn to 407
or less.

4+« There is no advantage to be obtained in roasting
finer material. Copper solubility remsins the same while sacid
scluble iron goes up.

5. In the case of the ore a shorter roasting period
gave practically the same extraction (Roast li~6). The per-
cent of undecomposed sulfides was gre:ter but this seeued to
be balanced by a lower ferrite contenta.

6. Acid soluble iron varied from 1.3 to 1l.7% in

ore samples roasted at temperatures between 600 and 6659 C.

In the coneentrate the amount was somewhat higher l.6-2.4%.

chgarison_ef results obtained with those of other experimenters.

Five other sets of resulis are available, those of

Floe~Drucker (21), Goodrich (33), Baroch (20), Asheroft (34)
R A

and thecéémplex ores recovery Gompany (5). These will now be

briefly summarized.
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Roast F -3 ilarch 4

Experiment performed by 1V yeur Miners

y % of £ of
Time ;4 ;4 Sulfide Total ou cu
hr., w~-8 _Cu a-s Cy Cu Cu w-e a-s

1:00 3,08 8.28 4.560 15.83 19.4 71.0
11356 3.48 7.67 5.67 14.82 23,5 74,5
2:10 3.96 10.6 0.84 165,40 25.7 83.5
2:38 6.45 7.93 0.086 13.43 40,5 99.4
Sk18 6.20 7.30 0,05 13.556 45,7 99.4
3148 7.0 5,60 0.00 12,6 66.6 100,0

6:00 11,3 2,88 0.2*% 14,35 78,7 98,6

* Fenite Cu,
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Goodrich working at Columbis University roasted a 6}
Porphyry copper ore in a gas~fired muffle furnace, screened his
calcine into two lots =20-40 mesh and =80 mesh, and deter-
mined in each the solubility of the co;per in boiling 10} HCl.
He obtained uniformly high extractions (95-100%) on the coarse
materisl, even when the rosgting temperature went as high a8
850°, btut on the fine materisl extraction dropped off to 85%
at the high temperature. Leaching tests at 20°9C on twenty
gram samples using 107 H2S504 gave extractions rumning from
72=90% .

Floe and Drucker used a Eichols Herreshoff labora-
tory roaster gas-fired. They obtained extractions on their
307 concentrate up to 99L. Water soluble copper was alvays
less than 50/ as shown in Figure 1l4. They recommend a
roast with the initial stage at a low temperature and a
finishing temperature of 600-6700.

Baroch o:tained his results in an electric hegt-~
treating furnace with . yrometer contirol. He used 37% chal-
gocite consentrates and 25% chaleopyrite coneentrates. The
extractions obtained were of the same order zs those of the
present investigation, 99% acid soluble copper, 70% water-
soluble copper. However, the temperatures used for a good
roast were decidedly lower than the other experiments have

gshowne. His scheme for obtaining maximum copper solubility

is as follows:



lst. stage. -=- Sulfatizing period. Temperature
should not exeeed 455°C otherwise soluble magnetite will bs
formed by reduction of*Feaﬂ3 bysulfides. Maximum amount of
sulfate is obtained if the temperature is kept at 3709C.
Above this tempefature the sulfate deereases. The product is
lower copper and iron oxides, aﬁd sulfates.

2nd. stage. ==« Oxidizing. After all the sulfides
have been decomposcd the temperature is raised to 455-540°C.
Ferrie oxide forms.

3rd. stage. ~- Temperature 550-650°C. Iron
sulfate is decomposed.

Roagting experiments were also made in 7' x 12t
hand rabbled reverberatory furnmaee -~ 0il fired., This gave
a caleine with acid soluble copper around 92% and water
soluble copper around 26%.

The rousting tests on “lin Flon ore made at Dénver
were too numerous to be listed ineie. Most of the tésts weie
made in a 23' electrically heatcd 8=hearth Inclougs.l=type
furnace taking &« feed of around 35 pounds per hour. zExtrac-
tions of 95% acid-soluble and 75% water=-soludble copper were
secured when treating 15% copper concentrates. The maximum
hearth temperature was around 600°C.

This summary shows that in general there is agree~

ment amonz the various investigators as to the degree of acid



solubillity obiainable on roasting a copper ore. For con-
centrated material it will run from 96 to 100/ while for
unconeentrated ore 80-90% extractions are to be expected.
There 1s disagreement first as to the temperature to be
used and second as to the per cent of sulfate eco-per formed.
(1) Temperature of rossting. As previously noted,
Baroch's experiments indieated that a very low roasting tem-~
perature, below 450°C should be used. It is difiicult to
see how he was able to maintain that low temrerature success-
fully and obtain a ¢alcine with good solubility. Wwhen low
temgeratnres (550°) were tried in the present experiments,
undecompose sulfide usually remained anc the copper solubil-
ity dropped off. The iron sclubility in this case was high,
a result wnich supportis Baroch's statement that to exececed
455% in the early stages of the roast means the production
of soludble magnetite. 1t was found, however, that by heat-
ing the charge over 6000 in the final stages ol the roast
the iron solubility could be reduced to a figure comparing
favorably with his.

.~ goodrich obtained apparently high extractioas on
materisl which had been hcated as high as 850°C. This result
has not been confirmed by ths other and later investigations.
Boiling 10% HC1l would tend to dissolve copper ferrite, whereas
d1lute sulfuric acid does not attack it. This may be the

explanation of his results.
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{2} sSulfatc format.one This is «n lmporsant
guestion since the clestrolysis of suliate colubi nsg Poe
lesses free sulfuric scid. Yhe roowsd of sudfate im tic
ealeine s.~ul: not be in exeess of th t reg.ired té fake
care of acld losmey, otucrvise the sciv in selusion will
gonstantly build uv, neceasitsiings the diuvesnrd oL o large
porsion of solutivie ¥aer@ 40 oxidine. copper iu present
in the ore 1o takc car. O excess ocid the fizure JUh =i
Cu is thcrefo:e Buca 170 hishs  Fuioo ane Jrusksyry got ithe
water=salublc coppeyr wround 4ul wiich iB & more ressonsble
Tigusce ‘ “he ex lamation oo itais, &8 Jar as I cau tell,
is that thoy used g gag~fired furnmes anu in the last

gtazes 0. the Yomus:. must hnve hod a Feldueln  HTI0EDICIU

turee is well bnowny a1t Tonver thoy were sile o povuage
the pureeat of water-=solubl. co per aron Jus to 7L by a
l=honr troataent of the oBlel v vith eity gos ot Luulle I
iz to be noted mluc that Buroch al the Bagdad prou . erty god
954 water-.cluble copper in his laboratury eleetric iurnaca.
vhen ho uscd an oilefire. furnree tiic weior-noluble go pul
went down to 26 ..

Therc 1. sowe difiesence OF opin.og &8 10 thoe Qo
ditions shicha promote maximun sulfels formut.cie pnrovh sage

that the temperature Guring the initl i rovetins s$age is the
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determining factor. Asheroit, as a result of his experi-
ments (34), has come to the conelusion that up to 650°C
sulfate formation is the primary roasting reaction and that
oxide forms only because of a secondary reaction betwecen
sulfate and undecomposed sulfide taus:

CuS04 + CuS + 0p = 2Xu0 + 3503
This reaction takes place in roasting only becasuse CuSO4q
and CuS are constantly brought into coutact by rabbling. Iron
gsulfate, he says, is not per se decomposed to any extent at
oxinary roasting temperatures. It will, however, give up
its sulfate radieal to copper oxide with the formation of.
CusSo4 and Fez03.

In virtue of these reactions he has been able

to demonstrate that by using a eharge with the Fe Cu and S
balanced in the proper proportions and roasting it at 550-600°C.

without rabbling it is possible to get practically all the

copper in a water soluble form and the iron insoluble.
The explanation of sulfate formation most com-
ponly accepted is that the partial pressure of the S50, plus
0, in the gases percolating thru the bedded material is the
determining factor. oS0z+ Op reaets with basic oxides to form
sulfates in the presence of finely divided ferric oxide or siliea
which act as catalysts. (35)
Cu0 + S0 ¢+ 0 = (CusS04
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Any reducing agent which removes the oxygen formed
by the decomposition of the CuSO4 tends to send the reaction
to the left =-- hence to break up the sulfates.

ﬁﬁ reducing agent§,gas may be used as mentioned
above; more commonly fresh unroasted ore is added to the roaster
at one of the bottom hearths. This provides the reducing, at-
mosphere which decomboses the sulfates.

The direction of passage of the gas in a roaster is
important. Down-drafting the roaster is the basis of the
Coolbaugh-Read patent for sulfatizing roasting. In this way
the hot partly roasted calcine in the bottom hearths is brought
into contaet with a gas relatively rich in 50, which tends to
promote sulfation. Oldrignt discusses the general ideas on
concurrent roasting in his report in the Flin Flon experiments
(5).

In the present experiments, due to lack of time, no
attenpt was made to test a method of reducing the per cent of
CuS04. It was found that if the charge was heated ébove the
deconmposition temperature of Copper sulfate (6530) or more
particularly the basic sulfate (702°9) the water soluble copper
deoreased greatly. (Roasts 2, M=5, F=5) but at the same
time the acid solubility took a decided drop. As was pointed
out in the section on Ferrite formation, this is the expected
result. Therefore heat alone ca .not be used to decompose the

copper sulfate; there must be in addition a reducing action.



LiACHING

The purpose of the leacl.in- tests was:

l. To determine on & 500=gm. scale the percent copper
extraction obtainable on esch oi the cealeines.

e To determine to what extent poor roasting can be
remedied by the us. of stronger acid solutions.

3. To determine how temperature affects the mate and
degree of extracti.ion.

4, To observe the extent to wnich iron dissolves and
contaminates the solutione.

Each of the nineteen calcines was leached with
dilute sulfuric acid at room temperature. In addition each
was given a second leach under different couditions. The
choice of these conditions was governed by the solublility
results of Tables VI and VIII. In some cases leach with
25% HpS804 at 75°C was used, in other cascs 10% acid at
500, in still other cases pure water.

Avaratus

Thrce different leaching apparatuses were used in
these tests. For the lcach witi dilute aci¢ at room temper-
atures the apparatus consisted of a 2-~-liter beaker provided
with a motor-driven glass impeller. Agitation in tais case
was carried out .ith a 2%:1 pulp ratio. The sol.tion used

was either fresh acid or the solution from a previous leache.

not high so that the same solution coula be used four or



five times before it became concentrated.

For high-temperature lescuning & special apparatus
was set upe This is sketched in Figure 15. It consists of
a gal¥anized iron water bath in which is set a 2-liter beaker.
The bath is hecated by a bunsen burmer. Agitation is by means
of a glass impeller motor driven thru a belt and pulley. The
temperature of tihis bath by proper adjustment of the burner
could be kept constant within plus or minus 5°.

A small Pachuca agitator was devised for leaching
the calcine from the concentrate. It consisis of an inverted
4% liter bell jar 63" in diameter and 12" high. Suspended
in the vessel is a 2«inch lcad pipe extending almost to the
‘bottom. This acts as the air-lift. The lead was found to
be wholly unattacked by the acid solution. The air is su:plied
by means of a tube passing thru a stopper in the ne¢ck of the
Jar into the central pipe. The air tube is provided with a
stopcock. In acdition it is earried up abtove the solution
level before leading to the air su tly; this prevents the
escape of solution in case the alr supply goes off. Figure
16 is a skefch snowing details of the air tube. In Pigure
17 the agitator is set up ready for opera ion.

A 5:1 pulp ratio was used in these tests, the charge
being 500~grams calcine and 2500 ec solution. It was found
that when 15~1b. air from the compressor in the mining labor-

atory was used the agitation was very effective. The supply
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from the blower was not sufficient.

Progedure in leac.ing tests.

A weighed amount of calcine was put into the
vessel, the measured amount of solution, and agitation we s
begun. When the Pachuca was used, to prevent ¢aking of the
fine material it was fed in slowly to the solution already
in agitation.

After one hour the agitation was stopped for a few
minutes and the sulp allowed to settle somewhate Then two
5=-cc samples were pipetted off, one to be determined for free
acid, the other for copper and iron. The:re samples were
filtered and determined by the usual methodss In the same
way other samples were taken at whatever time intervals were
desired.

At the end of five hours leac..ing was coansidered
complete. The pulp was tien filtered thru a 9-inch Buchner
funnel into a 2=liter receiver using suction from a vacuum
pump. The pregnant solution was put into a 2~liter acid
bottle to lte used again but all wash waters were discarded
The residue was given five water washes, then dried, weighed,

sampled, and analyzed for copper.

Results
Initial and final solution assays are given in

table X. In addition samples were determined at the e.d of



1, 2%, and in some oases 4% hours. The latter results

are irrelevant to the main purpose of the work and are
omitted from this thesis with the exception of a few in

Table XI. In table XII the percentage extractions are
ecalculated from the assays of the heads and residues. Some
discrepancies are found in Table X. These are most probably
due to changes in solution concentration by evaporation,
although an effort was made to keep sclution volumes constant.
This effect was noted eégeeially when high leac:ing tempera-

tures were employed.

TAELE X1

Yariation of rate of extraction with time

Leach No., Conditions Copper in  solution g/l.

1l hr. 2 hrs. 4% hrs. 5 hrs.
4 Calc. ;1 dil. ac. 11.9 12.4 1z.66 12,4
5 Cele. /1 25% ac. 1.4  14.07 14.22 14.0

Summary of results.

l. Time of leaciiinz. The results of Table XI are

shown graphically in Figure 18. From this i is evident
that the soluble copper is extrreted rayicly and that agitation
beyond two hours wiil not increase the amount dissolved. Using

stronger acid increases the extraction but here & ain after
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two hours the action is complete. The iron is diss.lved
steadily, the amount being a fumction of the leacning timo.
Hence continued agitation beyond two hours is of no advan-
tage and actually procuces a solution higher in impuritics.

(2) Percent extraction in dilute acid. Tais was

generally somewhat less than indicated by the acid solubili-
ties., Extraction for the uncoucentrated ore varied from 80
to 85% in properly roasted samples. The extraction of
copper from the concentrate roasted und.r the same conditions
was 95%. The "M series of roasts gave lover results tuan
expected. This was probaul; due to the very weak solutions
(0s6 t0 3.0% H2S04) which were used. In 81l these tests
the leach solutions were the filtrates from previous tests
made up to 1 liter with 5% acid or water. Subsequent analy-
sis showed that the acid strength had dropped to a greater
degree than was anticipated.

(3). Extraction in stronger acid. 10{ acid vas

used for calcines 6,i-5,.=6,F-1,F-2,F=3. The extraction
obtained was decidedly higher, only :n those cases whcre un-
der-roasting or over-heating had taken place in roasting. In
the case of a normal roast the dilute acid gave exiractions
practically as great.

Hot 25% acid was tried with the ides in mind that
copper ferrite might thus be soluble. This prineiple is the

basis of the Tainton process for the proauction of electro-



-/"__H_ Rovu Ting LEACH QTHER LR A <H
[ R o, 7o W T STrimglh| W T “7s ek o LEAcH WT o, Wi y
RoasT ING Cw bm * yooo Acid RES. Gue LEFy 1N 4 C o KOITuNS o= !
CoNDITIoNS Cafine AC3 et “::ia:,.- To R ESi0uE “-rrfla'::‘ i Lo LEFT El':"::‘
e ==
4 25T,
TesTing UL B 1 I8 N OR 1 B 5 3549 0.72 .8 519 e 29¢ | 028 | 6.80 |9y
.
_ o
Over heated Hre L“-l 9.5 6.9 5§ 3¢ 14 G- (,ZI zaH 340 0.1 % 2.H¢g 153
-
§50°¢C W G 858 Fass 2 SCnt S S . WAL TR G TR e TV (B O L
blo°C Ll 0% S T4 e 3 340 0.13% 2.6 $3.2
A . 7 257
(Go°C 2 3.8% 631 590 (5.4 .5 N1 213 L 414 g i 3y 051 i-¢ $q.0
3 ” 10 9s F
Cest R 3,44 8.5 324 4.5 i 36t [-09 Y.0 12.¢ bt 34¢ 078 Lo -
T‘Stta'q .48 71%-§ 56-4 13,9 4 15 .19 y 2 lo.0 25
4ot
$78°¢C 3.1% S -0 i 3 142 015§ 73 §2.3 1_07: 32y 0.7% 2.5 £11s
= 5o
GEST K 3.54 1:27 6t.8 1 83 e 3
. Vs : 15.3¢ 1.7 3¢ 0.13 2.6 -0 s HEG 1013 gL £2.9
GlLo"C 3.80 e 2.7 15.2 0.t .o 0:-1% 2. % £L.8 "i"‘ 3¢ | 0.7% 2.9 P11
5@t
1305k 3.9 | 38.0 1447 5., ! 348 11y 4.1 12.0 ;:’:‘ 342 | 018 | 2.9 glis
: 50 e [0%
b Poadibeshc ] vee ] ¥5in 5¢8 | yygr | 0:F 169 01t 7.§ o4 B2 | 3490 | 0.-%3 8 0.1
RT
CTu E . . &%
i 368 (888 | 990 | s ! 3497 fent bz @l A Hege o SN O BT . TR TR
T'hr.aw..plett v
5.5 899 6o.0 74.% 4 392 3. to.7 ¥5.3 fi: LY A s o PR ¢ 93.¢
-0 ¢ | Lo
Ges ¢ e ¥ b The 9 3 332 {4 3:% t4.4 :vso"c 333 [-07% 2.4 945
o AL T f
sahp;e‘asgurm-. 14.35 986 7%.1 7.8 § 32y l.oy 3.4 5.0 7201 324 I.04 3.y 95.¢
§70°¢C 3 | 126 1172 21.8 3 317 238 318 3.1 §.1§
’ " Hyo i3S ; 30.8 §l.0
170°C i¢ye | 587 3o.0 f1 1 y 403 7.5 30.2 63 257 321 R /5.4 21.1
— HoT
b20°C 14, 8¢ 149 19266 4.2 3 314 J LS Y9 (9455 T \




Bode g

PR S

GG = Tl ]

]
i !

2 e

LR lE e S L o KN

e

A E

1 ._I

(g

1
g e

o

H




lytic zime (37). 1In all cases the 25} acid gave higher
extpaetions, the maximum obtained being 94%+ The bLadly
overheated calcines produced indifferent results.

The large amount of iron which dissolved ..ore than
compensated for the added extraction obtained. In vraetical
operation strong hot solutions would not prove satisfactory.
If magnetic separation could be used to concentrate the
ferrite portion of the calcine, this might be treated separ-
ately with strong acid as in the Tainton process. OQutside of
this possible application, strong seid is oi 1no use.

(4) Temperature. Roasts M=-2, k-3, M-4 were con=

ducted with the same strength of acid at two temperatures

20° and 50°. The higher temperature proved of no advanta e

either in rate or degree of extraction.

(5) Solubility of iron. Some ealculations were

made on how the acid-soluble iron com ared with the actual
iron taken into s.slution on leaching as deter.ined by solu-

tion enalysis. The results of these ealculations can be

sunmarized as follows:

a). Wnen roasted ore was leached in dilute acid at 20°¢C
the iron dissolved to the extent of sbout 66% of that deter-

mined in solubility tests.
b). when 10% acid at 50°C was used the aaount dis-

solved was ubout equal to the acid soluble iron obtained in

analysis.



(8). When hot 25% acid was used, four times as much
iron dissolved.
d) When roasted concentrate was leached in the Pachuca

40% of the A-S iron dissolved.

PURIFICATION

The results of the leaching test show that while
the iron does not build up in solution as fast as the analysis
of the calcine indicates, yet enouch iron is dissolved to
bring the concentration in solution up to about 8 g.p.l. after
two or three leaching cycles. Some means must therefore be
taken to keep the iron concentration below the desired limit.
¥hat this limit is depends on the way in which electrolysis
is to be carried out. The deleterious effect of iron is not
contamination of the cathode as in zinc hydrometallurgy but
is simply the lowering of current efficiency in electrolysis.
This is due to the solvent action on copper at the cathode
by the ferriecion, which becomes reduced to the ferrous state
in the process. The flow of solution then carries the ferrous
jon to the anode where it becomes re-oxidized to the ferric
state.

A certain amount of iron in solution is useful --
i1t serves to depolarize the anode. However, when the amoupt
rises above 5 gm per 1. in the ferric state the effect on

current efficiency becomes so marked that electrolysis is sure
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to be unprofitable, If a depolarizer like SO, gas is
used to keep the iron in the ferrous state electrolysis
can be carried on with good efficiency using solutions con-
taining as muoch as 18 gm Fe per liter. (16)

Whatever the degree of purity required, some means
must be used to keep down the concentration of iron and other
impurities in solution. This may be done by constantly dis-
carding to waste a portion of the solution, or by using pur=-
ification methods. In purification the solution is neutra-
lized either with excess calcine or with a base such as lime=-
stone, Ferric hydroxide precipitates and may be removed
by filtration or decantation. It is important that the iron
be in the ferric condition because ferrous hydroxide precipi-
tates only in alkaline solutionj copper hydroxide precipi-
tates in preference to ferrous hydroxide. In order to get
all the iron into the ferric state an oxidizing agent such
as MnOp is necessary. This may be dispensed with if only
partial removal of the iron is needed.

There 1s some question as to which method of neu-
tralization 1s most satisfactory. Neutralization by means
of a neutral leach with excess cealcine is the method usually
followed in electrolytie zinc plants and is used at least

in one large copper plant. (Katanga, Belgian Congo. 58)

It has the disadvantage that the precipitated iron goes with

the residue to the acid leach and is to =ome extent redis-

solved here.
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Tilley and Ralston (19) discuss the pros and cons
of the use of lime in copper sulfate purification, The
advantage 1s that excess acid is removed from.the circuit
as insoluble caleium sulfate; the disadvantage is that the
precipitates obtained are generally difficult to settle and
filter. Several plants use limestone precipitation, per-
haps the largest of these is that of the Andes Copper company.
Some data pertaining to this plant is now given:

TABLE XIII

Purification at Potrexrillios, Chile.

Unpurified soln. Purified soln.
Cu 41,55 gpl 42,09 gpl
H2S04 14.11 0.00
Total Fe 7,03 1.50
Ferric Fe 6.32 0,94

Copper loss in cake 1.7% of copper entering., Ampere

efficiency in electrolysis 85% using no depolarization.

Conclusions in regard to leaching.

1. Using 5% sulfuric acid extractions between 80 and
90% can be obtained on the roasted unconcentrated ore, 95
in the case of the concentrate,

2. There is no advantage to be obtained by using

stronger acids. The increased solubility of the iron offsets



-82-

the slightly higher copper extraction.

3 The remedy for poor roasting does not lie in the
use of stronger acids.

4, Either a considerable discard or purification of

solutions is necessary to keep impurities within limits.

RECOVERY OF PRECIOQUS METALS

This is an extremely important question, especially
with gold at the high price it now brings. In smelting a
copper concentrate the gold is recovered at no additional
cost., A leaching process to compete with smelting must
therefore include some method of recovering at reasonahle
cost the precious metals in the residues.

Possible methods include both wet and dry proces-
ses. Cyanidation is naturally the first one to be considered.
It is complicated by the fact that a leached copper calcine
is apt to contain a prohibitive amount of cyanicides. Then
too the residue may not "cyanide". The case of the Flin
Flon ore was such and as a result many ingenious schemes were
devised to recover the gold. (40). These included chlor-
ination, chloridizing roasting, simultaneous leaching and
flotation, partial roasting and flotation, and reroasting
with sulfuric acid to leave the gold in a form available for
cyanidation.

A dry process can be used if the weight of residues

to be treated is relatively small. The residue would be
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smelted to a small emount of matte centaining the precious
metals, matte can be converted to anode copper and refined
electrolytically or it may be roasted and leached leaving a
small amount of residué to be melted to bullion.
Experimentation in the present tests was confined
to cyanidation. Only one set of tests was possible in the
limited amouat of time available. These included both cyan-

idation and regeneration of the consumed cyanide.

Procedure.

The residues were selected and eombined into four
groups, each with a different copper and gold content. These

combinations were:

Material Au. oz/ton cu %
I. Conc. residue 0.54 1.04
II. Conc. res. 0.51 6.3
IIT. Ore. Res. 0.16 0.75
Iv. Ore. Res. 0.165 0.89

They were divided by riffle into 300-500 gram lots
for cyanidation. The oyanide tests were made by bottle
agitation, using the machine constructed for that purpose in
the mining laboratory. A sketch of the machine is sown in
Figure 19. It consists of a double=walled insulating wooden
box 4' x 2' x 3' provided inside with electric lamps for
heating the air. ‘~The lamps are contralled by an adjustable

temperature regulator. Inside the box is a revolving motor-
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driven frame holding eight 2—1iter Winchester bottles. The
revolution of this frame agitates the pulp in the bottles
at constant temperature.
All tests were made in duplicate; One bottle
acted as the "standard” and from it the finsl assays of
solution and residues were made. The other bottle was the
"control". Periodic samples for determination of cyanide
and lime were taken from it. In this way a constant check
on iime and cyanide consumption could be made without alter=
ing fhe liquid-~golid ratio of the standard bottle. Add i~
tions of cyanide and lime were made to l:oth bottles as requiredw
To make a ﬁest, weighed quantities of material
were put into both bottles and water was added to give a 2:1
L/S ratio. Lime was then added to give a strength of 5 1b
per ton of solution. The bottles were then agitated for
two hours. At the end of this period the lime strength was
determined; if it remsined above 1 1lb per ton the cyanide was
added, 1f not, more lime was added and the agitation was con=-
tinued until the lime=consuming materials were all neutralized.
The initiel eyanide strength used was 2 1b/ton solution. It
was not allowed to fall below 0.5 1lb/ton. During the agita-
tion, determinations of lime and cyanide strength were made
every two hours. In all tests a period of nine hours agita-

tion with cyanide solution was maintained. The temperature

was 209°.
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After nine hours the bottles were rerioved and the
contents filtered. The solutions from both standard and con=-
trol bottles were sampled and titrated for cyanide and lime,
then the standard was assayed for gold while the control was
used for copper assays and regeneration tests. The residue

was dried, weighed, and assayed for gold.

Results:

Table XIV gives a typical log of a cyanide test
showing how e¢yanide and lime strenghts were maintained. The
sumnarized c¢yanide and lime consumptions in all the tests are
given in table XV. Table XVI gives the gold assay results

and per cent extractions.

REGENERATION TESTS.

Table XV shows that cyanide consumption under six
pounds NaCN per ton can be obtained. This figure could be
reduced considerably if regeneration were ucsed. A number of
tests were made to demonstrate this.

The Merrill=-Crowe system of regeneration is uaually
employed commercially. The process involves acidification of
the contaminated barren solution and removal of the HCN gas
which is absorbed in lime water in trickle towers to riake new
solution. (41)

In the laboratory experimenps it was thought better
to use the sodium sulfide-sulfuric acid precipitation-

regeneration method developed by Leaver and Woolf at the Precious
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Metals Experiment Station of the United States Bureau of Mines.
(42) In this process the HCN 1s not pumped off but remains
partly or totally in solution. Copper and zine are preci-
pitated as sulfides and are removed by filtration; the
clear solution is then led into limewater with regeneration
of the cyanides. Leaver and 'oolf found that best precipi-
tation of the sulfides ic obtained if only the theoretical
amount of NagS 1s added and the sclution 1s made neutral
or slightly acid (pH 5-7).

The apparatus used is shown set up for precipita-
tion in Figure 20 and for regeneration in Figure 21. A
measure volumc of solution was put into a l-liter Florence
flask and standard NagS solution was run in from a burette
in amount just sufficient to combine with the copper in
solution as determined previously by analysis. Then the ap-
paratus was set up as in Fig. 20. The burette 3 contains
standard dilute sulfuric acid while flask 2 contains limewater
as a precautionary measufe to prevent the escape of HCN.
Enough Sulfuric acid was run in to neutralize the alkali in
® lution. In tests 1, 2, and 3 the amount of aeid added
was that calculated by the analysis of lime and NaCN. Very
incomplete precipitation was obtained. Aceordingly in test
4, the pH of the solution was deternined after the calculated
amount of acld had been added. It was found to be 10.6

very much on the alkaline side. Then the addition of double



ABLE A

Cyanide test No. 2

Material Res. Comb 1 327 gm

334 gm

Ce 1bKCN
Conditions AgNO

Agitation begun

Agitation with aganide

0.4 0.4
0.85 0,85
1.1 1.1

Final titration

NaCN

3 per ton added

Ce
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1v,
lime

gn___ Qxalate per

.6xb4
.668

e 927
334

327
334

18.9

19.9



TABL Y

Test Wt
Hoo Material = gm,
1 Ore res,=-40 mesh

Cu 0,75% 467
2 Comé. res Cu 1,049 327
32 Copé res Cu 6,3% 414
4 Ore rest.-100 mesh

Cu 0.75% 450
5 Ore res,~-80 mesh

Cu 0,89% 530
6 Same as No. 2 but

with additional
washes as noted below 321

7 Same as No. 4 but
with additional washes 403

-89-

Final Lime
NaCN Solution Consum-~ Consum-
added Strength ption ption
1b/ton  NaCn 1b/ton /ton
solution 1b/ton s0lids solids
2,00 0.43 S.14 15.6
4,00 0.556 6.90 6.66
4,50 0,63 7.74 6.24
3,00 0,55 4.90 10,6
3.00 0.47 5.06 7.72
3.00 0.47 5.06 5.56
2,00 0.43 J.14 7.8

Samples 6 and 7 were given additional washes in an endeavour

to lower the amount of aganiclde copper.
of repulping the residue with 10% H,80,,
four times with water, twice with delu%e

again with water,

The washing consisted
filtering, washing
NaOH, and 4 times



Sample
Noo ___

1 LI -

o

TABLE XV1

Atk in In solution

heads oz/ton ore In tails
0z/ton treated oz/ton
16 .128 .02

.54 «395 .125
.51 « 326 .170
.16 .132 .02

. 165 .116 .033
.54 .457 .07

.16 .106 .045

Total of two
preceding

.148
.520
.496
.152
.149
.527

.151

%
Extraction

80.2
73.3
63.9
B2.5
70.3
84.6

66.2
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the amount of acid was tried; this gave a pH of 4.0 which
was satisfactory. Accordingly in all the remaining tests
double the ealeulated amount of acid was used.

After all the acid had been added the flask was
fitted up as in Figure 21, and inverted for filtration. The
filter tube 4 contained glass wool above which was a perfor-
ated false bottom from a Gooch crucible covered with filter
paper and asbestos. The clear solution ran down into a
receiver 6 containing saturated limewater. A suction pump
aided filtration.

Some difficulty was also experienced at first in
regard to the amount of limevater to be placed in the recei-
ver. At first the volume used was about one half that of
the original solution. This resulted in very poor regenera=-
tion. Then the amoint was increased to double that of the
original solution so that the final alkalinity should not be
less than 0.6 1b Ca0/ ton. After this ehange was made
excellent results followed.

Table XVII gives the results of the regeneration
experiment.

Summary of results and conclusions on cyanidation

1. The extractions obtained were not satisfactory. Based
on t'e experience at Noranda on cyaniding their flotation
tailings it would seem that fine grinding (100%~200 mesh)
is the solution to the problem in the case of this ore. Un=-
fortunately there was not time to carry out an investigation

alonz this line. The effect of time of agitation and cyanide
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strength was also not determined. In the single series

of tests these two factors ere kept constant. A recovery
of at least 90% of the gold would be looked for if the
process were to be applied commercially.

e Cyanide consumption was very reasonable. It is in
no way dependent on the percentage of copper in the residue;
in Test 3 for example the residue contained 6.3 Cu but the
c¢yanide consumption was very little greater than in the other
tests. The copper in the residues is as the ferrite, in
which form it 1is insoluble in cyanide solution. The cyanide
consumption varied from 3 to 7 pounds per ton. ?By suitably
washing the residues it could be kept below S 1b/ton if so

desired.

Se By the use of regeneration the cyanide consumption
ean be cut to 1 1lb/ton or less. In the tests made 1t was
found possible to get complete (100%) regeneration. Leaver
and Woolf were able to get only 80% of the cyanide regenerated
and they pointed out that the chief loss of cyanide is as the
insolutvle cuprous thiocyanate. T:i1s has also been experienced
at Flin Flon (43). When an oxide material ic to be cyanided
there is no sulfur present to form the thiocyanate and hence

a lower cyanide loss is to be expected. This was the case

with the leached calcine used in the:e tests.
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A Teature of the sulfide-acid process is that the

copper in eyanide solution is recovered. The cost of the

regenération i1s thus partly balanced by the value of the

recavered copper. The following calculation from regenera-

tion tests 3 and 6 demonstrates this:

TABLE XVIII
Test No 3
Soluble Cu in ore 0.130%
" 1b/t0n 2.6

Na,S /1b Cu 0.9

n” /ton ore 2.34 1b
Cost/ ton $0.093
HpS04 cost /ton 0.00
NaCN 1b used /ton 7.7

Lb regenerated /ton } 6.9
'Lb lost/ ton - 0.8
Cost /ton # $0.128
Total cost/ton $0.22
Value Cu recovered # £0.20

# 90% regeneration is assumed.

6

0.065%
1.3

0.9
1.17 1b

$0.047
0,00

5.0

4.5

0.5
$0.08
$0.12

$0.10

Cost of
NapS 4¢ 1b (42). Cost of NaCN 16¢ 1b.

Sulfuric acid can he obtained without charge
from the plant. Value of copper 8¢ /1b

This leaves the total net cost of chemicals in

ecyanidation at the very low figure of 2¢ per ton. Even if

the precipitation and regeneration efficiency were consider-

ably less in commerclal practice the cost of cyanidation is

seen to be quite reasonable.



The sulfide used in the precipitation could le
produced on the property by treating pyrite with waste acid
at a cost possibly less than thit of the purchased NaoS.
kThis would decrease the net cost of recoverry still further.

In any case the wvalue of the copper recovered will practically
balance the cost of the chemicals used in its recovery so
there 1s no need to go to adcitional exvense to remove the
last trace of cyanide copper from the residue before cyan-

idatione.

GENZRAL SUMVARY OF R:SULTS OBTAINGD IN 1iPiRIMENTAL 5iOR:

o — .

1. By carefully controlling roasting temperatures it
was possible to convert 95% of the copper in the roasted
concentrate into a form readily soluble in dilute sulfuric
acid. Under the same conditions 85% of the copper in the
roasted ore c¢oild be brought into solution. At the same time
the soluble iron was reduced to 1.5 to 2.5% of the total iron.

2. To get best extractions the roast shoild be so
regulated that at no time the temperature of thc ore exceeds
660°C . The finishing temperature should be above 6000C.

Se Sulfate formation is in excess of requirere:nts to
take care of acid losses.

4. The insoluble fom of copper, copper ferrite,
forms readily at 660° in the absence of sulfate, hence to
decompose excess sulfate 1t is better to use a reducing agent

at lower temperatures than to rely on heat alone.



Se There 1s no advantage to be gained by using sulfuric
acid stronger than 5% in leaching.

6. Purification of leach solutions is necessary although
the iron need not be reduced to a very low figure.

7. Over 80% of the goid conld be recovered from the
residues with a cyanide consumption less than 6 pounds NaCN
per ton. The use of regeneration reduced this consumption
to less than 1 pound per ton. Fine grinding is indicated

a8 the means for obtaining better extrasctione.

ULTIMATE PROCEDURE IN AN ELECTRO-HYDROMETALLURGIGAL PROCESS
FOR A SOPPER~GOLB-~SILVER SULFIDE ORE

Grade of material to be treated

This has been a question which has been considered
for many years. In favor of unconcentrated ore there is the
fact that concentration plus treatment of the concentrate
gives a double tailing loss of valuable metal. On the other
hand the present experiments indicate that the percent extrac-
tion obtained from a 3% ore containing a large amount of
pyrite 1s distinctly less than that obtainable fron concen=-
trate. If we take 85% as the extraction obtainable by
leaching the ore direct, 954 by flotation, and 95% by leach-
ing the concentrate we get:

Recovery from ore direct 857

From concentrate 954 x 95% = 90.3%



Leaching unconcentrated ore has the added dis-
advantage that the ratio of impurities to desired metals
1s much higher thereby making the leaching and purification
process much more difficult and complicated. This was noted
very decidedly in the Flin Flon tests at Denver.

A higher total recovery 1s obtainable if the con-
centrates and tails are roasted and leached separately. There
1s also an advantage to be obtained if two different grades
of concentrates are treated separately. In this way, as
pointed out by Greenawalt 44, the relatively rick residue
from the high=grade concentrate can be reroasted and leached
with the lowerewgrade material, giving an ultimate extraction
very close to 100%. The solution from this second leach may
be contaminated by large amounts of impurities. It contains
however only a small portion of the total copper entering
the circuit =-«- this copper may be precipitated electroly-
tically or chemically to an impure form, reroasted and sent
back to the high grade circuit. In this way we have an
effective treatment of high grade residues, of the same
nature as the retreatment of rich converter slag in copper
smelting. |

Variation in procedure.

Depending on the nature of the ore, the loecality
of the mine, and the demand for by-products a consider:zble

variation in procedure is possible.
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First there is the possibility just discussed, that
of treating two or more different grades of material by some=-
what different methods, Then there is the case of complex
ores, Greenawalt %4 gives flowsheets dealing with various
combinations such as oxide-sulfide ores, copper=zinc ores,
copper-zinc=lead ores and the li%e. The treatment of the
residues is another variable. Wet methods like eyanidation
may be used or the residues may be smelted for their valuable
constituents. A leach residue contains from 40 to 70 percent
iron; at some time in the future this may become valuable
as an iron ore. Processes have been proposed to take a
residue of this sort and smelt it with no flux to form mag-
netite and blister copper. The magnetite co1ld then be
smelted to metallic 1iron. 45 Ancther proposal is to reroast
the residue with said eleetrolyte thereby converting the
ferrite copper into soluble form, at the same time evaporat-
ing down solution to make way for wash water, and also
incidentally providing a means c¢f producing marketable sul-
furic acid by precipitation of the S03 4{n the roaster gas.

Thus the list of noacirle nrocesses co:1 be contine-
ued almost indefinitely. In the flow sheet to be precented
we will confine ourselves, however, to the simple case men-
tioned in the introduetion, th:t of a cop?er—gold-silver
g11fide ore with bullion and electrolytic co»per as the only

products. Other featurecs of the flow sheet are single acid

leach with no retrcatment of the residue, purification of the
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solution rather than considerabdble by=passing to waste,
cyanidation of thc residue with regeneration of the cyanide.

The flow sheet is shown in Figure 22.

ECONONMIC FACTORS

It is the conclusion of this thesis that there is
no fundamental technical difficulty in the way of this pro=-
cess. ‘Yhether it is commercially practicable depends first
on whether large scale operation can reproduce the small
scale results and second on whether the process can compete
with smelting on the basis of cost. It is not my purpose
here to go into details of the relative costs of the two
processes --- the infomation available is too indefinite
to be of any value. Floe ané Drucker have made calculations
which they believe are instructive 21. Caluwvulations on
costs should, however, take the following into consideration:

1. Loss of copper and riore particularly gold and silver
in flotation teilings, smelter slags, and cyanide residues.
2. Cost of leaching plus purification plus cyanidation
as oprosed to
D Cost of amelting plus corverting plus refining to
anode copper.
4. Relative cost of electrolysis with soluble and in-

soluble anodes.

5e As a corollary to 3 and 4 the relative cost of

coal and electricity.
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It is likely that in the Canadian MNorth Country

the balance sheet would be in favor of the wet process.



REFERENCES

1. BHayward, "Outline of Metallurgical Pructice",
2. Dissolution of various copper minerals, Brown and Sullivan
v.3,B.M, R,I, 3228 p37 1934
3., Possibilities in the wet treatment of copper concentrates,
Addicks. Tr., A,I.,M,E, v,55 p.856 1916
4, Treating a complex ore. Oldright.
Uu.5.B.M., T.P. 499 p.55 1931
5. 1Ibid. P. 2.
6. The Hydromstallurgy of the base metals and its application
to Canada, Herger., Tr. C,I.M.,M. 1934 p.b21
7. History of Flin Flon. Phelan.
Tr, C.I. M. M, 1935 p.55
8. History of reverberatory smelting in fontana. Laist,
Tr. A, I.XK.E, v,106 p.82 1933
9., Copper smelting at Flin Flon. Ambrose,
Tr. C,I.M.M, 1935
10, Greenawalt, "Hydrometallurgy of Copper" 1912 P,202
11, 1Ibdid. p. 313
12, Ibvid. p. 318
13, Annual report of the Braden Co. Yeatman,
E,&M,J. v, 92 p.1186 1911
14. Roasting and Leaching Concentrator slime tailings.
Addicks., Tr. A, I.M.E. v. 52 p. 765 1915
15. The 2000-ton leaching plant at Anaconda, Laist and aldrich

Tr. A, I.II.E. v, b6 p 866 1916



16, Greenawalt Electrolytic Copper Zxtraction Process,
Greenawalt, Tr, A.I.M.E, v, 70 p.529 1924

17. HMount Elliot Electrolytic Copper Plant. !acKay,
f. & M, J., v. 125 p.52 1928

18, Mining magazine. Vol 25 p,381 1921

19, Purification of Copper Sulphate Solutions, Tilley
and Ralston. U.S.B.M. T7,P, 359 p.5 1924

20, Hydrometallurgy of Copper at the Bagdad Property.Baroch,
Tr, Am, Elec.Chem.Soc, v.57 p.2056 1930

21. The development of an Electro-hydrometal lurgical
process for Copper concentrate. Floe and
Drucker, ~7ash. State. Coll. Engineering
Bull. ©No. 38 1932

22, Mining magazine Vol. 40 p.100 1929

23, B8Some problems in copper leaching. Ricketts,
Tr. A, I.M,E, v, 52 p.737 1915

24, Mellor, "A comprehensive treatise on inorganiec
chemistry™. Vol. X1l1l. Longmans,

25, Formation of Zinc Ferrites in Roasting. Hanley,
Clayton, and ¥Yalsh, Tr, A.,I.,M,E. 1929
P.216

26, "Electrolytic deposition and Hydrometallurgy of Zinc."
Ralston

27. Recovery of zine from ferrite compounds in the
electrolytic zinc process, Oldright,
Brighton, and Dice. U.S.B.M. R.,I. 3256
1934

28, Preparation and properties of copper ferrite., Wartman

& Thompson. U.S.B.M. R.,I.No.""' p.15 1934



29.

30,

31.

32,

33.

34,

35,

36,

37.

38,

39.

40,

41.

42,

p, T, Valden J., Am, Chem, Soc. v.30 p.l350 1908
Magnetic properties of ferrites and iton ocides,
Hilpert, Ber. der Deu., Chem, Gas., v.42
2248 1909
K. List, Ber, ete¢c. v.11 p.l1512 1878
Forestier and Chaudron. Ann, de Chem. (10)
v.9 p.316 1928
The hydro-electric treatment of copper ores, Goodrich.
Tr. A I, M,E, v.,52 p,.783 1915
Sulfatizing roasting. a4shecroft,
Tr. Am., Z1ec. “hem. Soc, V.63 p.23 1933
Hofman "General Metallurgy" McGraw Hill 1913
Handbook of Chemistry and Physies 1932, p800
Chemical Rubber Publishing Co.
Llectrolytic zinc from complex ores. Tainton
Tr., 4,1, M,E, v.70 p.486 1924
Leaching operations of Union Minlere de Haut Katanga,
Wheeler & Bagle, Tr, a,I,M.E, v,106
p.609 1933
The Metallurgical plant of the andes Copper Mining
Co. Callaway & Koepel. Tr., A,I.M,E. v.106
P.678 1933,
Treating a complex ore, Oldright. USBM TP 499
p.656 1931
Cyanide regeneration or recovery at Pachuca llerico.
Lawr. P & M.J. v.128 p.688 1929
Copper and Zinc in Cyanidation Sulphide-acid
Precépitation., Leaver & Woolf,

U.8.B.M, T.P, 494 1931



43. Milling at “1in <¢lon, Lowe, Tr. C,I.M,M. 1935

44. Electrometallurgy applisd to Copper and to Complex Ores,
Greenawalt, Tr, AM.Elec,.,Chem, Soc.
v.61 p.359 1932

45. Outlook for profitable research in the lletallurgy of
Copper. Dean & “artman U.S.,B,:, R, I, 3228

p.3 1934,






£
[

i1
oE Jw
;f;!_{w,




	_0001
	_0002
	_0003
	_0004
	_0005
	_0006
	_0007
	_0008
	_0009
	_0010
	_0011
	_0012
	_0013
	_0014
	_0015
	_0016
	_0017
	_0018
	_0019
	_0020
	_0021
	_0022
	_0023
	_0024
	_0025
	_0026
	_0027
	_0028
	_0029
	_0030
	_0031
	_0032
	_0033
	_0034
	_0035
	_0036
	_0037
	_0038
	_0039
	_0040
	_0041
	_0042
	_0043
	_0044
	_0045
	_0046
	_0047
	_0048
	_0049
	_0050
	_0052
	_0053
	_0054
	_0055
	_0056
	_0058
	_0059
	_0060
	_0061
	_0062
	_0063
	_0064
	_0065
	_0066
	_0067
	_0068
	_0069
	_0070
	_0071
	_0072
	_0073
	_0074
	_0075
	_0076
	_0077
	_0078
	_0079
	_0080
	_0083
	_0084
	_0085
	_0086
	_0087
	_0088
	_0089
	_0090
	_0091
	_0092
	_0093
	_0094
	_0095
	_0096
	_0097
	_0098
	_0099
	_0100
	_0101
	_0102
	_0103
	_0104
	_0105
	_0106
	_0107
	_0108
	_0109
	_0110
	_0111
	_0112



