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| New copper technology i

Metal recovery from low-grade
and hitherto worthless stocks is
near. And as for the copper in-
dustry’s bread-and-butter ores,
a competitive new hydrometal-
lurgical process does not gener-
ate air-polluting sulfur dioxide.

MARK. D. ROSENZWEIG,
Editorial Assistant

The copper industry is entering
the nuclear age. If a recent pro-
posal by Kennecott Copper Corp. is
approved by the Atomic Energy
Commission, a 20-kiloton nuclear
device will be detonated some 1,200

ft. below ground-level at a site near
Safford, Ariz. The blast would crush
a deposit of low-grade ore, now un-
economic to mine, creating a chim-
ney through which it is hoped that
copper can be recovered by in-
place leaching with sulfuric acid.
And there are other important,
though not earth-shattering, devel-
opments. Indeed, the copper indus-
try is in the midst of intense tech-
nological activity. Some conven-
tional operations are being im-
proved and new techmques _are
emerging.
» Active Duo—There are presently
two widely used commercial tech-
niques to recover copper from ore.
One is for the plentiful sulfide ores,
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the other for the deposits of oxide,v

mixed oxide-sulfide and native (un-
fettered copper) ores.

Smelting Sulfides—Sulfide ores are .

generally floated and smelted, then
electrorefined. Deposits usually are
low grade, containing from a frac-
tion to several percent copper. For
economic processing, the metal con-
tent of the ore is concentrated.
After being crushed,

from the gangue. This mass is then
carried to a cell where most of the

minerals are removed from the.
worthless rock by froth flotation,

then dewatered to form a concen-

trate assaying 15 to 30% copper.

Fed to the smelting circuit, this

ore is
ground to loosen mineral particles
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\ concentrate normally is first
roasted: enough sulfur is oxidized
gnd driven out to leave a desired
palance of copper, iron and sulfur.
Ina reverberatory smelter, iron
A+ | cides in the ore combine with si-
1 jiceous flux to produce a slag. Cop-
ire or sulfide, iron and some sulfur
en | ;e left as matte, which is then
are { oduced to copper in two stages of
ae- | jir-blowing in a converter.
‘or The resultant wmore-than-95%
on- | sure metal is known as blister cop-
r. Used as anodes in an electro-
is ytic cell, along with pure copper
cles starting-sheet cathodes, the blister
hen ¢bbs away as copper ions. migrate
the to the cathodes. The pregnant, high-
.“’Q purity-copper cathodes are then
uon, | elted down and cast into ingots,
ten. | iiebars or other shapes.
wr. | readed Liquor — Hydrometallurgi-
this | .1 treatment is the prime means
ssed to recover copper metal from
oxide, mixed oxide and sulfide, and
# 3| sative ores. It is also used, in some
> u'f instances, to process sulfide tailings
"~ | and overburden.
~ Qres first are leached with an ap-
propriate solvent. For sulfides, this
¥is generally water or dilute sul-
‘furic acid. (In some cases, natural
‘bacterial action converts the sul-
fidles to oxides, forming sulfuric
of acid. The acid then extracts copper

;l{;:)te sulfuric is also favored for

the leaching of oxide and mixed
ores. The scarce native ores are
wsually treated with a solution of
=8 The leach liquor can be handled
wy either of two methods:

4 E Classically, it is contacted with
: on scrap. Iron goes into solution.
I8y Copper precipitates. Once dewa-
tgred, this finely divided “cement”
topper, seldom over 909% pure, is
shipped to a smelter for further
\§ Processing, or is sold.

5. The other method handles the

o OF CONE PRECIPITATORS at Utah
have upped cement-copper production

'to produce the metal sulfate.) Di- -

smmonia and ammonium carbonate..

Continental Copper and Steel Industries photo

ELECTROWINNING CELL of new design can tolerate higher levels of impurities
in its feed. And it operates at 2 to 3 times present cells’ current densities.

cept for insoluble anodes and about
four times greater electrical en-
ergy requirements, the unit is sim-
ilar to that used for electrorefining
of blister. Heavy, pure—copper cath-
odes are grown. Again, they are
melted and cast.

» Busy Cones—Important develop-
ments in copper-ore leaching proc-
esses have been coming to light at a
fast clip. .

Researchers at Kennecott’'s West- -

ern Mining Division, Salt Lake
City, have devised a cone precipi-
tator that is said to make cement
copper with much greater efficiency
than the conventional method of
passing liquor through troughs
filled with secrap iron.

In one installation, cone precipi-
tators more than doubled metal pro-
duction, from 150,000 lb./day to
400,000 1b./day.

Each precipitator can reclaim 20
to 30 lb. of red metal a minute,
depending on copper content and
the flow rate of solution through
the cone. And, according to the
company, the units lend themselves

to a higher degree of instrument
control than do troughs.

» Selective Solvent—But boosters
of high-purity-copper recovery by

hydrometallurgy have been active,

too. Fundamental to all of their
plans is the need for, or advantage
of, using refined copper-rich solu-
tion. - -

The Chemical Div. of General
Mills, Kankakee, Ill., has developed
a water-insoluble organic reagent,
called LIX 64, that can be used
to purify leach liquor through
solvent extraction. o

Already in use at several pilot
plants, the liguid ion-exchange re-
agent will be applied commercially
for the first time at the Ranchers
Exploration and Development Corp.
plant being built in Miami, Ariz.,
to eliminate cementation and let
liquid go into electrowinning.

In use, a 7 to 10% solution of
LIX 64 in a carrier such as kerosene
gives up two hydrogen ions in ex-
change for each copper ion in the
acidic leach liquor. Then, in a sec-
ond step, the copper is stripped
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INDUSTRY & ECONOMIC NEWS . ..

from the reagent by an acidic elec-
trolyte in exchange for hydrogen
ions.

» Unexcelled Cell-—Just as ion-ex-
change may make pure copper-rich
~ solution readily and economically
available, Continental Copper and
Steel Industries of New York has
devised a cell that is said to be less
“sensitive to solution impurities than
present electrowinning units. Of
course, it functions best with a
pure solution.

This unusual cell, called the CCS.
deposits red metal smoothly at the
cathodes. In conventional units, by
comparison, metal is unevenly dis-
tributed on the sides of the cath-
odes facing away from the direc-
tion of solution flow. Dendrites of
copper build up, sometimes to the
point where they short-circuit
against an anode.

While present commercial cells
operate at a current density of 11
to 20 amp./sq. ft. of cathode sur-
face, the CCS unit has optimum
performance in the range of 30 to

Ang
COPPER FROM REFRACTORY ORE is
isolated from gangue in chamber at
African plant. Metal then passes on for
concentration and refining operations.

90

45 amp./sq.ft. and has run as high
as 60 amp./sq.ft. However, at this
higher value, copper is produced as
powder. (Harlan Metals Corp.,
Phoenix, Ariz., is piloting a cell
that works at a “significantly
higher” current density to make
copper powder). Power efficiency is
between 90 and 92%.

Increases in current density de-
crease the cathode surface neces-
sary for a given copper recovery,
and reduce the number of electro-
lytic tanks needed. As a conse-
quence, CCS cell installations would
allow Jower capital expenditures.

Another plus claimed for the CCS
cell is that lower copper concentra-
tions in solution can be used eco-
nomically. And as much as four
times more copper is taken out of
solution than in conventional cells.
» Gas Task—Phoenix-based Ari-
zona Chemcopper Co., a joint ven-
ture of Bagdad Copper Corp. and
Chemetals Corp., has demonstrated
a hydrogen reduction process. for
producing highly refined copper
.from leach liquor. The company has
had a plant in Bagdad, Ariz., on-
stream for more than a year.

Feed material for this plant is
impure ‘“‘cement” copper. Sulfuric
acid leaches out copper in the form
of copper sulfate. Once insolubles
are filtered out, the acid solution
is sent to agitated autoclaves where
it contacts hydrogen gas at about
300 F. and 425 psi. The product is
copper powder and dilute sulfuric
acid. An acrylic-based dispersing
agent prevents agglomeration of
the metal particles.

The copper slurry is washed and
dewatered, with the acid recycled
back for reuse in leaching. The
powder, either loose or compressed
into briquettes, is sintered to re-
move traces of sulfur, oxygen and
other impurities. This plant caters
to the metal-powder market, but
its high-purity copper- could just
as well be melted down and cast
into the regular shapes.

There is no doubt, notes a Chem-
etals spokesman, that the present
cement-copper step could be elim-
inated. Leach liquor, extracted with
a reagent such as LIX 64, would
provide a sulfate solution pure
enough to go directly to hydrogen

L
reduction. This would put the hy.
drogen reduction process squarely
in competition with electrowinning
in conventional tank houses or in
cells using the CCS development,

Chemetals’ estimates indicate
that hydrogen reduction followed
by powder melting and casting is
slightly cheaper than electrowin.
ning where cathodes are cast. How-
ever, the savings are not significant
enough to create a major switch-
over. The relative advantages of the
two processes vary, in fact, from
location to location, depending on
individual circumstances. . 3
» Cyanide’s Side—To further com-
plicate matters, another technique
may eventually provide a third al-
ternative. .7

Though its process is still under
development (a pilot plant has not
yet been built), Treadwell Corp.
New York, intends to take refined
copper-sulfate solution and react it
below 212 F. with hydrocyanic acid
and sulfur dioxide. Copper cyanide
and sulfuric acid form. The cy-
anide, insoluble in the acid, precipi-
tates and is separated from the bar-
ren liquor by conventional means:

The copper cyanide is contacted
with hydrogen gas at 570 to 750 F.
to produce pure copper powder and
hydrocyanic acid for recycle. N

According to the inventor, the
process should yield copper more
cheaply than electrowinning or hy-
drogen reduction of copper sulfate,
and at less cost than for smelting
and electrorefining. :
»>Refractory Recovery — While
much work has been done to im-
prove the processing of ores from
which copper already can be recov-
ered, means for winning metal from
hitherto worthless refractory de
posits also have been developed.

Refractory ores are so completel¥
tied to the worthless gangue that
crushing, grinding and flotation
cannot free the mineral value. Nof
can presently used solvents leach
these ores profitably.

Anglo American Corp. of South
Africa (Johannesburg) has devise
a method to recover metal from
such ores at a cost said to compar®
favorably with that of conventio“zll
production. A plant will be com”
pleted in Mauritania in about tw?

December 4, 1967—Chemical Engineerind
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and sold. It also could be used’-- ? 113

i CO PO treat phosphate ores for making B
. _ : “Copper . b
‘! _sulfide .-} phosphate fertilizers. .

: — FLOTATION p- entrate 1 For large plants, the cost of op-

R G N et B erating such a process is estimated’

to be about the same as for hot!
smelting. Capitalization is 0nl§
about one half as much. ¥
So, for plants either just bemg .
planned or now without a smelter,}
the technique is considered wotth.?
while. Its adoption at other locations
is precluded by existing investmenr

',"Co'p-p;r
] ‘_sulfate» A

LEACHING |

NEW ROUTE FOR SULFIDE ORES is bemg lnvestlgated Chemlcal process, un-
like conventional hot-smelting operations, would win metal without venting
" harmful sulfur dioxide into the air. And it may require only haif the capital.
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years. Similar ones may be started
shortly in Zambia and Italy.

In  Anglo-American’s  Torco
(treatment of refractory copper
ores) process, dried ores are sent
to a vessel to react with a secret
ingredient at a high temperature.
(Other investigators, in previous
ill-fated attempts, tried sodium
chloride and carbon; and in one
case, salt and llama dung.) Copper
is released as metal particles. The
mixture is then cooled in water,
and a 55% or higher copper con-
centrate is extracted by flotation.

Leaching with alkaline cyanide
solution is being mentioned by sev-
eral companies as a way to recover
copper from refactory ores in tail-
ings, overburden and other low-
grade material.

Copper Range Co. of New York,

for one, is planning a plant around
such a process. Its pilot tests indi-
cate that much normally lost metal
can be recovered profitably by alka-
line cyanide leaching.
» Smokeless Smelting—About 889
of U.S. copper production involves
hot-smelting of sulfide ores. How-
ever, as a byproduct of the proc-
ess, enormous quantities of noxious
sulfur dioxide fumes are spewed
- into the air (although some is re-
covered as sulfuric acid). As an
outcome, hydrometallurgical tech-
niques that cauge little or no air
pollution are being groomed to
challenge hot-smelting.

Leaching would do away with
the large amounts of fuel, and the
fluxes for slagging gangue, as well
as the dust and fumes of smelting.
In many steps, liquids would be
handled instead of more-bothersome
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solids. And such a process probably
would not have a cement-copper
production step—this would elimi-
nate the problem of getting rid of
the water-polluting ferrous sulfate
made along with the precipitate.

On the other hand, the liquids
would be corrosive, so that efficient
washing of treated ores would be
difficult. Moreover, no such leaching
system has proved economical.

Yet, today’s materials, equipment
and technology can surmount the
dra'wbacks—at least judging from
what is being piloted and proposed.

In one plan, copper-sulfate con-
centrate from a flotation circuit
would undergo a controlled roast-
ing. Off-gas would be rich enough

.in sulfur dioxide so that it could

be used directly in the manufac-
ture of sulfuric acid. Not only
would this cut down on the amount
of baneful gas vented to the atmos-
phere, but the sulfuric acid would
then be used to leach the sulfide-
oxide mix produced by the roasting.
The resulting copper-sulfate so-
lution would be purified and then
refined by electrowinning or other
means to yield pure metal. .
Arizona Chemcopper has already
run a pilot plant using a completely
smokeless method. With a special
solvent, ore is leached directly at
a low temperature and pressure and
under essentially noncorrosive con-
ditions. Then the solution is puri-
fied by ion exchange. Copper is
recovered by hydrogen reduction
or electrowinning. -
Sulfur is recovered as sulfuric
acid. This could serve to leach ox-
ide ores, if any, or could be con-
verted to gypsum (calcium sulfate)

in smelting facilities. :

However, with tightening pollu-
tion regulations, such a chemxcal‘.
means for winning copper may wm
industrywide acceptance.

New Relief for the Thirsty:
Fresh Water from Wet Air

Fresh water from the air may
solve the water-supply shortages:
for many islands and coastal re-Jj8
gions of the world, and at a lower]
cost than from seawater desalting. J%

The method as proposed by Rob-§
ert D. Gerard and J. Lamar Worzei, J#8 5
Columbia University oceanogra "l ¥
phers, requires a coastal location in 8 #&
the regular path of humid, mari-§
time winds, with cold ocean water
offshore. These conditions are met
in most of the Caribbean islands.
and in numerous other coastal re-
gions of the world. An estimated
300 million gal. of water vapor in
the lower atmosphere sweep across
every mile of island shoreline ex-
posed to the humid trade winds, ac-
cording to the two scientists.

Cold ocean water from a depth of
approximately 3,000 ft. would be
piped to a condenser set up on shoré
to intercept the humid winds. Re I
sultant cooling of the water-laden |
air would produce liquid condensate
to be drawn off and stored as 8
fresh-water supply.

Calculations show that a 3-ft.-di®- i
pipe running 1 mi. from deep water ]
in the Virgin Island Basin to an o™
shore condenser could produce I ‘
million gal. of fresh water a da):
The cost could be kept low by using
wind-driven generators to pump th¢
ocean water.

December 4, 1967-—Chemical Enginee!m
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METALLIC MINERAL_EXPLORATIQON

SUMMARY

The 1980 level of mining and exp1oration in Washington varied with each
commodity (table 1). While 20 to 30 companies explored for uranium in 1978,
only an estimated 16 were active in 1980 and of those, 50 pertcent wére either
seeking venture partners or pulling out of Washington entirely. Many have
been discouraged by the relatively low UBQB-price and the uncertain political
‘future of nuclear power generation. Gold and silver activity, for obvious
reasons, showed a dramatic increase both in new hard rock mining projects
and prospector activity, including small dredging eperations con the upper
Columbia River and in the Cascades, and substantial recreational gold panning.
Copper exploration attracted féw newcomers this year and operations have been
carried at the maintenance level on several projects since 1879. Some new
molybdenum exploration was initiated and several molybdenum targets were
drilled across the state. New zinc-lead exploration remained at a minimum,
while at several old lead-zinc mines, gedlogists drilled new ore extensidns
to buoy proven reserves while waiting optimistically for the zinc price to
rise to a 50 cent minimum. ‘

Okanogan County saw the most activity with 14 companies reported working
in the area, followed by at least 13 in Stevens County, 9 in Ferry County,
6 in Pend Oreille County, 2 each in Chelan, Spokane, Skamania, Snohomish and
Whatcom Counties and at least 1 in Pierce and King Counties (table 2}. Many
others worked generally in the Okanogan Highlands and north and south Cascades.

Washingtonh Public Power Supply has permanently discontinued all exploration
in the state, Reserve 011 and Minerals has left Northeast Washington for
Albuquerque, New Mexico, and Pathfinder Mines will be gone by 1981. Cyprus

Miries has been taken over by Amoco. Roeky Mountain Energy har recenf1y gpened
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a Spokane office and iS‘aggreséfve1y pursuing uranium targets in the
northeastern part of the. state.

Altogether a minimum of 47 different companies were a¢tive in
expioration and mining of metallic minerals in the 1980 season, in
addition to countless small placer operations {table 3).

An estimated several hundred leases were held on state lands for

mineral exploration. Hundreds more were committed to oil and gas efforts.




MINERAL EXPLORATIDh AND MINING ACTIVITY

Chelan County

Reported activity in Chelan County was minimal in 1980. Bethex is
Known to have droppéd interest in its Basalt Peak property on the Chiwawa
River after drilling in 1979 {figure 1).

No activity reported-at the Gold King mine near Wenatchee.

Ferry County

Gold, — Day Mines I'mc. continied preduction at the Knob Hill mine
in Republic (figure 2). Reserves of 128,745 tons of 0.43 0z/T gold and
1.63 0z/T silver are published on this epithermal vein and breccia deposit,
(table 4). Drilling and Vimited mining is continuing to increase résérves
on productive vein extensions,

Wheelbarrew, shovel, and hand-held drill were the tools of Matt Obersbee
in his constant quest for gold at the Never Fear mine in the Republic district,
No production 15 reported in the mineralized greenstones of the mine.

& 100-ton cyanide plant produced gold this yéar at the Valley View
{Golden Valley) mine near Curlew Lake. Ore was mined from low-grade gold-
silver bearing guartz veins by Ruby Mines, Inc.

Houston International Minerals Co. conducted extensive drilling and
‘explordtion this year in the Republic district.

Plans for & 60,000 ton-per-day mine on Mount Tolman are progressing
smoothly toward a late 1983 early 1984 startup date. Final agreement with
the Colviile Federated Tribes is imminent and a final draft E.I.5. will be
submitted this December, Construction of the mine and mill complex, a 2%-
year project, is slated to begin in mid-1981. Training programs for employees

are already underway with help from CETA and Indian Action Program funds through

(3)



Spokane Community College. Reserves published are 900 million tons of
0.1 percent MoSz‘and 0.09 percent copper (table 4).

Base Metals And Uranium. — Homestake, BurWest, Rocky Mtn. Energy,

Western Nuclear, and others explored in the county for uranium as well as
lead and zinc.

Lincoln County

Rexcon was active again in the Sand Flat area, which was drilled as
& uranium target by Anaconda in 1978 (figure 2).

Okanogan County

Silver And Gold. — Rocky Mines Co. of Republic, Washington began
mining at the Silver Bell mjne with 150,000 tons of drilled reserves, grading
5.5 0z/T silver and 0.02 0z/T gold (table 4). It is the first major metal
mine to begiﬁ preduction in Okanogan Courity in at least 25 years. The mine
is located in brecciated volcanics of the Klondike Mountain Formation
{figure 1)}. Gangue consists of quartz, fluorite, and sanidine, with pyrite
and dustlike inclusions of silver. The ore is milled at the Dankoe mill
north of Nighthawk, Washington, and is smeited in Trail, British Columbia.
JNT and GPM Enterprises has leased the Silver Mountain {Silver Star)
property in the Loomis mining district., Silver, gold, and lead values are
reportedly found in a 4-foot quartz vein bearing galena and aréenbpyritéu
The Alder mine, a major past producer of gold in the Twisp district,; was under
investigation this season. Geochemical studies and short core drilling were
conducted. The 300-foot shaft of the Ivanhoe mine was pumpéd out this year,
and the mine was sampled for silver by Wallace Diamgnd Dr¥illing. Cyprus
has been inveStigating the old American Rand mine for gold. Other companies
have also been active in precious metal searches this season.

Base Metals and Uranium. — Bear Creek Mining Co. drilled the Sherman

property for copper and molybdenum, while AFM Exploration from Canada conducted

approximately 5,000 feet of drilling at the Starr Molybdenum locality.

(4)



Quintana was looking for partners for its Mazama area copper-molybdenum

prospect. Other companies maﬁntainiﬁg a copper-moliybdenum position were

Bethéx on Thunder Mountain, and United Mines at the Copper Glance prospect.

Cyprus, Duval, and Amax, among others, also: conducted molybdenum and copper

exploration in the county. Drilling was completed on the Starr-Molly pros-

pect west of Tonasket by an undetermined party. Denison Mines, Duval, Phillips
Uranium, and Chevron explored for uranium in the Okanogan County area.

Pend Oreille County

Plans to open pit 2% million tons of lead-zinc-silver ore are being
proposed for 1981, at Rocky Creek mine by cperators Joe McNamee, and others
(figure 2). The mine is located on the southwest side of.Serom Seen Mountain,
12 miles by road from Tiger townsite.

Gulf Resources Co. explored extensicns of the Pend Oreille miné in a
modest drilling and mapping program.

Joy Mining Co. drilled a lead-zinc prospect in the county this year
and BurWest, Homestake, and Conoco, among others, continued evaluation of
both hard and soft ¥ock uranium occurrences.

Reserve Ore and Minerals, fo}merly working in the Tiger Formation, has
dropped all interest concurrent with a move out of the area.

Pierce County

The sole réported exploration group in Pierce County was Amoco Minerals,
which workad on its copper—moiybdenum, gold-silver propérty on the Garbon

River north of Mount Rainier (figure 3).

Skamania County

Ameco Minerals optioned their claim group to Denison Mines, who is
reported to have drilled the property during the 1980 field season.
The copper-molybdenum prospect lies on the north side of the Silver Star

stock (figure 3).



Snohomish County

Exxon and Qccidental maintained a low-level position at their respective
copper-molybdenum properties — the Silver (reek show on the Skykomish River
and the Sunrise-Vesper Peak prospect {figure 4).

Spokane County

At the start of the year, Westinghouse in conjunction with Mineral
Associates of Seattle had plans to begin an in-gitu leach test of certain
autunite deposits on Mount Spokane (figure 2). Both companies have since
shielved interest.

Stevens (ounty

Uranium. — Midnite mine, run by Dawn Mining Co. in turn controlled by
Newmont Mines, continued production on the Spokane Indian Reservation through
1980. Rock was processed at the rate of 21,000 TPD from the mine, while 960
TPD of ore was handled. Ore grade in mine and stockpiles is 0.153 percent
U308. Mine geologists prospected the surrounding holdings of Dawn Mining in
an effort to discover additions or extensions to presént reserves (table 4).

A few miles to the south the Sherwood Project run by Western Nuclear
maintained its target 2,000 TPD; mill feed ran 0.089 percent U 0, (table 4).
Current thinking suggests that the Sherwood deposit is an eroded portion of
the Midnite deposit, laid down as mineralized boulders in the Sherwood con-
glomerate..

Sabine Products through Joy Mining Company continued plans to heap leach
uranium from a bog on Flodelle Creek northeast of Colville {figure 2).
Activity is expected as soon as the various permits are obtained and agencies
responsible are satisfied. Western Nuclear's Spokane Mountain uranium find

described in the December 1978 issue of Economic Geology is scheduled for

production at some unspecified future date.



Western Nuclear and Rocky Mountéin Eriergy drilled uranium prospects
in the county, in .addition to general exploration joined by Homestake,
Minatome, and ethers.

Gold-Silver, — Charlesion Resources of Vancouver shipped three car-
Toads of silver ore from a newly discovered vein at the Melrdse mine neav
Northport, Washington this past seasen. Irregular polymetallic ore shoots
are mined from a 6-foot quartz vein in argillite; ore averages 24 oz/T
silver {table 4)., An agreement betwéen Charleston Resources and Arbof¥
Resources, also of Vancouver, has been signed. Arbor Resources will
initiate an in-depth study of the mine area, to include soil and stripping
survéys; in an attempt to block out sufficient proven reserves.

On the Canadian border, alsc in the Northport district, a group of
prospectors s doing limited development on the Simons property, a free
gold-bearing quartz vein. Farther south in the Kettle Falls district, an
0lympia company explored the Vanasse propérty; a deposit of <ilver, copper,
Tead and antimony sulfides in quartz veins that mineralize arkose and
quartzite units. Gold-silver and base metal work is also underway at the
First Thought mine near Orient. A new mill has been set up in Laurier to
handle local gold ore, |

Base Metals. — Eagle Mountain Mining Co. has re-cpened the Copper King
mine northeast of Chewelah to geologically define new exploration targets.
The company has also recently leased the adjacent Blue Star claims of Chewelah
Eagie Mining Co.

An Oregon -group has initiateéd predevelopment eéxploration in the Deer
Trail Group of mines. Underground mapping, sampling, etc. is being considered.

Limited tungsten production is reported again from the Blue Grouse mine

near Springdale.

(7)



Copper-tungsten exploration was carried out on Mineral Mountain near
Orient. Work in 1980 consisted of geophysical surveys and dfi]]ing.

In. the Northport area, Toledo Resources Ltd. ran a magnetometer survey
on their Copper Find claim group to evaluate the porphyry copper potential
of this chacopyrite-bornite-ho]ybdenite occurrence. |

Zinc exploration was also conducted near Northport by Houston Inter-
national Minerals Corp. (formerly Houston 0il and Minerals). Geologic
mapping and sampling was done at projects'in the Leadpoint and Flagstaff
Mountain areas.

Whatcom County

At the New Light gold mine in the Slate Creek district, Lions Mines
continues limited mining of stockpiles and work on a new mill to expand
production from 100 TPD to 200 TPD (table 4). This mine has reserves of
200,000 tons, the grade of which is not known.

A Bellingham group is re-evaluating the Lone Jack mine, a major past
producer of free-milling gold ore (figure 4). Other reported activity in
#dhatcom County is centered at the Great Excelsior mine, a silver-mineralized

breccia, under control of U.S. Borax.
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GOLD PLACER MINING AND SMALL-SCALE GOLD OPERATIONS

Along with countless weekend gold panners and prospectors there were many

placer gold mining operations in the Cascade region, and northern Stevens

County.

Kittitas County

The Liberty district saw several small 5 TPD free-milling gold operations
producing throughout the summer. Ore averaging 0.33 0z/T was processed using
ball mills, amalgamation plates, tables, etc.

Goodfellow Construction Co. of Wenatchee mined 150 yards per hour in
Williams Creek of the Liberty district, using dragline, dozer, and ripper with
a washing plant on the bank. Numerous other part-time concerns operated on
Swauk and Williams Creeks.

In the Blewett district summer placer operations were active on Shasser,
Peshastin, and Negro Creeks. Bill Priestly mined lode gold on a small scale
in Culver Gulch.

Okanogan County

In Okanogan County the Similkameen River saw numerous floating suction

dredges up to 8" diameter. Nuggets recovered were sold to local jewelers.

Stevens County

At least eight new leases were taken for gold dredging on the upper
Columbia River this year. A minimum of four new leases were operating in
the Sheep Creek drainage north of the Columbia River as well.

Whatcom County

Ruby Canyon and Slate Creeks saw a flurry of small-scale panning,

sluicing, and dredging operations throughout the summer.
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NONMETALLIC MINERAL PRODUCTION

Production in dollars of the nonmetallics industry remained relatively
constant over the past 5 years (figure 5). While figures for 1980 production

are not available yet, it is expected that many nonmetallic efforts will show

a downturn this yea¥ due to the uncertain state of the economy and high cost

of new buiiding starts.

Crushed Rock and Building Stone

The crushed rock/building stone industry statewide has been hurt by the
slow-down in building activity during 1980. While several companies reported

"holding steady" since 1979, others commented that the economy was hard on

business in 1980. As cne operator put it "the quarry is used on an as-heeded

basis and we haven't needed it yet this year." The largest crushed stone
operator in the state is the state's Department of Transportation. Another
big producer-user is the Buriington Northern railroad.

Table 5 shows the change in company activity for various crushed rock

products from 1979-1980.

Sitica Sand

Silica sand was produced by at least three operators in Washington State.
They are Industrial Mineral Products of King County, Wehatcheé Sand and
Silica of Chelan County, and Lane Mountain Silica of Stevens County.
Silica is mined mostly from quartzite, crushed and treated to remove iron,
etc. The silica sand product is then used for glass making or smelter flux.
Producers report that business in 1980 had increased from 1979 levels.

Of the nonmetallic commodities, barite was the only one with significant
new development. Washington Barite Corporation continued production from

their newly opéned barite mine on Flagstaff Mountain near Northport in



Stevens County (table 4).

Barite is shipped to Montana for use as drilling additives. In addition,
Washington Barite Corporatien alse conducted exploration in the 0'Toole
Mounta{n and Bruce Creek areas of Stevens County.

Wallace Diamond Drilling explored for high grade barite in the Eagle
Mountain area. Other iﬂdivfdua]s are known to be assessing the barite accur-
rences of Washington State.

QYivine

Two companies presently mine olivine from the Twin Sisters Mountain area
in Whatcom and Skagit counties. 01fv1nenCorporation, in Whatcom County,
tripled business in 1980 from 10,000 tons in 1979 to 30,000 tons so far
this year. Together the. two companies make Washington one of the top two
olivine producers in the nation.

Diatomite

Washington is alsc a leading {top 3) producer of diatomite. Witco Chemical
Corp. prﬁduces diatomite from .two pits near Georgée in Grant County.

Business remains essentially unchangéd since 1979. The diatomite is used
exclusively as a filtering agent and insulating medium.

Limestone, Dolomite, Marble

Production of dolomite was off an estimated 20 percent in 1980, though
the total number of mines remains unchanged. The production of limestone and
marb]e»did not differ substantially from production in 1979.
Clay

Clay operations held their own as long as they weren't suppliers for .the
hard-hit building industry. Production in the building-related clay industry,
however, was way down in 1980.
Magriesium

Northwest Alloys, Inc., a subsidiary of Alcoa, continued to produce magnesium
from dolomite mined in Stevens County. A1} production goes into making Alcea

products elsewhere in the nation, so the Addy plant:is unaffected by market

(11)



conditions which are slightly off this year. The silicon furnace shut down
in the fall of 1979 and remains inoperative.

A reliable supply of inexpensive energy would likely bring the metallic
silicon operation back into business again, though no projections are peiAg
made at this time.

Feldspar, Gypsum, Jade, Talc and Peat

Other commodities mined in Washington contribute little to the overall
economy of the state. Intermittent mining of jade, gypsum, and feldspar

continues. Talc operators largely mine soapstone for carving. Some small-

scale talc mining was carried out in the Springdale, Wenatchee, and Marblemount

areas of Stevens, Chelan and Skagit Counties, respectively. Several "Mom and

Pop" peat operators, active in the past, maintained a low profile in 1980 due

to retirement and general low production.



ENERGY ACTIVITY

OIL AND GAS
Drilling

Two drilling permits have been approved for 0il and gas efforts in
the state this year. Shell 0il has both permits located in NW4NWksec. 33,
T. 15 N,R. 19 E. and SW4%SW% sec. 34, T. 15 N.,R.19 E. of Kittitas County.
Only the first site is currently being drilled. Target depth is 15,000-
20,000 feet.

Leasing

Leasing activity reached a high level in 1980, with 300 applications
for 40,000 acres by eleven different companies in Benton County alone,
during the last week in October. Shell is the major lessee. Companies
and individuals not willing to reveal their position in the leasing race
are not recording their private leases. (Total Teased acreage figures are
minimum estimates based on knowledge of state leases and minor information
obtained on fee or federal leases.)

Shell is by far the largest land holder with a minimum of 500,000 acres
in Grant, Benton, Kittitas, and Yakima Counties. Shell is currently
securing new leases in those four counties, as well as in Walla Walla County.

Texaco is reported to have 640 acres in Grant County and is actively
working on more acreage in that county.

Night Royal, a Denver company is also active in Grant County. Along
with applications to the BLM, Night Royal has at least 20,000 acres in the
county.

Union 0i1 joins the others in the Columbia Basin, holding 6,000-7,000
acres in Grant, Kittitas and Yakima counties.

Gulf 0il, working also in the eastern Washington area, maintains at

least 16,000-17,000 acres.

(13)



Champion Qi1, & Denver-based independent has a known 12,000-acre
.position in the Basin as well.

'Dolores Yates, who has published an 0i1 and Gas Information Circular
from Portland for several years, has naow turned speculator with 30,000
acres of Columbia Basin land under lease, much on BLM controlled ground.

Another area attracting oil and gas activity in 1880 was the extreme
southwestern corner of the state, across the Columbia River from the
newly discovered Mist, Oregon gas field.

Snyder Qi1 has -a 27,000-acre minimum position in Wahkiakum and
Cowlitz Counties. Rushing Minerals is also working in Wahkiakum County.
Between Wahkizkum and Pacific Counties, Rushing Minerals maintains a
23,000~-acre position in the state.

Cardinal 0il, the large independent who leased the Mist, Oregon area
béforé productive gas was discovered, also maintains an undetérmined position
in southwest Washington.

Getty 011 holds 18,000 acres in Grays Harbor County. As yet, no
other companies have made leases public there, but several are known to be
considering the area.

Jerry Ryan of May Petroleum in Jefferson and Benton Counties has
leases totaling 74,000'acreél

Eagle Exploration is active in Adams, Whatcom, Kittitas, and Yakima
Counties, with 8,000 acres tied up. A séction (640 acres) of state land
in Jefferson County is also leased to Eagle Exploration,

Reports have been received of 61l and gas activity in the Wenatchee

River area, but no confirmation of Chelan County activity could be made.



COAL
Interest in Washington coal resources remains fairly high, although
no new coal mining operations started in 1980,
Washington Irrigation and Development remains the largest coal pro-
ducing entity in the state (table 6). Approximately 5 million tons per
day are procuced at the open-pit mine near Centralia; total producticn is

used to generate power at the-adjacent thermo-electric plant. Confirmation

drilling of reserve holdings and seam characterization prior to mining

continue; present reserves are estimated to be approximately 60 million tons.

The only other coal producer in the state at the present time is
Palmer Coking Coal of Ravensdale. Palmer preoduces approximately 20,000
tons of bituminaus coal per year, mostly for smal) institutional contracts
and domestic use.

Buriington Northern maintains an activé mapping and drilling program
in the Green River district of King County. In addition, they are actively
evaluating other BN lands in western Washington where higher rank coal is
known to oecurs,

Several timber companies are active and many Rocky Mouritain and Mid-
western coal companies showed increased interest in the staté's coal
resources. Exploration drilling work was concentrated in the Chehalis,
Green River, Wilkeson-Carbonado, Fairfax-Ashferd, and Grande Ronde coal-
fields of King, Pierce, Lewis, and Asotin Counties. Companies known to
be actively drilling and exploring are listed in table 6.

In 1979 and 1980 Sandia Corporaticn conducted drilling and site
characterization studies for a proposed underground coal gasification
project in northern Lewis County, 3 miles east of the Widco Mine.

A test for that basin is yet to be designed and no concrete plans for the

project have been made.

-



The State of Washington and Gulf Research & Development Co. have
jointly submitted a proposal to the U.S. Department of Energy for a
cooperafive underground coal gasification project in Washington State lands.
A specific site has yet to be selected. The decision on the DOE grant

request is not expected until mid-January of 1981.

GEOTHERMAL ENERGY
Several private companies have shown interest in Washington's
geothermal potential, including Burlington Northern, Seattle City Light,
and Washington Public Power Supply System. Phillips and Chevron are
examining the situation with a less active interest at the present time.

More aggressive exploration is expected within the next few years.

t



WASHINGTON DIVISION OF GEOLOGY AND EARTH RESOURCES
1980 ENERGY AND:- MINERAL ACTIVITY

Eleven of the seventeen Division of Geology and Earth Resources'
geologists worked on energy and mineral projects in 1980. In March a new
field office was opened in eastern Washington. Projects conducted from
that office include coal geology of the Grouse Creek interbed, Columbia
River Basalt, Asotin County, Yashington, and the geologic potential for
uranium deposits, including a catalog of radioactive occurrences, in
Washington State.

The state's western coal resources and coal geology are being mapped
and evaluated by sev=ral state geologists. Work has been concentrated in
King and Kittitas Counties with plans to study Cowlitz, Whatcom, and Lewis
Counties. The first results of that effort, "The geology and energy resources
of the Cle Elum - Roslyn area", is now on open-file (80-1) in the division.
In addition, concentrated exploration on state lands is being conducted on
selected sections in the Centralia - Chehalis basin.

The Division of Geology and Earth Resources is continu%ng to evaluate
the state's geothermal potential under a renewable contract from the U.S.
Department of Energy. Eight temperature gradient holes are planned along
the crest of the Cascades including the Stevens Pass, Snoqualmie Pass,

White Pass, Mount Rainier, and Wind River areas. Specific state studies
include a hydrothermal investigation of Yakima County warm water aquifers,

a mineralogic and temperature evaluation of springs across the state, and

a well temperature study throughout eastern Washington. Other investigations
sponsored by the program are the geology and geothermal potential of Quaternary
volcanics in the Bumping Lake area, age dates of Quaternary volcanics in the
southern Cascades, a time-composition model of Quaternary volcanicsin the

Cascades, and lineament mapping in the southern Cascades.

(17)



Special attention is being paid to Mount St. Helens where three
temperature gradient holes were drilled in 1979. One of the 1979 holes
was destroyed in the May 18th blast, one was remeasured with no apparent

change, and a third was isothermal and of no further interest.




Division of Geology and Earth Resources publications for 1980 include
the following citations related to energy and minerals:
Bulletin 72 "Myers Creek and Wauconda districts of northeastern
Okanogan County," by Wayne S. Moen
Information “Directory of Washington mining operations-1979,"
Circular 69 by Carl McFarland, Glennda McLucas, James Rigby,
and Keith Stoffel.

Information "Theses on Washington geology, 1901-1979,"compiled
Circular 70 by Connie Manson
Open-File 80-1 "Geology and energy resources of the Roslyn-

Cle Elum area, Washington,"by Charles Walker

Open-File 80-4 "Bibliography of geothermal resource information
for the State of Washington," by Mike Korosec

Open-File 80-6 “Quaternary volcanics and volcanic centers in the
State of Washington," by Michael Korosec and
Glennda Mclucas

Open-File 80-7 “Well temperature information and locations in the ,
State of Washington," by Michael Korosec and
Keith Kaler

Open-File 80-8 “Geology of the White Pass - Tumac Mountain area,
Washington," by Geoff Clayton

Open-File 80-9 "Heat flow and geothermal gradient measurements
in Washington to 1979, and temperature depth data
collected during 1979," by David Blackwell

Open-File 80-11 "Table of thermal and mineral spring locations in

Washington," by Michael Korosec

(19)



LEGISLATIVE ACTIVITY AFFECTING MINING

Regulations adopted this year under Washington Administrative Code 402-52
govern uranium and thorium mill tailing piles, and set a schedule of fees for
their licensing and inspection. The Départment of Social and Health Services
is the designated radiation control agency responsible for making inspections,
granting licenses, and writing environmental impact reports when necessary.
The specific sections address the siting of tailings in order to protect
human population, drinking water, air quality, and wildlife; and to prevent
wind and water erosion, toxic seepage, and fault disruption or flooding either
while piles are active or abandoned. Table 7 summarizeé the maximum fees
charged for licensing. If the actual cost of making major or minor amendment
or renewal is less than the maximum, reimbursements will be made.

The moratorium on leasing state lands for coal operation will remain
in effect for the next 6-8 months while regulations controlling leasing are

being rewritten.




TABLE 1.-—— 1980 Commodity Index of Metallic Mineral Exploration & Mining Activity

Wwashington State

COPPER AND MOLYBDENUM' , SILVER AND GOLD
Amoco Amoco Minerals
Bear Creek Mining Co. Arbor Resources Ltd.
Bethex Charleston Resources
Denison Mines Cominco American, Inc.
Duval Cyprus Mines (now Amoco)
Eagle Mountain Mining, Inc. Day Mines
Exxon Houston International Minerals
Joe McNamee JNT-GPM Enterprises
Lowell Warner Joe McNamee
Occidental Lowell Warner
Quintana Matt Obersbee
Toledo Resources Rocky Mines
United Mines Ruby Mines, Inc.

LEAD AND ZINC U. S. Borax
BurWest Wallace Diamond Drilling
Gulf Resources Corp. TUNGSTEN
JNT-GPM Enterprises Joe McNamee
Joe McNamee URANTUM
Joy Mining Co. BurWest
Lowell Warner Chevron

MOLYBDENUM Denison
AFM Exploration Energy Fuels
AMAX Exploration Homestake Mining

Rexcon Houston International Minerals



TABLE 1, —

1980 Commodity Index of Metallic Mineral Exploration & Mining Activity

Washington State

URANIUM (Cont'd)

Joy Mining

Midnite Mines
Minatone

Mineral Associates
Pathfinder
Phillips Uranium
Rexcon

Rocky Mtn. Energy
Sabine Products
Teton Exploration

Western Nuclear

(223



TABLE 2.— 1980 COUNTY INDEX OF METALLIC MINERAL EXPLORATION & MINING ACTIVITY

WASHINGTON STATE

COUNTY COMPANY COMMODITY
Chelan Bethe; Au
Cyprus Mines Au
Ferry Amax Mo
Burlest Pb-Zn
Day Mines, Inc. Au, Ag
Homestake Mining Co. u
Houston International Au, Ag

Minerals Co.

Matt Obersbee Au, Ag
Rocky Mtn. Energy §)
Ruby Mines, Inc. Au, Ag
Western Nuclear U
King Cominco American Inc. Au
Lincoln Rexcon U
Okanogan AFM Corp. Mo
Ama x Mo
Bear Creek Mining Co. Cu/Mo
Bethex Cu/Mo
Chevron U
Cyprus Au
Denison Mines, Inc. U
Duval Corp. Cu, Mo
JNT-GPM Enterprises Au,Aqg,Pb,Zn
Pathfinder u
Phillips Uranium U
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TABLE 2. —
COUNTY

COkanogan

pPend Qreille

Pierce

‘Skamania

Snohomish

Spokane

Stevens

1980 COUNTY INDEX OF METALLIC MIMNERAL EXPLORATION & MINING ACTIVTY

COMPANY
Quintana

Rocky Mines

United Mines

BurWest

Conoaco

Gulf Resources Corp.
Homestake Mining Co.
Joe McNamee

Joy Mining Co.
Amoco Minerals

Amoco Minerals
Denison Mines,Inc.
Exxaon

Occidental

Mineral Associates
Westinghouse

Arbor Resources Ltd.
Charleston Resources

Lagie Mountain
Mining, Inc,

Homestake Mining Co.
Joe McNamee

Joy Mining

Lowell Warner
Minatome

Newmont

Rocky Mountain Energy
Sabine Products

Toledo Resources Ltd.

(24)

COMMODITY
Cu-Mo

Ag

Cu-Mo

U

U

Pb/In

U
Pb/Zn,Cu,Ag
Pb/in
Au/Ag,Cu/Mo
Cu/Mo

Cu/Mo

Cu/Mo

Cu/Mo

u

¥

Ag

Ag

- Cu

U

Cu,W,Au

U
Ag/Au,Pb,Sb,Cu
U

U

U

U

Cu,Mo



WASHINGTON STATE
TABLE 2. -—— 1980 COUNTY TNDEX OF METALLIC MINERAL EXPLORATION & MINING ACTIVITY

COUNTY COMPANY COMMODI TY
Stevens " Western Nuclear Inc. U
Whatcom U.S. Borax g
Lions Mines Au
Unidentified Locations Cominco American, Inc. Au
Minatome U
Teton Exploration U

1259



TABLE 3. —

v

Mining Companies Active in Washington, 1980

AFM Exploration

Amax '

Amoco

Bear Creek Mining Co.
Bethex

BurWest

Charleston Resources
Chevron

Cominco American Inc.
Conoco

Cyprus Mines

Dawn Mining Co.

Day Mines, Inc.
Denison Mines, Inc.
Duval Corp.

Eagle Mountain Mining
Energy Fuels )
Exxon

Gulf Resources Co.

Homestake Mining Co.

Houston International Minerals Corp.

JNT and GPM Enterprises
Joy Mining Co.

Kimmer Coal Co.

Lions Mines Ltd.
Midnite Mines, Inc.
Minatome Corp.

Mineral Associates II
Occidental Petroleum
Pathfinder Mines
Phillips Uranium
Quintana Minerals Corp.
Rexcon

Rocky Mines

Rocky Mountain Energy
Sabine Products, Inc.
St. Joe American Corp.
Teton Exploration
Toledo Resources Ltd.
Union Carbide

United Mines

U.S. Borax

Utah International
Wallace Diamond Drilling
Washington Barite Corp.
destern Nuclear, Inc.

Westinghouse
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TABLE 4. — Mine Production, Reserves, Grade

Washington State

MINE COUNTY COMMODITY
Knob Hill mine Ferry Au,Ag
Melrose mine Stevens Ag
Midnite mine Stevens U
- 1/

Mount Tolman=" Ferry Mo/Cu
New Light mine Whatcom Au
Sherwood mine  Stevens U
Silver Bell Okanogan Ag
Flagstaff Mtn. Stevens Ba

mine

1/ Scheduled for Production 1983-1984

PRODUCTION RESERVES
Production for

1979 - 16,260 oz.
Au, 58,045 o0z. Ag

128,745 T

45T Av. 24#0z. Aq/T,
shipped in 1980.

Present production
rates 766,000 T
21,000 T/day (ore +
waste) 960 TPD (ore)1,600,000 T

Planned rate of

60,000 (TPD) 900 mT

Plans to upgrade
production capacity
from 100 to 200 TPD

200,000 T

Present ore production 8 mT
rate 2,000 TPD

10,000 tons in 1980 150,000 T

Production 1979-1980 8,000 T

22,500 T proven
24,000
inferred
(1960)

GRADE

0.43 0z/T Au
1.63 0z/T Ag

Av. 24 0z/1

0.153% U308

0.05% U308

0.¥%  MoS
0.09% Cu

.089% U308

5.5 0z/T Ag
0.02 0z/T Au

Present
statistics
not available



PRODUCT
Andesite
Basalt
Diorite
Felsite
Granite
Rhyolite
Sandstone

Shale

TABLE 5.- Crushed Rock/Building Stone

1979

e ———

76

New QOperators
(of all products) __ 7

TOTAL 100

NUMBER OF OPERATORS

LAYl

1980

62

o

76



TABLE 6. —  COAL EXPLORATION COMPANIES ACTIVE IN WASHINGTON, 1980

ABCON Engineering (Luscar Ltd.) Gulf Research and Development Corp.

Amax Coal _ . Gulf Resources Exploration Corp.

AMCA Coal Leasing Kemmerer Coal Co.

ARCO Coal Kimmer Coal Co.

Bear Creek Mining Paimer Coking Coal

Burlington Northern Inc. TKW Corp.-

£xxon _ Utah International

Gulf Mineral Resources Washington Irrigation & Development Corp.




TABLE 7 — WAC-402-52 Schedule of Fees for Licensing & Compliance Actions

A. Application fee $ 27,000
B. License fee . 165,000

C. Amendment fee

Major 10,000*

Minor 800~

Administrative - 85
D. Renewa] fee 10,000*
E. Annual Inspection fee 90,000

*  Maximum fee allowed - may be less
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NICKEL ELECTROLYSIS FROM SULFATE-CHLORIDE sorLuTIdBRIVERSITY QF U?ﬂv’é‘li

‘ . USING CURRENT OF VARIABLE POLARITY RESEABCH ENSTETU;EE
UDC 669.243.87 EARTH SGiERn™ w23,

A, 1.- Semenova and I. N, Piskunov

Modern nickel electrolysis practice involves the use of sulfate~chloride solutions at
current densities of 250-350 A/m’, Nickel electrolysis can be intensified by using cur-
rent of variable polarity. Increasing the current density in the cells by reversal will
increase cell capacity by several times, Research on nickel electrolysis using reversal
has been carried out at the Leningrad Mining Institute, The electrolyte used was nickel
sulfate-chloride solution after removal of impurities with the following composition
{(g/liter): 80 Ni (as NisSO,), 90 NaCl, 60 Na.SO., and 6 HyBO3;; the medium is slightly acid.
The experiments were carried in the 600-1400 A/m? range of current densities with vari-
ous reversal times and total electrolysis periods, Electrolyte circulation into the cath-
ode compartment was 60 ml/(A-hr),

Electrolytic nickel was used as the anode and a nickel starting sheet with a slightly
polished surface was used as the cathode, The experiments were conducted with a dia-
phragm, : _

Preliminary experiments established that the optimum total electrolysis period T = 3
sec,

It was also established during the research that increasing the reversal time from
0.063 to 0,446 led to a sharp reduction in cathodic current efficiency and yielded a
cathodic nickel deposit of poor quality, Satisfactory cathodic nickel gquality with
high current efficiency (99%) were obtained at a reversal time T, = 0.139 sec.

The maximum permissible current density was determined in the next series of experi-
ments, Satisfactory cathodig nickel quality was obtained in the range D, = 600-1200
a/m?, Raising I; to 1400 A/m 1led to damage to the deposit. The cathodic current effi-
cliency in terms of nickel fell from 99 to 93% when current density increased from 600
to 1400 A/m?,

In conclusion, a crude nickel electrolytic refining experiment of many hours' duration
was carried out, No difficulties in anode dissolution occurred during the experiment.
Cathodic current efficiency was 97,50%, the slime yield was 3,72%, extraction of non-
ferrous metals from the anode into solution was high, and the quality of the cathodic
nickel was satisfactory,

The cathodic current efficiency in terms of nickel in experiments with reversal was

calculated by the formula 100

Ne™ GUET o~ Tata) *

where m i3 the amount of nickel evolving on the cathode, g, q is the electrochemical
equivalent of nickel, 1.095 g/(A-hr), and I 1, and I, T, are the periods of cathode
operation in catpodic and anodic routines,
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SULPHURIC ACID PLANT cdnverts molten Texas sulphur to 98
percent pure H,SO, at rote of 200 tons per day. Plant, pre-

cipitating launders, and surge pond are located on o small
mesa two miles northwest of Bagdad open pit.

New Leach. Planf Ups Bav%ggglﬁﬂgopper

RESEARCH INSTITUTE - s

EARTH SCIENGE LAB.
A $2,000,000 acnd leach- preapn’rahon Igm‘ recently increased
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production for Bagdad Copper Corporation to about 100,000
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pounds of copper per day OX|de stockpiles are now: |rr|gared
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with dlluteoaad and the solution pumped to Iaunders where

tin cans precrprrate 40,000 pounds of cement copper dally

by Joha R. Bogert
Field Editor, Mmmg World

Last year copper production in the
State of Arizona reached an all-time
high of 539,300 tons—and in 1961 it
will probably be higher. Contributing
in no small way to this greater output
will be the Bagdad Cooper Corpora-
tion of west central Arizona who re-
cently upped copper production from

60,000 to 100,000 pounds a day—a

whOppmg 67. percent increase! This
big productlon jump is due solely to
round-the-clock output of a new ce-

ment copper operationt that includes .

the largest sulphuric acid plant in
Arizona, and the largest Koroseal

26

plastic-lined surge pond in the world.
These and other aspects of this mod-
ern recovery operation have attracted
the attention of enginéering men
from all parts of the United States.
Bagdad operations have always
been based on disseminated sulphide
ore which occurs in a relatively-thin

irregular zone underlying oxidized -

capping. A 5,000 ton-per-day flota-
tion mill effectively concentrates this
ore, and concentrates are sold to the
American Smelting and Refining
Company’s smelter at Hayden, Ati-

zona. However, minor copper values -

in the extensivé oxidized overburden
has always been noticed and appreci-
ated..

As carly as 1926 J. W. Hutchinson
in'a report on the then undeveloped

| company.’

S

of the 70,000,000 tons of oxidized
overburden carrying at least six to

eight pounds per ton of acid soluble -

copper, and said it was “of funda-
mental economic importance to your
" Thus, it is no_vonder that
starting in 1946, when .mining opera-
tions-at- ‘Bagdad were converted from

: undernrmmd to open 'pit, ‘that the

oxidized stripping  was carefully

stockpiled in two dumps. However, it -

' - )
. R ...
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. Bagdad prospect made special note

was not.until. 1959 that.a method-of-. .

go'ahead.
At Bagdad, since there are no su]-

- phide mnerals in the dumps, it'is im-

possible to successfully leach with
water alone. Thus, an acid plant was

MINING WORLD

_heap leaching was decided on, and - .
‘the decision made by managemént to. "7

A
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PIPELINES carry ocud soluhons to and frorn dumps in back-
ground=—Mineral-Creek-to-left, Alum Creek-to right.

Pfcddcfiéh by67 Perc"eh.'ri

the main item of the new project.
The sulphuric acid plant construc-
tion was begun in 1960 by the Fisher

Contracting Company of Phoenix,

with design and. enginéering work
done in collaboration with the engi-
neering staff of Bagdad. The 200

tons-per-day plant was completed in .

March, and started operating in
May. The plant, nearby precipitat-
ing lauinders; and surge pond are all

located on a small mesa approxi-
mately two miles northwest of the

Bagdad open pit. This was the only
flat area available 1easonably close to
the dumps.

Heap leaching at Bagdad has its

- beginmng with the purchase of-mol- .

ten sulphur in Louisiana from the
Texas Gulf Sulphur .Company. This
is delivered in tank cars to'the Santa
Fe railroad siding at Hillside, Ari-
zona, 28 miles southeast of Bagdad.
Since the sulphur becomes partly

solidified in transit, a special steams=

ing plant at Hillside is.used to empty -
. the tank cars and return the sulphur
"t6 a ‘molten state. Dickie Trucking .

Company trailer tank trucks then
carry the molten sulphur to under-
ground storage at'the acid plant at
Bagdad. The insulated underground
tank has a capacity of 250 tons, and

is equipped with steam lines to keep |

the sulphur continually inolten.

“The process-of converting the sul- - -
- phur to \su]phunc acid is semi-auto-

AUGUST 1961

matic. It is controlled by one man
from a Minneapolis-Honeywell color-
guided schematic instrument panel
where flow, temperatures, and pres-
sures are automaucally and continu-
ally recorded.

Produces 200 Tons Acid Daily

Molten sulphur from underground
storage is transferred by air pressure
to a horizontal charge tank. It is then

. pumped to a sulphur burner where,

together with dry air from a vertical
drying tower, SO, gas is generated.
This gas goes to a waste heat boiler,
through a heat exchanger, and to the
first..converter. This converter has
two masses of vanadium pentoxide
which act as a catalyst in converting
the SO, to SO,. After returning
through the heat exchanger, this last
step is repeated through a second

‘converter when conversion to SO,

gas is theoretically complete. The
SO; gas then passes through a cooler
to an absorption tower where mois-
ture (from the drying tower) is ab-

" sorbed until sulphuric acid of 98 per-

cent purity is attained. Excess SO; is
released into the atmosphere. Oper-
ating continually this efficient plant
produces 200 tons of H,SO, acid per
day which is stored in two 730-ton
storage tanks.

- Sulphuric acid from the storage
tanks starts its work in the leaching

PRECIPITATING CELLS, charged with shredded tin cans by au-
-tomatic loading device, are inspected by Bob Bogart. '

operation at two small 830,000 gallon
conditioning ponds near the precipi-
tating launders. Here, acid is added-
to barren solution coming from the
launders, bringing it up to a strength
of seven and a half grams acid per
liter of water. This lixiviant then
flows by gravity through a 4,500-foot
long, 14-inch diameter pipeline to
the leach dump. This pipeline is
made of stainless steel lined with
polyvinyl chloride plastic.

There are two multi-million-ton
dumps at Bagdad that will eventually
be treated by heap leaching. The
largest dump is the Mineral Creek;
the smallest the Alum Creek. Dump
material is altered monzonite por-
phyry; mine run’in size, containing
approximately 0.435 percent acid

soluble copper in the form of mala-.
chite, azurite, and a little chrysocolla.-

Present plans call for leaching only
the Alum Creek dump.

The top of the dump is divided
into a series of connected ponds 100
feet square and approximately one

foot deep. These shallow ponds con-

trol the distribution of ‘the dilute sul-
phuric acid solution. By a system of
rotating the flooding of ‘the various
ponds an even application of leach

solution is applied which percolates

through the dump.

Although the dump material is
relatively free from acid-consurning
constituents other than copper miner-

27
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‘als, it is anticipated that approxi- -

mately 30 percent solution losses will
occur.” Thus, of 4,800 gallons a min-
ute 1ruuatz.d on top of the dump,
only approx_lmately 3,350 galions of
copper-bearing pregnant solution
reaches the collecting pond at bot-
tom. This is because of natural evap-
oration, absorption by the dump ma-
terial, and seepage into the ground.
The collecting pond at the bottom
of the dump is formed by a small
concrete dam which also supports a
pumping station. On top of the dam
two United States pumps are pres-
ently installed, with two more to be
added when leachmcr of the nearby

Mineral Creek dump begins. The ex-.

isting pumps are equipped with 400
horsepower vertical turbine Ideal
electric motors, and each pump up to
1,800 gallons per minute.

From the collecting pond, the cop--

per-bearing solution is pumped uphll

through another plastic-lined pipe-
line to the leach plant on the mesa.

The pumping distance is 4,500 feet
and the vertical lift 650 feet. Here,

close to the-sulphuric acid plant, the .

pregnant solution (containing copper
sulphate) is discharged from the
pipeline into- a specxal plastic-lined
surge pond.

The 1,400,000-gallon pond is
unique and the largest of its kind in
the world in industrial use. It is 264
feet long, 114 feet wide, 7 feet deep,
and the bottorn completely covered
with an aluminum-coated Koroseal
polyvinyl plastic sheet made by B. F.
Goodrich. The pond was simply
scooped out of the earth, and has no
special base other than the plastic
sheet which is 280 feet long, 130 feet
wide, and 8 mills thick. It is impervi-
ous to most chemicals, mildew resist-
ant, and will last indefinitely. with
proper care.

From the plastic-lined surge pond

UNIQUE plastic-lined surge ‘pond holds 1,400,000 gallons, is
. largest of iis kind in the world, and is estimated fo ‘have ’
lowered construction cosfs by about $24;000.: )
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the copper-bearing solution flows by
gravity to. the nearby “preeipitating
launders. Here, at a flow rate of 3,350
gallons per minute, the solution con-
taining copper sulphate circulates
through a series of cells containing
shredded tin cans. Since the iron

- has a_ greater affinity for the sul-

phate radical than the copper, the
iron is slowly dissolved and the cop-
per precipitated in the form of the
dark brown mud called cement cop-
per. There are a total of 10 double
precipitating cells 9% by 10 by 30
feet deep, made of reinforced con-
crete. A stainless steel screen is placed
13 feet down from the top of each
cell to hold the shredded tin-can
scrap.

.. Launders Charged Aﬁtomoﬁcally

The cells are charged with an
overhead three-ton semi-automatic
loading device made by Shaw Box.
Two 48-inch Schrader magnets de-
signed for shredded iron move back
and forth keeping the cells filled,
from a three-day storage supply
alongside the launders. Each magnet
has a load cell which sends informa-
tion to a totalizing device that keeps
a record of the tonnage deposited in
the individual cells. The loading de-
vice requires an operator for starting
and stopping only.

_motors. From' the holdmg cell; the -

-car ries it 20 feet to a concrete loag: 4

‘Hillside railroad siding. From thég: é

it up to a strength of 7% grams acid ¥

(one for each two cells) POWCI‘EdE ’
General Electric Tri<Clad mducnm
cement copper mud is then PUmpcd ;
by another Worthington unit . to
2,200 revolution-per-minute Bird cé. &
tnfuge that dewaters the precipitats %
to 15 percent moisture: Overfigh EJ
from the centrifuge goes back to' the &
precipitating cells. ‘ i
From the centrifuge the dewatémd
cement copper drops onto an 18-inch ;
wide Hewitt-Robins conveyor thag !

>wW mw-w

g pad. Here, a 1%-yard Hough ¥
Payloader loads tractor~traller trucks -
that take the cement copper (am. 4

aging 70 to 80 percent Cu) to-.the 3-

it is shipped to the American Smelt.
ing and Refining Company smeltzr- 3
at El Paso, Texas.

At the end of the launders the bar.
ren acid solution, now devoid of cop- £
per, flows by gravity to two 500,000 &
gallon conditioning ponds. Here; g
fresh sulphuric acid is added to bnng #

per liter of water and the dilute solu- f;
tion is again sent to leach the oxide??
dump. Acid consumption in the cir- ¢
cuit is approximately 10 pounds acid "
for each pound of copper. C
Waterfor the acid-leach-precipita’=-
tion operations is .piped from Burro ..

. For each pound of cement copper  Creek, some seven miles away. Dur-+ | . w
produced one-and-one-half to two  ing dry summer months, though, this=. | 'S !
pounds of burned, shredded tin cans  small creek dries up, so deep wells i in s men
are needed. These are- purchased  the area have become the sole sourcess | '
from Las Vegas, Nevada (300 tons a  of supply. LS t“'(l)l'
month) : Phoenix, Arizona (100 tons .  The entire operation is run by su-»-fx~ ""T’]
a month) ; and Los Angeles, Califor- pervisor Edward S. Howell with oneit:
nia (6,700 tons a month . . man each at the control panel, acidz: t\c;r_u

As the shredded tin in the cells is  plant, and precipitation cells; plus§ ﬂ 158
replaced by copper, the mud precipi- two maintenance men, and - one3 o'tlg.]
tate settles to the bottom and is  clean-up laborer. The general mans; d
pumped to a holding cell at the head  ager of all Bagdad operations- 3 jan

~of the launders. This pumping is  George W. Colvxlle assisted by Rob-, g !
done with 10 Worthington pumps  ert C. Begart. eND§ | VOO
“\f'x'k mag
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ALUM CREEK DUMP is smallest of the two large smpplng - | diffe

*dumps that contain an éstimated 0.435 percent ocnd solub|8 . |-ships
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ngher extrachon of copper from mine dumps is achneved«--‘-
. with warm leach solutions, indicating the desirability of re-. -~
cyclmg effluents heated in percolatmg through Iarge waste ’

" dumps.~

- of iemlimg

. . By E'E. MALOUF ]
: Project Development Engineer ...
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and -

" mathematical

- : investigations embraced the: studyg ;

L ) Wast e DIIIﬂpS - :

- ‘cluiding the témpérature: effect;¥ike

" osity. related to- the ‘flow:*
. through random and altered: rockf’

" stituents: such as limestone: onZihg e
. solubilization of copper: Thest Hom

- . automated. and. the precxpuated,co

. Oxidizin
L - P h

tific hleralure are the catalysry Eﬁj S [
the necessary oxidation to réndes ths A study o

x dicated the pr
%54 (oria that acte
copper soluti
only thrive i
I ccelerate th
¢ minerals to

 copper and-i
+f bacteria; tl
. utilizes the o
b (he sulfides as
another . stra
. exidans, oxid
-5t fron & i
=y hacterial --str
" othér. in that
$ which ‘keéeps.
" tion that is

thereby forn
“viant for cop
3 féf.ric. sulfate.
~ This"bacte:
. to ferric iror
’n’?“ faster than ¢
] -tion. reamon

copper soluble in water proved 15}
correct. - RS
Further considerations of lhe‘ ‘
all project to permit lonb-ranve'"l"”m
ning and to yield the maximum:e
nomic return, led to systemati¢ stuc
in basic research bench : lahng;
models’ pllot lam
leachingand" field experiments:on: ex
penmental dumps at the mm&.»Th

bactena-accelerated reactions;;chemjs
cal reacnons, chemical kinetic '

theones of" permeability »and’; tortn.
3 walu\

g

mineralogy  of the' copper-bes
waste materlal and the effef't~

have. been’ supplemented _b)
whereby the leaching system

. per may be made at a lower< cosl Al lemperatures
tions withoui

_ Bacterial
- formr-sulfaric

of trymv to_convert an’; apparenxfg‘_ can be used
simple, random process: into_oné’ & '\\a~te dump
. can be.controlled, engineered and_ gea ' . lixiviant for
signed_to produce low-cost copper - This -approa

J. D. PRATER

— " Chief, Hydrometallurgical Section
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EhE”'OFORE leachma of cop-

-per from mine waste “has. been
more of an art than a science. Long
ago. the blue tinge of waters ﬂow-

ing from some copper mines and the- -
f'eshets coming down the draws dur-.

ing spring runoffs where mine waste
was dumped showed that water-col-

ukble copper—CuSO,—was going to .

waste. Moreover, where these copper-
béaring waters flowed over tin cans

" or bits of scrap iron; the red color of
“precipitated metallic’ sponige copper

was evident. What could be more logi-

.cal insofar as mine waste dumps were
concerned—simply -
natural. spring runoff by pumping

supplement the

water inte ponds on top of the mine
waste dumps, collect the water flow-
ing down the gulch from the bottom of
the gulch, let it pass over metallic iron
(detinned scrap) in a concrete laun-

. der, collect the copper precipitates
.and then pump the water back up to

the ponds to be recycled. The prac-

" tical result was a simple process by .

Kennecott Research Center
Tt “Kerinecott Copper Corp

which some of the low-cost ‘copper
was-produced with a small capital in--

vestment.

Indeed,
simpler? ' i

what could be

Obieét‘ is to Replace a
Random System

- Some years ago, S. R. Zimmerléy, .
research director at Kennecott Re-.

search Center, was concerned about
the huge amounts of copper gradually,

accumulating in these very low-grade .

mine waste dumps as compared to the
relatively small amount. that was be-
ing retrieved annually by this simple, .
lucrative and empirical process—
“sort of letting nature take its course.”
Also, he was concerned about a criti-

cal problem as to how insoluble cop- .

per sulfide minerals such as chal-
copyrite and chalcocite were changed
into CuSO,, which was soluble in
water and hence could be leached

" from the mine dumps. In this in-

stance, his hunch that bacteria, re-

.non of pyﬂte rnight ha\e: some-a’m

- million ton- reserves resulting;:

‘cycled soluhons it was.. found

.\sa~te dumps
| erals or whe
Rog eat of the wi
“¥ “ment of the 1
%+ dump.- -
L nwaste d
i ment i5.suita
. of the bacteri
_that “under. «
pH of the )
iron, present
formed.in th
through whi
bufﬁment ox
obtained fro
aver - the ro
_ayvele- of ‘the
dized to fer
* oxidizes the's
< iron_again b
iton to a"au
mpeated seve
permeate thy
fect will con'
teria obtain .
lure in the d
Pasteurizatio

create a_ maximum cash: ﬂow: ’

of lo B
__5\“"

of a new tecljriology for the T : 23
of copper from the low-grade; m EK*

the segregation of . sub- marmal
per mine. waste ‘in 'dumps_am
to leachmg Processes.

By controllmrr the pH of lhi.
accretions in the pipelines’ were-gi
solved, the surface of the dump
pervious,
of soluhons into the dump perml
the inspiration of air, thereby aCCd‘\"
ating the bacterial oxidation: of:,
rous to ferric iron. : ‘&'3%3 3

Controlling the pH o the..l. L
solutions not only keeps the’ plpfh{‘ﬁ e
and surface of the waste duiop 9
but also keeps the ferric 1ron if “’"%‘f

... "Sunlight N

Bacterial «

lution, thereliy forming™ ah ‘e ective ,.l::,”gd?re.not‘
lixiviant for the copper sul dw‘ e rect sus
erals -t €n mud_e' !

- NOVEMBER



:'Oxidizingﬂ‘tiacte'ria"Found in

Stign. "Mine Waters .
St fmj : 1
er the - . @ A study of various mine waters in-

to be 1 ",dlcated the presence of oxidizing bac:
T terla that actually thrive in h);,h -acid -
¥opper solutions. These bacteria-not

tover.
plan- . - §Zenly; thrive in this environment, but
n eco- } Yoccelerate " the oxidation “of sulfide
tudies }lmerals to form acid and soluble
esting.. geopper and iron sulfales. One strain
“plant -~ 8ol ‘bacteria; thiobacillus thio-oxidaris;”
on'ex. - gtilizes the. axidation -of the. sulur of .
rhccc ie sulfides as its-energy source, while
dy of. 3 other “striin, * thiobacillus ferro-
chemi- ' - %) "dans, oxldlzes ferrous:iron: to fer -
cs in: -f§2hcciTon .as.its energy’ source. .Thece.
t; the _’bacterlal strains complement ‘each
“tortu.”~ - M Zother in- that  the one produces acid-
water hlch keeps the ferric iron -in solu-
ck,the. g&kon that is produced by the other;”
earine " 80 erehv ‘forming the powerful “lixi: -~
i con: - P Fnant for.copper mmerals of acxdlﬁed
n:-thie “alprric sulfate.. .. 7 L D
eflorts - M This bacterial ox1datxon of ferrous
stodies. 1+ T {ernc iron. occurs a-thousand-fold. .
nay e - ter than'.does the chemical ‘oxida-
d eop Ron-reaction by derdtion: at ambient
)Sl_il_lld : peratures “under” sxmllar condl-
S hons. without bacteria.” =~ _
st fave' acterial -oxidation” of Tpyrites to -

s midst & gorm: sulfuric acxd ‘and ferric =ulfate

arentl\ e~used in. “breeder’ . fanks ona’’
ne that’ » ldump {0 genérateé a. ]ow-cost
and-de-
pper tis 3 proach ¢an’ De- used where
1o the

ﬁs ‘are, low in sulfide min-

ndncate.s L or “where' a high limestone con-

e con ent of the wiste prevents the- develop--

| oxidas... ;8 lyt of the bacterral omdatlon in. the

e bear

ow sul-" 8

C e T t is: smtable for the promulaatxon

sis: we : ‘the ‘bacteria, it has'been deterntined

opmeit that- under conditions. of-controlled:

scovers”.”. @ ~«4 of the-solutions -and. with- ferrous._
mu]h- 2n..present, ferric. iron :is. readily

g fron. N : nned in the firet 20 16750 ft of Waste™

kg gh “which~'the. ‘solutions~trickle:"":

ined from. ‘the’ solutlons trickling
Ber; the rocks in “the * dump. The’
of the’ ferrous iron being .oki-

d to’ ferrlc iron, whlch in turn™

¥

Bon“again being reduced to Térrois

np ke )" ated. several times as the solutions’
colafior .’ neate -through the iaste. .This. ef-
:rmmc-d.-:".‘ will continiie as longas the bac- .-
aegeler- - -obtain oxygen and the tempera-
of det- Ire’in the’ ‘dump does not exceed the
B '}‘ . leurlzanon fernperature, - 7~
e leach .
")“‘-n[“::? . % unllght Makes ‘Bacteria Inactive
p . -'

Bacterial cultures become inactive.
are not destroyed, when exposed
dlrect sunlight.” Experiments have
made to evaluate hacterial ac-

g Sor
effective
de nu-

ficient oxygen for the -bacteria is -

“are destroyed . -
dlzes the ‘sulfide mmerals, ‘with the™ '

G again entér thé cycle, can be

 Matérial Liached

Chalcopyrite sample .
Chalcopyrite-tiotation
concentrate
Chalcopyrite-bearing”
mine waste
. + Chalcecite-bearing ore
" Chalcocite-bearing -
‘flotation tailing
Copper-bearing pyrite -
‘Copper-bearing’ pyrite*
Sphalerite
- Bphalerite-and pyrile
. Molybdenite coneent rate
. ‘(copper bearing) .
Molybdenite concentrate
v (copper. bearmg) .

sulting from the bncterial oxidation.

- Table l Ru &of dwsoluhon of sulfdc minerals snd sulﬁde-bearmg -
. materlals usnng bacterially generated llxumm .

- Lixiviant -

Recycled Selution
Récycled,_&o‘l_utlon

Recycled Solution
Reeycled Bolptlon *

. Reeycled Solution
- Recycled Bolutlon
Synthetic Solution

- Synthetic Solution -~
 Synthetic Bolutien

Synthetic.Solution '

Reeycled Solution

4_ . Synthetlc solution refers to a ferrous sulfate golution inoculated with oxidizing i
. bacteria while the recycled solution refers to ‘the acldlﬁed ferric sulfate solution re-~ sl

"Leach- -Percent ol’ Total
. ing . Extracted
. Time, .t L . .
Duq s, Cu Fe_ Zn - Mo
a5 9.2
408 319
287 64.6
103 95.0
T 89 . 66.0 -
.42 05.0 Lo .
113 9.8 - 8.8 R
337 tT 19.8 . -
. 837 100, 486
128 282 9.8 20
T R

ponds, even though the solutions were

in nighttime darl\ness ‘during 50 per---

cent. of ‘the tirme and viable hactenaf
cultures -were ‘présent. The bacteria

_ dre"extremely ‘sensitive to ultraviolet -

hoht fo.rvonly short exposure to thle
culture. .

v Temperature has been found ‘to
.exert & very pranounced eflect 6n the -

.rate of the bacterial conversion of fer-

-rous to ferrlc 1ron w1th maxrmum
bactenal activify occufring at 35°C;

. temperatures' above 50°C, have been

found to_destroy the bacteria;- below

“35°C-the rate of bacterial action de- -
“creases ‘non-linearly as the. tempera-

“ture is reduced. | -

' ~The oxidizing. bacteria ‘are -active

_only~ in acid medla. Bacterial. action -

_is most pronounced .in a media having -
a pH between 2.0 and 3.5. Both above .

“and: below! this pH tange, the rate of
bacterial oxtdatlon decreases and . at

pH values .above 6.0 bacterial action

is ‘almost completely inhibited. In
alkaline ‘media (pH 9) the hacterla

D

Warmed Solutuon; Increase )
; Recovery

th the uge of control]ed pH ]eaeh

~dumps, it was noted" that copper con-
tent of the effluent solutions increased’

- tworto:four Ib'of copper per-1000-gal -

over and above that obtained previ-
ously. This was attributed not only
lo the formation of the ferric sulfate
lixiviant, but also to maintaining a
pervious condition on the waste dump
which permitted the penetration of air
necessary for the bacterial oxidation

tnlty in open ‘ponds w1th solutlon
depths up to two ft. Virtually no bac-.
terial -oxidation was noted in these-

solutlons on the - largze mine waste’

to proceed

As these coudmons were main-
tained on the waste dump, the tem--
perature of the effluent solutions -in-
creased 25°F over the-temperature of
the solutions entering the waste dump. |
‘Solutions that were entering the waste
at 85°F temperature were -draining-
from the wasle with a 110°F tempera-
ture. e

On an experlmental ha51s the leach_
so!utlons were first heated to the 100

to 110°F range before being’ dis- LT

charged on the waste dump-to deter-
mine- the effect of ‘recvcling these
warm solutions through the--dump.
The- eflect” of -theSe warm ‘s6lutions .
.was to double-the copper content~ of
“the solutions from the dump. .

Even though the temperature . of the
leach -solutions had approached the

point ~where pasteurization ‘.of - ‘the = v -n

bacteria could be expected, the rate
of chemical dissolution at this higher
temperature exceeded that of the bac;
_terial ‘actioni ™ V.- T
. On small dumps, namely those . up
to 250 ft in depth, the energy gener-"
. ated by the oxidation processes is lost.
" by radiation 6f heat as fast as. it is,

...~ generated. However, on larger dumps

there is. .an accumulatlon of this
energv sufﬁcxent to increasé the tem.”
" perature of: the leaching: solutlons -an,

‘L addmonal 25°F. . '. <] _..'

Value of pH Control Demonstrated

" Rate of ‘dissolution of @ number of -
sulfide ‘and -sulfide-bearing ‘minerals - . -
has been determined in laboratory
tests. Data obtained from these tests
indicate that the copper sulfide min-
erals, in increasing resistance to dis-
solution, are chalcacite, covellite and
chalcopyrlte

With copper- hearm'r Py rlte, theh
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gquation is n
form:

Leaching begon ot the Utah Copper Dmslon in 1923‘
when-a.test plcmt was erected, in the bottom of the pit
ot Bingham "Conyon to recover copper’ from meteoric

.

SRR

waters. There ore now four leaching .woter distribution - - where:Qa=d

systems, and a fifth one is projected after installation P=c
of a tunnel in Dry Fork. A 20,000,003-go) reservoir wos
recently completed to conserve run-off water so as to

assure full operation of the existing leaching systems I=h

ot aoll times .
| A=a
e i This form

4./'\ REStAVOR-
. SN, ~on, vt ucumm
R - i
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copper was- selectively extracted. In”

113 days of percolation leaching of
.copper-bearing pynte, containing four
percent. copper, using a synthenc

- .. nutrient solution inoculated with bac-
-teria, ‘80-percent of the copper was.
extracted while only four percent of.
the iron was solubilized. However,
~when -a pH controlled, bacterial gen-

- erated lixiviant of ferric.sulfate-was..” 7~

vsed, virtually all the copper was ex-
tracted 'in 42 days. The second solu-
..tion _was much more effective because .
of its hizher content of solubilized
ferrlc sulfate.
“Copper and iron minerals  can be
selectively leached from molybdenite
concentrates. Twenty-eight percent of

* . the copper, ten percent of the iron and- -

. virtually. .no. molybdenum were ex-
tracted. in. 123 ‘days of percolation
. leaching of a sample of. molybdenite
concentrate containing 2.17 percent

copper-and-3.30 percent iron. -

Sphalerite was altered and the zinc
solubilized when "the sample was
leached using a synthetic solution in-
oculated with the oxidizing bacteria.

~ . With mixtures of sphalente and py-
.+« -rite, the pyrite was preferentially at-
tacked. \In one laboratory test in

“which a ‘mixture. of ten' grams of .

sphalerite and three grams of pyrite
was uséd, the iron was completely
solubilized together. with .50 percent
-of the zinc in 337 days.
Table 1 lists' various products

leached' and the comparative extrac-

tion at various leaching tirnes. .

In summary, the order of copper
‘minerals ‘in increasing resistance’ to
attack was chalcocite, covellxte chal-

“;.."84. oo L

copyrite. Copper was
extraéted” {rom molybdenite “concen- -
trates. Pyrite was attacked more

rapidly than sphalerite when mixtures

of the two minerals were leached
“simultaneously with lixiviant "pre-
pared by the use of oxidizing bacteria.

- Dump Permeability Varies Widely

. The capacity of a formation for
trancmltnnv water is measured. bv its

 coefficient -of. premeability which is
,defined by Meinzer as the.rate of flow

“of water in- ‘gallons per day ‘through’-
a cross-sectional area of one sq ft un-

der a hydraulic gradient of one ft per ..

-ft at a-temperature of 60°F.-
Flow of leach solutions through a
mine waste dump is affected by the
_ composition. of waste; namely, fines .-
or clay minerals that are present, size.
-of the waste, depth and horizontal
length of the dump, age of the dump
which . determines the degree of re-
consolidation of the wa:te, as well as
the breaking down of .various gangue -
minerals to form clays or slimes
which fill the interstices of the dump.
The larger the dump, the faster the
“alteration due to -internal tempera-
tures and pressures. .
Data - obtained from leachma var.-

lous size. dumps indicate. the- co-

efficient of permeability of leach solu-
tions of 30 gal per day per sq ft of
area-can be expected for dumps, 30
or more years old which contain con-
siderable slimes and clay, to 240 gal

selectively . _
- leached from copper-bearing .pyrite;
copper and iron- were preferenhally

per day per sq ft of area for a waste

dump which has not aged to the point

-.the. flow of- waler through- capxllary

“was Darcy ‘who confirmed .an

| gée with-the
- eient of tran:

_listinction 'k
..t!ult of the _cg

\\here QJ— <
I=1

“In -applyi
. ground wat
* - cases of wa
ihe waste d

permeabiliti

B . - have.been I

i . the “hydraul
,years of. age. . : " proximately
: Leach solutions placed on a 100- height. -

hwh waste dump require two- to’ th »

days before the solutions émérge from gy o Acdd Add
the.toe of the dump. A 250-fl hxg ,_ * " The bact
dump requires_three to four: dam& " iron to the
300-ft dump six days whlle a.400 i"v because-of::

. . ubilization.
resultant o

“dependent ixot only "on the - verti al’ -¢solutions.of

distance, but also on the’ honzontaL : .prec1p1tat10
distances ‘through which ‘the =ol ¥i . iren  cause
.tmns must. percolate. s ‘and precip

" Ground-water hydraulics can beap' ~fate. Lower

partial plug
ing of the ¢
-salts result
» .The.add
~silfuric ac
_ solution'ha
7 in preventi

plied in studying the leaching o£xm!m 3
waste. Althouvh -the-first studies 46

tubes' by Hagen and Pmseuxlle indiftzpg
cated that the rate of fow:.is"pr o

_portional to the hydraulic gradién

plied this law to.the -flow of wa tation of b
percolatmo throu0h filter = san being used
leachm" ¥

. Operatlon

~ practiced,
; with lixivi
: Field tes
where v= velocnt.y m. feet per day«w 9 *_ff'v - lhe Utal
+" . P=coefficient- of permeéability i2 ‘;""' . "lw Of sol
-..z+"w -, gallons per day per sq\m“ { eliminated

2. oot et el furic acid

_ I'=hydraulic gradient in’ feets ‘operating

- per foot -, -:‘~¢.~“ ok - "ability'w'

p= perosity in percent o - per éq ft

“In most ground waler problemS. _ per hour5
and .this would : -apply to mine waite - use” of th
dump leaching, the total volume*of@¥RE "~ time iy
flow is requued rather than the ‘°I BH  under lea
locny, and con=equently Dafc)’-' :’wjj‘ _ dump O
.. NOVEMB
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Qs=PIA =~ . .
coefficient of permeability
in gallons per day per’

square foot.
g e hydraulic g‘radlent in feet.
. - per foot .

A = area of flow cross sectlon in
: square feet | .
his formula .may -be -adapted .for. .

¥4% with thé more convenient coeffi-
: EST AN

ent of. transm1=51bllxly by noting the.
‘ﬁgnncnon between- its deﬁmtlon -and
-4

A5 f the coeﬂiment of. permeabllxty
i T Qd =TIW" '

-qhere Qu = discharge in gallons per day
I= hydrauhc gradient in feet

per foot

. T= coeﬁiment of transmxssnbxhty
" in gallons per-day per foot -
- W= width of flow cross sectlon
in feet"

ZIn applymg Darcy’’s equatlon of
round | water ‘hydraulics 'to" several .
-%ses of waste dump’ leaching where
—waste dumps have had ‘different
meabilitiés' and-heights, the results
§E'xv ‘been the same so that invariably-
@e hydrauhc gradient has been ap-
g xunately one foot per foot of

e

econtoli’dalion
' one under ?0

:d"6n a IOO ft ]
e two to. three ..
s-emerge froi -.
A 250- ft high -

“four days, a B
while-a. -160 -4
uires 12 days.
percolation is

£oX

AcndﬁAdded to- Depleted Soluhons

The bacterial ‘oxidation of ferrous
" to the ferric state .is beneficial
§:because of the accelérated rate of sol-’
§iibilization' of copper. ‘However, _the

.ultant oxidation 'of -the iron with

the " vertical . alutlons .of a'pH valueresiilting from -
he” horizontal ecipitation -of .copper- with scrap
zh - the <¢otu.. %‘ caused undesirable hydro]ysrs

precipitation of basic ironsul-

fikte. Lowered ‘pump capacity due to

Jipartial plugging of the lines and <eal-

@ #ng of the dump areas by precrpltated
lts: resulted.:. -

The: addmon of sma]l ‘amounts of

ics can he ap-
hing of mine
5t sfudies of”
igh -capillary
iseuille indi- -

flow.'

is . pro-- gulfuric acid- 1o the -copper-depleted - -

> gradient; it” Slution has been found to be, effective *
ted and ap- ; vpreventmg hydrolysis and ‘precipi- -
w of walcr giation’ of basic iron.’salts and is now’

Iter  sands. g used as a regular part of the

> the perco-- - g chmg program in ' the Kennecott *

wough minc  &doperation. Befére- pH' control was

Follows: @ 3practiced, permeability of the dump

SRR FEL luuv:a'lt was very slow. -
g.Field tesfs in an experimental dump
per day — the Utah mine indicated that pond-

iz of solutions could be practically. ..
r"! /mated by this - addition of sul:
id.| Later tests on one of the
ing Tdumpg “iridicated pérme-

fmeability in
Y. PER SQUITE:, -

nt in féet;. - PG

int #bility was increased from two gal
problems r sq ft Fer hour to 15 gal per sq ft
problents. r hour.!| Aniother advantage in the

mine wasle

ol of se' of the acid was the increased
1C

e that dn area could be maintained

'an It)he “‘A : :1" leach” without " sealing of the
v, a.'f“ - Dmp Over-all. recovery of copper .
OVEMB R 1962 - .

JOURNA[:'

()4 = dxscharge in gellons per day -

{rom the duxqp was substantlally in-
creased becatise of the.longer time
that an area could be leached.

‘The concentration of copper per
unit volume of solution was increased
about 30 percent in field tests when

-. ‘acid was added to- solutions used. as

lixiviants as-compared with solutions
to which no acid was added after the

copper was precipitated on scrap iron. -

-Substantial savings in_the cost of
pumping solutions to the dumps were.
realized- -because :of ‘the larger pay-

Joad resulting with each cvcle.

" Reaction isExothermic -
During the course of the experi-

 ments on a major mine waste dump, -

an increase.in the temperature of the
- effluent solution was noted. Oxidation
of copper sulfide minerals and of
pyrite are exothermic reactions. Be-

‘cause of the increased reactions oc-
<curring within’ the dumps, the tem-

perature of the effluent solutions was
increased 25°F compared with back-

- ground data obtained before acid was
"added to the solutions. The reactions

are synergistic in that with the in-
..creased_temperature the rate of re-
action was -increased, thereby liber-

-ating additional heat. Laboratory tests:

under controlled conditions mdxcated

" that the rate of solubilization of cop-

per {rom 1nine waste was increased

two to three fold by raising the tem-

perature of the lixiviant from 70° F to
100°F. The value of the conservation
of all heat ‘possible in the leach .solu-
tion becomes-obvious. -

’

B Chénnels Replece Dump Ponds.
" :As ‘a result’ of the information

- gained in the tests on a major waste

dump, a different method of prepar- .
ing the dump for leaching has been -

established. Formerly, ponds were
-made” on the dump -surface to im-
pound the water] This was necessary
because of the relatively long time re-

quired- for permeation of the solu--.

tion into the dump. The preparation.
of the ponds was time consuming and
costly. With the, increased rate of
penetration hecause of the addition
of acid to the solutions, ponds are no
longer necessary on most dumps. In-
stead, shallow channels are prepared.
-with a bulldozér to provide a strip for.
Jleaching. The strips- may either be

parallel with the edge of the dimp or -

at right angles to it, depending upan
the ferrain and size of dump under
leach. For small dumps; the channels
at right angles to the edge are gen-

erally preferred but with large dumps

either system may be used. Each sys-~
tern is being employed on different
.dumps at the Utah mine. Generally a

' strip 20 ft. wide by 4004t long will

accommodate. a flow- of 2,000, 000 gal

_per day.

Prmcxpa] objectwes of the leach:

.ing tests were (a) to effect higher ex-

traction of copper and at more rapid

. rates than.previously .abtained, and.. ..

(b) to determine: a systematic and.
controlled method for leaching the
various dumps. It has been found that

- differences in _leaching characteris:.

tics exist between the several dumps
with respect to composition "of the

. waste, percent of copper contained in

the waste, depth of waste, and time of
placement or- again of the waste in
the dump. Systematic data are re-
quired so that the status of each dump
under leach may be known. With this

information the frequency of change -

from one strip to the next and the
optimum distribution -of -solution to
the different dumps may be planned to_ -

“ achieve the most ‘effective use of the

water and to insure constant copper .
heading to the precipitation- plant.
Leachmw of mine waste ‘thus has be-

come a planned and integral part of

the over-all operation contributing

substantially to the total copper pro-

duced. Reduced costs plus increased
recovery of copper at a -rate. more
nearly current with the placing of the

copper in' the waste dump’ are goals”

whrch may be achieved.

Altemate Methods Under Study
With the increased extraction of

-.copper. from the waste, the problem of

recovering the copper from-solution--
becomes ‘increasingly important. The
historic method for recovering ‘cop-
per from mine and waste leach solu-”
tions has.been by precipitation on
scrap iron. Two alternative méthods
have been investigated by Kennecott.
‘According to the first, copper is

~precxp1tated in.a cone-by-contacting:

the solution with a form of powdered
iron. The precipitant is mairtained
in- a dispersed state by the upflow
velocity of the solution. Advantages

- of-the process include (a) the-reac-

tion is rapid and precipitatior. is com-
plete, (b) control of the process is
precise, (c) the operation lends itself
to automation, (d)} iron consumption

per unit of copper precmllated is

lower than. that in the usual precipita- ..
tion by flowing the solution over scrap
iroh. Prempltatlon of relatively high
purity copper powder, for.direct fab-- :
rication without melting, by electro-
lytic reduction from mine water is
also being studied as a possible means
of recovery. Each method or combi-
nation of both show considerable
promise as a substitute for the his-
toric method.
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A Numerjcal Method for Computing Equilibria in Aqueous Chemical Systems

Francois Mprelt and James Morgan

W. M. KeckjLaboratories, California Institute of Technology, Pasadena, Calif. 91109

A gcncral}purposc computer program especially adapted to
the study of acid-basc and coordinative interactions and dis-
solution and precipitation in aqucous systcms has been de-
veloped. The program uses the stability constant approach
and the Newton-Raphson method for digital computation of
cquilibria. It isable to handle numeroiis species and to find the
cquilibrium set of solids. Gas phascs arc considered to be at
constant partial pressures. The method is explained by use of
the aqucops iron(II)-calcium-carbonate~phosphate system
as an example. An application of the program to a system of
788 soluble specices, 83 possible solids, and onc gas-phasc com-
ponent is given as an illustration.

qulibrium models can be very useful for understand-

ilfg the various processes—dissolution and precipita-

tion, oxi(’lulion and reduction, acid-base and coordinative in-

teractions—which govern the chemical composition of natural

waters (Stumm and Morgan, 1970). A classical example of

such an|cquilibrium model is the scawater model of Sillén
(1961).

Typicplly, these models require the computation of equilib-
rium campositions for systems conlaining numerous species
«Iislribu’lcd among an agueous phase, a gas phase, and several
solid ptuscs. For any given model, the temperature and the
pressure can gencrally be taken as constants, Exchange of mal-
ter with the surroundings being neglected and ideality being
assumed, the thermodynamic treatment of such closed systems
is strah’ghtforward (Denbigh, 1966), and the equilibrium com-
posilicfn is given by the minimum of the Gibbs frec cnergy
function or, cquivalently, by the mass action taws, both sub-
ject ta the constraints of the mole batance conditions.

Wef have been interested in developing a general purpose
computer program especially adapted to solving these types of
chenical equilibrium problems, Two main choices have to be
madg in the development of such a program: First, the choice
of a notation that will allow the description of the system in al-
gcbrjlic terms and the setting up of the cquations; sceond, the
choi]‘c ol a method to solve the equilibrivm problem,

Eyery possible kind of notation has been proposed in the
Iilcrﬁlurc from the most particular once which identifics every
chemical species under a special symbol, to the most gencral
one| where elements of multidimensional tensors représent
the{specics and their formulas. Because our prime interest is
wil{\ coordination processes we have chosen to differentiate
between metals (M), ligands (L), and complexes (C). Since
acid-base interactions are of spectal interest Lo us. the proton
hus been given a special symbol (H). Gas and solid phasces in-
tefact with the soluble species in a fairly similar way and they
are given a single symbolic representation (S). We feel that

' To whom correspondence should be addressed.
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this notation is general cnough to allow the treatment of me
of the systems we arc intercsted in and that it is particul.

_enough to facilitatc the translation of a particular chemic

problem into a general algebraic one. The metals and the 1
ands are thus logically taken as the components of the sysle
and this division of the components into two familics :

. lows an unusually compact description of the system in a ta.

leau form, This compactness is important in enabling a las
number of species (up to a few thousand) to be handled.

To solve the chemical equilibrium problem, two princip
techniques can be distinguished. First, the so-called cquil
rium constant approach which consists of solving the set
nonlinear cquations provided by the mass law and the mo
balance equations. This method was pioncered by such wor
ers as Brinkley (1947), and its most prominent application
aqueous systems is the Haltafall program developed by Sil!
and his co-workers (Ingri ¢t al., 1967). The second technig
was first proposed by Dantzig and co-workers (White ¢t ¢
1958) and consists of dircctly minimizing the Gibbs free end
function subject to the constraints of the mole balance equ
tions. This method was applied to kirge multiphasic sysic
by Shapiro (1904), A Faicly complete review of the two metho
hasbeen given by Zeleznik and Gordon (1968).

We have chosen to use the cquilibrium constant approi
The determining factor in choosing this method was tha
allows reduction of the number of principal variables, 1o o
case, for example, the concentrations of the complexes can
expressed as a function of the free metal and free higand cones
trutions by the nmiass law cquations, and the problem is ih
reduced to finding this set of free metal and free ligand conc
trations that will satisfy the mole balance conditions. Thi-
done by use of the Newton-Raphson method for systems
nonlinear cquations.

As can be scen, our method is just the application of w.
known principles to a particular class of problems. Our goui
simply to present what we have found to be an eflicient and
liable tool for solving a fairly general and important class
chemical equilibrium problems in order to help others devei
similar tools.

By usc of examples, the notition and the systematic setti
up of the cquations, both in the absence and in the presene
solids, will be presented. An dterative proceduore to find i
equilibrium solid phases will then be shown. An abridged .
scription of the program will finally be given, followed by .
example demonstrating the possibilities of the method.

Description of the System :

To derive a general method of computation one has
choose some systemiatic notation that will deseribe the chen
cal system in algebraic terms. The notation that we have
sen dilferentiates metats and ligands and represents the che
cal system in a tableau form. For.cxample, the iron(II)
cium-carbonate~phosphate system in water is represented
Figurce 1. The values in parentheses are the logarithms of
concentration stability constants for formation of aguc
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o Ligands
-t CO,i- PO~ i OH -~
: CaCo, (1.95) CaH PO, (12.6) | caout 0.9)
Ca?t CaHCO;,* (10.58) .
CaCOy(s) (—=7.0). Cay(PO,);0H(s) (—=51.5) Ca(OH).(s) (—-4.9)
L FeHPO* (18.0) FcOH+ (11.3)
ﬁ‘ Fes+ | No important comple Fe(OH).* (22.0)
< or solid known Fe(OH),~ (31.0)
h "FePOy(s) (—-23.0) Fe(OH )y(s) (—36.0).
HCO;~ 9.6) HPQOQ,- (11.8)
H* | H.CO, (15.4) H.PO,~ (18.5) Water
CO.(g) (—-17 -0) H, PO, (20.4)
Figure L. Tablean represeatation for the iruu(ll'l)- Cat'-CO3? =104 ~ systlem in water

librigm constant (0.5Af ionic medium) for l'orm:!liou of aqueouns species and for dissolution of solids and gases are given in parentheses, as the logarithm

¢s from their components and for the dissolution of solid
seous species. The stability constants chd here and in the
‘examples in this paper apply to a consruml ionic medium
yM. They have been selected mainly from the compilations
lIén and Martell (1964), Ringbom (l96ﬁ), and Garrels and
it (1965). When experimental values for 0.5M ionic me-
i were not available, approximate vuluJ:s were obtained by
ving Ringbom's ionic strength cornections (Ringbom,
). Our equitibrium constant values arg not intended to be

al sclections; applications to specific problems will re- Cijr. For HT inthe cor "?lu'y) 0 for OH™in the complexy < i
- L . . . 0; so that the formula of Ci; may also be: ‘
: critical examination of the appropriate thermodynamic 5
. . . . L
for particular solid phases and uqucods speceies. Cipp== (M) (L;),(OH)_, "1
ic choice of independent componentsfis, of course, partly - . . L . . je '
mry. For example, cither carbonate (CO4* ) or bicarbon- Then, with the approprinte definition of the stability constant
nry. X& y H HIW 4 T - ,’é
11CO,7) could be chosen as a conuloncn(, but both of K'ije one canatways write the mass action law: (o
eould not be chosen at the same lin|c il the proton (1) [Cind = Koo M) (L)) m j i
w to be a component; (CO4*), (HCO,), and (H') are ~ 28
- e _ . o3
ndependent. We have chosen the ledst-prolonatcd forms This contains implicitly the result [OH] = K,/[H]} in case L 8

¢ ligands and the unhydrolyzed form's of the metals as the
jonents of the system.

ic advantage of such a presentation is twofold: It allows a
sact writing of large systems, and itjhas a pedagogic and
tical value in pointing out the possible complex formations.
main disadvantage of the presentaiion is that it is not
pletely general: Unless special provision is made, no com-
involving two different metals or lw; different ligands can
msidered. Because H+ and OH- often react with another
tl or ligand in complex formation,|the general complex
wla we use does allow this possibility. A metal M;anda
wd L; can form a complex C . of the form )

L

Cipn= (Mi)a(Li)ﬁ(H)v

where i is an index specifying the metal, j is an index specifying
the ligand, & is an index specifying the different M ~L; com-
plexesinanarbitrary order, « (in fact, a5, is the stoichiometric
coetlicient of the metal in the formula of Ciji, 8 (in fact, B4,4)
is the stoichiometric cocflicient of the ligand in the formula of
Cie, and y (in fact, ;5 is the stoichiometric coeflicient of the
hydrogen ion, H*, or hydroxide ion, O, in the formula of

vie < 0.

It should be pointed out that with this notation H* is iden-
tified at the same time both as H and conventionally as the last
metal, M3, in our example (Figure 2).

In the same way, the solids can be described by

S = (M)s(Lj),(H)n
or
Sy == (M)(L;),(OH)_,

where 8, 7, N (in fact, 8.5, 545, Ai;) have definitions similar to
thoseofl ¢, B, .

L, Ly(=OH)

Cui = (MX(Ly)
M, Cia == (M\}(L)(H)
Sy = (?\4,)(&)

Conn = (MY(La)(H)

Si2 = (M))y(L2)y(OH)

Cia = (Ml)(Ls)

Sia = (M)(Ls):

Con = (Mz)(L'.')(H)

Coan = (M-.')(L:n)
Copp = (M'.')(La)z

S

>
Al

et

CUIADINS W .

.:—!‘.w-wyr.a!

M Crss = (M:)(La)s
’ Sae = (ML)(Lo) ) Sag = (Mu)(L3):
Ca :,l"—:- (MaXL) Can = (M3)(Ly)
Mi(=H) Ca: &= (Ma)-z(Ll) Cy = (M:x)':(Lz)

Sa = (M3)ALy) Cang = (M3)y(L)

re 2, General representation (aqueous $pecics, solids, and gas) of the system of Figure 1 in terms of metals M,, ligands L, H ions, and OH ions
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It should be
mation of two

noted that this notation does not allow the for-
different solids involving a metal and a¢ligand

(there is no third index). This is being modified in newer ver-
sions of the program.

There is no

computational reason to differentiate between

solids and components of gas phases at constant partial pres-
sure since in bgth cases we can write the solubility equation in
the general form:

k= [MJ)-LY-H} @

where & (in fact, &;;) is corrected by the right power of K, in

case N < Oand
ing with a gas

contains the partial pressurc in case we are deal-
phase. Conscquently both solid and gas phase

components will be referred to by the letier S,

Now Figure
Figure 2.

I can be rewritten in general terms, as shown in

In this tableau the three-dimensional arrays of numbers X,

a, 8,y andthe

two-dimensional arrays k, 8, 7, A completely de-

scribe the genaral chemical propertics of the system. Figure 3
shows these eight arrays of numbers.

Tobeablet

p solve a problem we need as many equations as

we have unknagwns. It is convenient to consider the concentra-
tions of the complexcs as secondary unknowns given from

the principal u
nced an cqual
(#OH), and fi
particular con

Casc Where
our cxample 1
of ferric phos;
Ca(OH),, and
waler. Suppos
and that we st
time to formy
cquation for e

M 1074 = M} 4 [Ci) + [Cng) 4 [Ci) + [Ciai] 3.0
My 1070 = [M] -+ [Coa] - [Coa] + [Cam] 4 [Caaa) 3.2)
A [Cri] - [Cral - [ A [Cae) 3.3)

Ly 1078 = [

nknowns M, L;, and H by Equation 1. Wc¢ thus
tion for cvery metal (#H), for every ligand
or the proton. These equations are given by the
litions of the system in difTerent cascs.

No Solid is Present, Let us first suppose that in
he system has been made by adding 10-¢ mole
Phalc (FePQy), 1074 mole of calcium hydroxide,
10=3 mole of carbon dioxide (COs) in 1 liter of
L also that we know that no solid phascis present
idy the equilibrivm before the gas phase has had
We can then write down the mole balance
wch metal (3 ) and cach ligand (¢ OH).

Ly 1070 = [U'z] -+ [le + [C«m] -}

In general,

[Can] + [Can] + [Cra] (3.9)

1,95 ] 12.6 | 0.9 YA
10.58 |
slog K= 18.0 !z'z" ae ! :
3 i
9.6 | il ]t
18.
T i
[N o]1]|0
I I
1 1jo
8 » 2 re o]
4 Q
[ olo
V] o]0
A 4]
7.0|37.8°] 4.9 15| 1l ol-t]o
«fogk® 23.0 |360{ &~ 1] n= L3y a- olo
2089 2 1 [s]

Figure 3. The arrays of stability constants and stoichiometric cocffi-

cients reqguired
in water

e Computed for

to describe the iron(IH1)-Ca?*-CO;2™-PO,*~ system

Ky = 107137 % Computed for pcoy = 10735 atm
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TOTM;: = [MJ] + 3, e [Cind (sum on line i of Figure 2)
J.k

TOTL; = [L) + Y B:;{C:;) (sum on column j of
TR

Figure 2) (3)

where TOTM; and TOTL, are the analytical or total concen-
trations of the metal M, and the ligand L;, respectively.

We need onc more equation for (H); different cases can be
entertained. First, we might know the pH ecither because we
have measurcd it experimentally or because we have imposed
it—practically or conceptually—by adding a buffer which
has no interaction (other than through the proton concentra-
tion) with the chemicals we are interested in. In this case the
problemiis trivial: (H) is fixed (pH = 5.21 in our example) and
we do not need any other equation. I the pH is.not known, we
have to compute it by using cither the electroncutrality or the
proton condition. These two equations are known to be math-
ematically (not computationally) equivalent and can be de-
duced from cach other by combination with the mole balances
(Equations 3). For the clectroneutrality condition to be writ-
ten, we need to include the charges of each metal and each lig-
and in the data and then to compute the charge of every com-
plex. The electroncutrality equation also has the computa-
tional disadvantage that for any salt present in high concen-
tration and cssentially free, we will add and subtract the
concentrations of the cations and anions, respectively, in such
a way astocreate a round-off error that might not be negligible.

For these reasons we have judged it preferable 1o use the pro-
ton condition:

Z “acids™ put into the system —Z “bases” put into the

system = 3 all species containing HY —

2 all species conlaining OH~

This cquation comes from the conservittion cquations of H+
and OH~ and from the fact that for any proton produced by
the dissociation of water there is a corresponding hydroxide
ion produced.

The delinitions of *acids™ and “bases™ are, of course, rela-
tive to our choice of metals and ligands—e.p., it CO* =L,
then HCO~ (HL) and CO, (ML) are acids; if COx = Ly then
HCO;~ (OHL,) and CO;2~ [(OH).Ly] are bases.

With our notation, the proton condition can be written in
the general form: )

TOTH = [H] — [OH] + 2. aiulCiz —

lnst row

1k
BisdCid + 2 vindCind (@)
tust cotumn [N
ih

TOTH is an inpul into the problem whose value will cor-
respond ta the experimental base-neutralizing capacity (respee
tive acid-neutralizing capacity) of the system if the compe-
nents are written in their least-protonated (respective most pro-
tonated) form. If only neutral components are chosen, the pro-
ton condition is strictly identical to the clectroncutrality con |
dition. In our example, if CO4?~ = Ly and Ca(OH). == M, then .
TOTH = base-nculralizing capacity; if COy == L, and Ca®*
= M, then TOTH = acid-neutralizing capacity. Since in this
case our choice is mixed (CO3*™ == L, and Ca* = M,) TOTH
has no direct experimental meaning,

In our particular cxample the proton condition is written:

TOTH = [H] — [OH] 4 (Can] + 2{Cas] + [Cs] +
2[Cux) 3[C:«2x]_—- [Cia] — (Can] — 2(Caze] — 3[Coan] +
[Cud + (Cuad + (Conl (A1)

v
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.lhlq I. Successive Computed Solutions for the Equilibrium Values of Free Metals and Ligands for an Iron(I11)-Ca2+-COQ,2—PQ 2~
System under Conditions Where No Solid Forms and H.CO; Is Considered a Nonvolatile Species

Components: {FelPOylr = 1076A7; (Ca(O1 )]y = 104315 [COJ7r = 10301, The uuulllmum composition is computed with sufficient accuracy
by the tenth iteration

Iteration .

no. (A1) ' [M.] - (L] {Lq) [H]

0 1.00 X 10°8 1.00 X 108 1.00 X 10-8 1.00 X 108 1.00 X 10°¢
1 1.00 X 10-% 4,90 X 1012 2.43 X 1078 2.89 X 1010 1.00 X 10~8
2 9.89 X 10~% 2.59 X 1012 1.80 X 10-8 7.12 X 1011, 1.26 X 1078
3 9.90 X 10~ 6.30 X 1012 1.80 X 10~-® 2.61 X 101 ' 2.80 X 108
4 9.92 X 106 1.39 X 1010 1.80 X 107 2.61 X 1012 3.36 X 1077
5 9.98 X 10-® 3.87 X 1072 1.80 X 10-8 2.61 X 1013 5.02 X 10-¢
6 9,98 X 1073 9.66 X 10-1° 8.06 X 107 2.61 X 10~ 5.04 X 10~¢
7 9.98 X 10~ 1.88 X 100 ’ S.42 x 10~ 4.79 X 10— 6.17 X 10-¢
8 YU X O 5,94 X 10 ¢ 8.46 X 1o .13 X 10w 6.1 X 10
Y Y.Y8 X 10 V.33 X 10 ¢ 8.46 X 1y ? 8.19 X 10 6.1 X1p°
10 9.98 X 10-* 9.33 X 1071 §.46 X 10 8.19 X 101 ] 6.11 X 1070

where TOTH = 2[CO.)r — 2[Ca(OH))r = 2 X 1073 — 2 X equations ‘satisfactorily. Specifically: [right-hand side of Eq. 3

104 = 1.8 X 1073

Equations 3 and 4 completely define the system once the
swecondary variables have been replaced by their values (Equa-
Jdon 1). To solve this system of nonlincar cquations we hive
used a slightly modified Newton-Raphson method. This in-
volves writing the general expressions of the derivatives of
tyuations 3 and - with respect Lo the principal variables (M),
(L), and (H). Ttis a simple matter; the expressions are given in
the Appendix. The Newton-Raphson method starts trom an
nitial guess and improves it by use of the iterative procedure

‘\'w’l : ‘\-‘n - -In—‘,)-:n

Where N is the approximation of the solution vector X in
the system Y(V) = O at the ath iteration and N is its im-
provement al the next iteration. J is the Jacobian matrix of the

— left-hand side of Eq. 3| < 107% X lefi-hand side, Eq. 3 and a
similar condition for Equation 4. The negative logarithm of
the concentrations of every species at equilibriun is shown in
Figure 4.

Case Where Known Solid Phases or Gas-Phase Components
at Fixed Partial Pressure Are Present. In continuing (o work
on our iron(HD-calcium- carbonate-phosphate system, sup-
pose that the particular conditions are: peo, = 3 X 107 atm;
[Car(PODOF ]y = 2 X 10-3M; [FePOly = 10730 [HP0,)
= 3 X 107 and i we know that the solid phascs
Cu OOy, Siz, and POy, Se, are present at cquilibriom,
then Equations 1 defining the secondary variables, (€], are
still the same. Deliniog |81 as the nomber of moles of solid
S or gas Sy per iter of solution (o bizarre but convenient
definition), we can write the mole balance equations:

system, ¥ is V(V,) a Wi J(VL). F

u)nigl]:, Isaac:olfmd)K:ltI!c‘r,(l563. - For detalls see, for ex M\ TOTM, = 5 [Sn] + (rhs, Equation 3.1) G-n
To avoid the convergence toward a negative solution we have M,: TOTM, = [Sz] + (rhs, Equation 3.2) (5.2)

slightly modified this iterative procedure and developed the

empirical rule to simply divide by 10 any concentration that Ly: TOTL, = [Su] + (rhs, Equation 3.3) (5.3

the Newton-Raphson iteration would make negative—i.c., if
Yo' < 0 take instead (Xapa!)’ = X.}/10. This “trick” scems
1o work well. Table I shows how the solution of our particular
cxample [107SM FePQy; 10-4M Ca(OH),; 1073M CO.) was
found, starting with the initial guess that each frec metal and
vitch free ligand concentration was 107¥M at equilibrium,

At the teath iteration the values were judged to verify the

Ly TOTLy = 3[Sy] + [S»] -+ (rhs, Equation 3.4) (5.4)
and the proton condition:
H: TOTH = —[Si] 4 2[Sa] -+ (rhs, 4.1) 6.1)

The general Equations 5 and 6 are casily written similarly to
Jand4:

pLy = 8.07 ply = 14.09 pLy = 8.49
> )
pCuy = 1012 pCi = 10.70 pCia = 11.59 '
])an =6.71 .
}
[JC;‘Q] = 1233 ﬂC'z:“ = 822
[)[W'g = 11.03 [JC*_!;;'; = 6.01
[1(,'233 = 1399 ,
pCan = 368 pC32| = 7.50
PA"J = §.21 [)C;uz = 310 [)Cneg = (\()I
' pCaa = 9 13

Figure 4. Results of equilibrium computation for an iron(IT1I)}-Ca2*-CO;? 1’0~ system in absence of solid or gas phases

The tableau gives the negative logarithm (p[ 1) of each metal ion, ligand, protonated ligand, and complex at equilibrium
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L, L, L, L, L, OH
M, S, S,
M, Sas ‘—‘_—- Ses
M, 5" ———su
“ L,
H

Figure 5. Examples of ‘‘connccted’” solids

813, Szg are connected ; Ssa, a2 are connected; Si, Sg: are also connected
Sz, S2¢

‘There are two families of connected solids:
Sty Si4y S14y S22, Sz

TOTM, = [M] + Z 8:i[S:5] + EL @i [Cipl
J Ik

)

TOTL; = [L] + 2 nalSi) + ZL BiidCin)

TOTH = [H] — [OH] + Y 64(Sul+ ¥ aulCid —

last row last row
i ik
> walSil = X BindCand + 2 NilSql +
last column last, q?\lumn K
i Tk

2 YilCis]  (6)
17k

Let us come back to our example. Not knowing what the
value of [COug)]r is, we can lake it to be some sufliciently
large number, say [CO.)r = 0.1M; then

TOTM, = 5[Cay(PO:}:OH}r = 1072M
TOTM, = [Fel’Oy)y = 10-3M
TOTL, = |COy = 107'M
TOTL, = 3[Cay(PO.):0H]r - [FePOLr -
. PO}y = 1072M
TOTH = —[Cay(0.):0H]r 4- 2[COy)r -+

POy = 207 X 107'M

We have introduced three new unknowns [Si, [Sa], [Sal;
correspondingly, we can write three new cquations of the
type 2:

Rathcr than to solve this ncw system with the new unknowns
[S:;] (which are, in fact, only formally defined), we have cho-
sen to eliminate systematically those unknowns and thus to re-
duce the number of equations.

We shall say that solids are connected whenever they share
a common metal or a common ligand. We shall also say that

solids are connected whenever they are connected to a com-
mon solid (Figure 5).

Whenever we have a family of connected solids, we can ar-
bitrarily sclect a principal variable among the metals and the
ligands involved in such a family and, using Equations 2, de-
finc the other metals and ligands involved as secondary vari-
ables. For example, choosing (H) and (L.) as principal vari-
ables in our system, we get:

from (2.3): [L,] = 10-%-5-{H]? @a.t;
from (2.2): [M;] = 10-23-0-[L;]"1 1.2
from (2.1): [M\] = 107378, [L ]~ Ys{H]* Vs 7.3
In general:
[secondary variable] = u-[principal variable)’-{H}*' (7!

For simplicity {H] is always chosen as a principal variable and
the cocflicients u, », and »' can be computed on a systematic
basis. It can be casily verified that the coeflicients v and »’ so
defined for each new secondary variable are those that wil,
climinate the {$;;] from Equations 5 and 6:

(cquation with [S:,] eliminated) =
(equation of principal variable) +
Z v+ (cquation of connected secondary variable)
[+ > v’ (cquation of any sccondary variablc) ]
only for proton condition | (8)
In our example:
Equation 5.4 — 3/5(5.1) — (5.2) gives:
TOTLy =35 TOTM, — TOTM, = (rhs, 3.4) ~
3/5(rhs, 3.1) — (rhs, 3.2) (R
and

Equation 6.1 -+ 1/5(5.1) — 2(5.3) gives:

St IMFILPHF = 10778 @n TOTH + 1)STOTM, — 2TOTL, = (rhs, 4.1) +
Sz [M:][Le] = |0~»0 22 1/5(rhs, 3.1) — 2(rhs, 3.3) (8.2)
S [H)HL] = Q0.8 (2.3) We then have two equations (8.1 and 8.2) and two principal
pL, = 9.63 pL: = 10.01 pLy = 8.27
_ [)C||| = 10.32 [)C]Q] = 5.48 [)Clzu = 10.00
Py = 2.64 pCua = T7.12
pCey = 10.43 pCay = 9.96
pMy = 1299 pCazz = 7.53
[)Cn:q = ‘507
pCan = 5.46 pCan = 3.64
pM; = 5.43 pC:“! =509 I’C.m = 2.37
[JC;;; = 590

Figure 6. Equilibrium compaosition of the aqucous phase of the iron(H1D=Ca2*-C0,2==1"(),* = system with peo, = 3 X 1074 atm and with Ca,O11-
(1POL)a(s) and FelPO (s) existing at equilibrium
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Cholge of aset of salidy

Computation of #quilibriuin

Compasition
Toké gut lhe solid for
Ry [Sj < O?___L whlth{S ] "min
i b
L No
#dd the solid whose
Any solubility praduct Yoy, ,golumlllg mducllsmes!
excecded? ——-eu:uudad:[’ Shos max—
Ho
OQuUTPUT

Flgurc"?. Routine for mndifying the existing st of solids in:a system
b cach stage in e compuiintion

unknowns (1T and L), The segomeiry unknowns arg given by
l"qun(i(ms tand 7. The derivalives of those cquiations with re-
spect to the principal \-'.ll‘h‘lhl!..‘- ure Lnlhlly computed from the
derivatives of Equations 3 and 4 (sce Appt,mh\) Thee New-
ton-Raphson micthod cuan then be used as belore and Table 1L
shows how the solution of our example (peo, =3 X 10~ alm;
2 X 1073 apatite; 10-9M FePO; 3 X 1073M H,PO,) was
found §tarting with the.initial guess that.every frée metal and
evéry Iree ligand were 10780 at equilibriur (in fact, only [H]
and [£+] dre important sinct the other§ are domputéd as see-
ondary variablis). _ )

At the tenth iteration, the values were judged.to verifly the
gquations  satisfactorily. The negative logarithms of the
toncenirations of every species at eguilibrium are shown in
Figure 6.

Cuse Where the Sotid IMhases Present Aré Unknown, 10is nol

always possible 1o know, a prioet, which solid phases are ae-

tually present at cepualibrivmg wie might guess (hat o sobid is
prm.nl while it isin fuct completely-dissolved at equilibeivm
v @r seciprocally, we might nol Toresee the precipitation of o ver-

Lain solich, In he tirst of those eases the system of cquations

hos o solution thilt corresponds 1o a negative [$,,). On (e
other hand, i we have Aol Torescen the.presence of o solid Thdt
does exist al equifibrium, the ser of coneéniéaiionsg thal solves
the problem simply exceeds the corresponiding solubility prod-
uct In cither of those cases.a sofulion cdn be conmiputed on
- which the chosen setof solidscan be tested. One carithen smad-

" ify this cheice-and start a new computation. This process is re-

peated until , hopefully, the right set of solids is Tourd. The fol-
lowing diagram shows how our program modifies the set of
solids afler cach computation, Qther ways are, of-course, pos-
sible; this one scems to work well (Figure-7). )

L, L, L, L. Ly oH
M, Lo 'El'u isl'!
L] 2 s 2 vs! a
" S Sue
h“‘ S(i s'):
H Su “Waler

Figure 8. Examples of ““closed™ families of conncefed sotids

S B, Sazy Sz, Seay Sy 81 isa closed” family of eonnected solids. Sy,
Sty S isalse a Cclosst”” fumily of connecteil soliids since N and O are
vl inclepenilent, (Wiater “ Nog)

W have chasen (o “precipitite’ and “dissolve”™ solids ong
iy one te change the system as little as possible and to use the
solution of the preceding computation as a good guess (o start
the new one. We hive also chosen to “disselve’ solids hefore
“precipitating™ the 1o avold the creation of a “dlosed™ Tam-
ily of connectid solids (Figure 8).

Such (amiliceare defined by

“number of ligands” <
“number of solids”

“number of metals” 4+

itnd they can be shown 1o be, in-general, impossible merely by
anpplying the Gibbs phase rule: In ihg example of Figure § the
covilicients A are all supposed Lo be zera, I the pH is-arbitrar-
ily fixed oneneeds an additional degree of ireedoni and the ex-
qaimples are valig even wilthnonzero A cotllicients.

The scheme of Figure 7 works only for golids and no provi-
sion has been made in the progeam to compute equilibeitm of
s phinses at constant volume, Bis thus important Lo impose
asulliciently high total concentration of the known gas-phase
cotmponenty 1o nvoid trouble witls the routing,
Figure 9 shows how ihescheme of Piguare 7 worked in (he ex-
ample previously treited (peg, = 35X 10 atm; 2 X 10 M
apalite; 1079M Fel*O,; 3 % 7M1 P0O,), where the solids
Si, CaCOy, and Su Fd,(jH),-,, were imposed instead ol Siy
anel Sus. “

Thuse numbcrs at’ iteration 25 aré, of .course; identical to
those found bEfore (Tablé:11), Cv means that the piogiam
converged atthat iterition—i.¢., the valucs on that line arc.the
mathematical solutian of the system when the corresponding
solids areimposed up to-that point. For example, at the third
itcration, 8 and Sy, are imposed;-at the 20th iteration, S,
Si, and Su3 arc imposed.

Pelinsodving™

4 Tteration
- ne., (M) [af:] L] [£:] {H]
. 0 316 X L0=s 1.26 x 10-w 306X 1078 1.00 X 107¢ .00 1073
N 3 {ev) 9.44 ¢ 107? 6.50 X 19~ 1.06 % 1077 8.00 X 10-" 1.73 X 108
S | _ . Solid S, “dissolves” .
R 6 (cv) 9.4) X 107 | 7.56% 107 | 9.57x 10 ] 7.58 X 10~ | 1.82 X 1078
,‘ : Solid Sy; “preeipitaics™
" 14 (cv} 3.0 X 1075 | 163X 1071 | 123 X 1070 | 6.88 X 1071t | 5.06% 1070
b . ) Solid S, “precipitaies™
b 20 (cv) 478X 1074 [ 1.48 x 107 | 1.32X10-% | 6.77 %107 | 4.89 X 107
. ‘_mlld Sai "dl\\fﬂ\-"l_‘.
: 25°(ev) 2.30 X 1073 | 103 X 107 | 2,33 5¢ 171 | 9.67 x 1o~ | 368 X 1078

S

‘Figure 9. Mustration of suceessive modilications of solids in aniren(11D-Ci t €02
ﬂu: équilitrium set {same conditions as in Table [T except that the solids CaCOy(s) ane Fe(OE [ (s) were imposed wt the autsetof the computation)

120 ,2= system where an initially imposed set of solids was not

At ihe 25th itération thé corret $et of solids has.keen formed snd thé equilibrium composition is attained
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Table TI. Successive-Computed Solutions for the ¥ qmllbnum Values of Free Metals and Ligands in an Iron(1IT)-Ca®+-CO,*
PO~ System Where.poo, Is Fixed and”ihe. Phases Ca,-,()H(PO;J;. (s) and FE‘qu(S) Are at Equilibriem

Components: {Ca, OH(PO‘}]T =2 X W0 MIFePQul = 1030 (HLPQule = 3 X 1079M3 poge = 3 X 10 Latm, The equilibrivem compo
tion lsfcomplm.d widl sulﬁcil’.‘nt accuracy by the tcnlh iteration,

Iteration
no. [Ad] [M}
0 4.36 % 10~ 1.00 % 1018
1 1.02 X 107 4.99 % 10-i7
2 5.38 X 1078 4,99 % 10-18
3 2.77 X 107 4.99 X 10-15
4 1.41 x 10-? 4.99 x 1014
5 5:54 X 10-? 4.41 x 101
6 3.83 X 10-¢ 1.94 X 10713
7 2.62 X 1072 1.30 X 10-1
8 2.35 x 107 1.06 X 1913
9 2.30 X 10-? 1.03 X 10715
10 2.30 X 10~ 1.03 X 1071

7| Yol [H]

16 % 10-® 1.00 X 10=% - 1.00 x 1078
90 X 10~ 2.00 X 107 5.65 X 107%
01 x 10-% 2.00 X 107® 2.29 X 1077
61 X 1079 2.00 x 107 8.28 X 10~
97 X 10~ 2.00 X 1071 2.82 X 10-¢
15 X 10710 2.26 ¥ 1~ 3.83 X 107
29 %X 10~ 5.1 X 1011 7.09 X 10-¢

47 % 107 7.71 % 10-1 3.58 % 107%
22 X 30710 9.43 x 1671 3,787 10-¢
33 %.10-19 9.67 X 1071 3.68 % 107

33 % 10710 9.67 % 1074 3.68 x 10-¢

Description of the Program. The program is. written in.
FORTRAN and is usually run on an 18m 360/75 computer. It is
miade p of 11 principal subroutines organized in the following
way (Figure 10);

INMAT is @ subroutinédhat reads ihe dala: general stoichio-
mcetric and thermodynamic datd; special conditions of the
problem; total concentrations of metals and ligands, ptl, or
TOTH; guesses forthe free concentrations of metals-and lig-
ands and chosen selg of solids.

sono finds out iTany solid is present;, scans the (ableau Tor

Fumilics of conneeled solids; defines the principal wnd seeon-
dary variables; nnd computes the coelficients g, v, and v,

mLanso compules the seeendiary variables M and L (other
thim €} in function of the principat variables vsing g, », ond

v

xevz computes the secondary variables, ¢, the mole balance
equations for cach metal and ligand (ZH ar OH) and their
derivifives wilh respect 1o every metal and ligand, By com-
puiing o mole balance cquation, we mean finding the aetusl
nudterical difference between the suny of the concentrations of
the soluble spedics and the imposed analytical (total) concen-
iralion of the samé ¢ompanent. In the same way the deriva-
tives arce the numerical values oblaintéd by réplacing the con-
cenlrations by theic molar values in the formial algebraic for-
mulas of thederivatives.

suiktl computes the: proten condition equation, its deriva-
tives wilh respect Lo every metal and ligand, and the derivatives'
of all the equations with respect to H.

(i)
IE'D.J
R YT ar!,a_{ii_di;{@
— ey ®
[Feve ]
ifpH ot fived {._p_Ll

[erTap—— &vrest)

ify;unv;rgen.ce w L ki

{C_H;;sm_ it precipitelion |

If_divergenie OUTHAT

Figzure 10. Clirt showing thie organization of ihe principal Subroutines
of the computer program.

4 Favicowuoental Scivoce & Cecluustapgy

monir,medifics the cquations in accordanee with our choi
of principal and secondary variables—i.e., eliminales .
[8:;]. It also modifies the derivatives accordingly.

cvrest verifies that the number of iteralions docs nol ¢
ceedrany arbitrary nuniber and checks-whether or not-the equ
tions are salisfied withinunarbitrary precision.

(TERTN perfoims the Newton-Rujihson ikération using
Gaussian climination williout itérdtive improvement 1o sol
thesystem of lincarequations: Ju(X . — X, ) = ¥

rison computes the amount of every solid precipitated m
werilies thitl none: is negative, It case some are negative, U
least-probuble §olid ((S:,] = minimum) is no lenges impos
and the camputation is restaried.

cukson verilies that bo solubility product has been o
ceeded. I case some are exceeded, the solid Tor which 1
driving force is greatest [([MJIL/K ;= maximun)] is i
poseil and the computation is restarted.

aurmar printg the oulpal, Metals, ligainds, and comples
e printed i o matrix form.

Example of (.tmlpul.ltmﬂ. The following examyile shows il
application ‘'of the program Lo an equilibrium computati
involving 20 melals {(4-H), 31 ligands (-+0OH}), 738 comples,

‘83 possible solids, and one gas-phase componcnt, Pressuy

Lemperature, ionic strength, pH and oxidatien-reductis
state are all tuken 10 be constant. Table 11T gives the list of
metals and the ligands (and their identifying numbers) i
volved with their imposced mmi)nul (total) coneentralions.

Such an example ¢an be.seén to have some of the chara
teristics of certdin well-known natural systemis, The fir
guesses for the Treg metal amd the free Tigand concentratio
were all.tsken 1o be 1036, The chosen set of solids at the st
of the computation and its subsequent meditications by 1l
program are shown in Figure 1.

The Final resull was found at the 36th iterution, Figure |
gives the tableaw of the thermodynamic data and has bu
deposited with the American Chemical Society Microfil
Deposilery Service. T :l.blt. IV gives the Lmnputn.d cquilibriu
conceéntrations,

[t is worlthwhile to note thal the whole computution (dok
little less Ahaiv 60 5cc. Equidibrium salutions at other ph's wu
also computed with this résult as o starting guess; it taki
about 35 ilerations 1o go from one pH-(o the next one, say.81
9. The computation was also made without fixing the p!
TOTH = —0.83M, found in the first computation, was in



0Si-

T
. §, Table IT. List of Metal lons and Ligands (ldentified by Number) and Their Total Concentrations (Solid, Aqucous, and Gas
‘ Phases) in a Hypothetical Model System of 20 Metals and 31 Ligands®
Metals Ligands

‘lg 1 Ca¥ 10710 It Cd*+ 1070 1 CO; 10795 11 PO " 10-8.¢ 21 o 10-7.0

i 2 Mgz 10-12 12 Zn* 10730 2 SO/~ 10°te 12 SiO(OH),>~ 10-0.0! 22 susaL 1077¢

3 Srt 1023 13 Wity [0e0 3 CF 10-0.2 13 8.0,% 10-1e - 23 gLy 1)-e.0

4 K* 1020 14 Mgt 10-00 4 F- 10-20 14 AC 1062 24 gLur Q80

1 5 Nat* 10~0.3 15 Pb¥* 19770 S Br 1p-3.0 15 Acac 10-7.0 25 v 10-¢.2

6 Fe*t 10-t0 16 Co** 1070 6 I~ 10-¢.0 6 crr 10-6.¢ 26 NTA 1070

7 Fer 10780 17 Co* 10-%° 7 NH; 10-e.0 17 ox 1057 27 wpra 10773

§ Mn2+ 10770 18 Apt 170 8 8= 10-8.¢ I8 sAL 10~¢-3 28 pcra 10772

11 9 Cu?t 1072 19 Cr¥ 1040 Yy POS~ 1073 19 TART 10-¢6.0 29 cvyst  107%0

’; 10 Ba*t 10-3%.0 20 Al 10— 10 P.O;+ 10770 20 EN (i 30 Noc 10-8.0

‘ 31 puru 10773
a The cquilibrium computation for this system involves 738 complexes and 83 possible solids. There is one gis-phase component, CQ.. Pressure, tem-
perature, ionic strengih, pH, and oxidation-reduction state are all assumed to be constant. Fixed pH = 8; fixed peog = 107738 aumy ionic strength

== Lo,

AC = acclate
ACAC = acctylacetone
CIT = citrate
ox = oxalate
' sat = salicylate
TART = (orirate
EN = cthylencdiamine
pip = dipyridyl
susaL. = sulfosalicylate

GLY = glycine

GLUT = glutamate

ric = picolinate

NTA = nitriloatriacetite

EuTA = cthylenediaminctetraacetate

pcra = 1, 2-diaminocyclohexanu-tetrancetate
CYST = cysteine

Noc = nocardamine (desferri-ferrioxamine)
ruTH = phthalate

> posed and the result (identical to Table TV) was obtained in 52
Merations (10-8M buing the systématic first guess and the cor-
:+rect set of solids having been imposced). The slorage space
f{nccdcd for the program itself is about 50,000 bytes while it
‘ '(" takes about 90,000 bytes to store the data, In afl the examples
‘ " we hive taken a systematic guess of 10 %M Jor every Iree con-
}%bccn(mlion, not because we coudd not find a better one, but to
2 show that the domain of convergence is rather large in general,
+ The program has now been extensively tested on numerous
Ssmull und Large systems and we have been able to converge
- toward the solution jn cach case. The program is being cur-
rently modificd to handle varations in the ionic strength and
' oxidation-reduction reactions.
+ Tovary the ionic strength, two sets of equilibrium constants
" gre stored, one at [ = 0.0M, the other one at / = 0.5M. An
“interpolation routine allows computation of the set of con-
h stants corresponding to an intermediate ionic strength. An it-

Tlens

Iteration
‘r no. _
: 0 First guesses: all free concentrations = 1078 M
‘: Chosen set of solids: Sl-—l, S]_p, S;_\, Sg_.:vg, Sm_q,
1 Siacins Stacty Sia-g, Si—az, Sroo1z, Sra—zz, Saoy [CO:
1 (8)]
| 3 S|3_| dissolves
7 39 Si_s precipitates
( 42 Stio_z precipitates
45 S precipitates
49 Si dissolves ’
53 AYIR) precipitates |
56 Found set of solid: S,y Si_4, Si—9, S3_2, Se_32, So—1,
SlO—'.’y Sl'.'—l'.’) Sll—Sv SIT—JE‘ SID—I'.’; S20—|2v S‘.’O—J‘.‘y S‘.’I—l
[CO: (g)). '
Sce solution Table 1V.

" Figure 11. Successive modifications of sets of solids in a 20-meta!,
‘. 3lligand model system

After 56 iterations an equilibrium set of 13 solids [+ CO; (g)} is found

erative technique looping on the whole progriom is envisaged
10 correct the cquilibrivm constants to the computed ionic
strength of the system,

The redox reactions are handled in several ways. One way
involves the use of optional complexes (NOy™ &= NIy -
IO — 9HY — Bem), or oplional solids (MnQ, 2= Mnp?* -
4 0H~ — 2¢ — 211L0) whose cquilibrivm constants are givenas
a function of the pe of the system., Another way is 1o deline new
sccondary variables ([Fe®!] = Afe [[Fe*']) muchin the sime
way it has been shown for solids, The existing subroutines
MLINSO and MoniF are used to handle these.

.

Appendix

DERIVATIVES OF THE MOLE BALANCE ZQUATIONS

Let YM; = [M}+ Y. a[Ci;i) — TOTM; (= 0 from Eq. 3)

Ik

YL; = [Lj] + 2 B(Ciix] — TOTL; (= 0 from Eq. 3)
1.k

YH = [H] = [OH]) + Y «[Cijd —
Inu)l:.;;ow
BIC:;) + 3 4ICind — TOTH (= 0 from Ey. 4)
last column A
ik :
By use of Equation 1: [Ciji] = K [MJ[L;1P[H] it follows:
O¥M: o for i 5% k
oMy TP
Q-Y—L-' = 0forjk
oL T 0
Q_Y_M." =1 Z IC M3}
D[M‘] = + e « [ UL‘]/ i
oYL; .
5[*1:‘]‘ =1+ ; BAHC ;ML
oYM,
L] - ; af{CifIL)
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‘Meials
I Catt 10-%0 11 Cd2* 10-*° 1 CO,t
2 Mg# 1070t 12 Znr+ 1000 2 80,
3 Sefr 107 13 N+ 10-e° 3 CI
4 Kt 10— 14 ]-Ig."“ 1{-e.0 4 F
5 Nat 1p-%% 15 pPp¥* 100 5 Br
6 Fer 10710 16 Co* 10770 6 I-
7 Fertr 10-8° 17 Co* 1040 7 NH,
3 Mn 10770 I8 Aprt 10770 B §i-
9 Curr 30-%t 1§ Crdt  jg-re 9 PO
10 Ba® 1070 20 Al¥ 10700 10 PO,
pﬂ%ﬂé!’ﬂt} ionic strength, pH, and oxidatton-reduction skite are all assined 10 b cOHSEIN. Fixed pH =
“ AL = qéu e !
. ACAC = "lCLI}"L]I‘.‘LlO]lL
) CIT = citiae

ox = gxatiic
] . JSAL = saticylate
TART = tariraic
EN = cthylencdiamine
DIF = dipyridyl
‘siaL = sulfesalicylate

- Tnb!e 1IT. List of Metal Tons and Ligands (Identificd by Number} and Their Tota] Concentrations (Solid, Agucous, and Gas
) Phases) in a Hypothetical Modél System of 20 Metals and 31 Ligands”

Ligands

1005 11 POt j0-¥-0 21 pip 1Q-=7:0
1071 12 SiO(OH)*™ 107991 22 susar 10770
1Q-9-2 13 5.0,% ig-1.0 23 oLy 10-s.»
1020 14 ac- to-e3 24 grLur 10-e
10-%¢0 15 Acac. B[R 25 ric 10-0.3
105 16 o 10-8.0 26 Nra 1D
10748 17 ox 10-%7 27 1pTA 1073
1980 18 sAL 10-¢-* 28 vpcra 1073
1038 19 TamT 10°0° 29 gyst 1070
1077 20 en 10710 30 woc 100

31 ey 10-T

aThe cqumbnum computalion for this system involves 738 compleses ind 83 posiible salids. There is enac gas-phuse component. Oy Pressure, tem-

A7 e peee = 10 2 m; jonie strength

GLY = glytine

GLUT = glatuniie

PIE = picalimnie

NTA = nitriloatrincetate

EDTA = cthylenedinminetetraaceiaie

Beta = 1 2-diuminocyclohexine-tetraagetate
CYST = cym.m\.

NOC.= notardumine (desferri- ferrioxamine)
PHTH = phibalate.

posed and the result Gdentical to Table TVY wits obiained 1 52
 iterations (10-#A1 beiny the systematic first guéss ind the cor-
srect set of solids having beer imposed), The storage space
needed for the program itself is about 50,000 bytes while it
{akes about 90,000 bytes to store the data. Tn all the exanipted
! we have taken o systemalic guess aof 10 M Tof every Treé can-
tcntmtmn not becuose we could oot find o betier one, bul to

1 shgw thai th;., dipmain of convergence israther large in gencral,
} . The program has now been extensively (ested on numeroius

sl e Lrge systems aind we have been ghle to converpe
toward the solution jn eich vase. The progriun is being cur-
‘rently medified to handle variations in-the. ignic strength .and
oxidation-reduction reactions. '

To vary the ionic sirenglh, two sets'of equilibrium constants
ere stored, onc.at § = 0.0M, the other one at [ = 0.5M. An
interpolatidn routing-allows computation of the set ol con-

T s

stantscorresponding fo an'infermediate ionic strength, An it
lteration
no.
o First guesses: all free coneentrations = 10-% M

Chosen set of solids: S| s 9] o 5:._1, SG-'I'H .Sm..z_,
Ski—lh Sll‘_—l; Sl!—ﬂ;- Sl?—a'.'; S.![I—.I?-_. S.D—N.} S?l—,l [CO.'

3)]
3 S dissolves
39 81t precipitates’
42 Sio— precipitates
R S precipitates
. 49 Sia dissolves
w53 Sei precipitates

55 Found set 'Q'f SCI‘IE]. S]_], S|__4, Sl__g, Sa__g, Sr,_;g, S}g_],‘
Syo_2, Suz—iz, Siics S Sre_an Svasie S?n—-ﬂ;.!', S‘:‘I—VI
[CO: (g)]. v

See solution Table 1V,

Figure 11, Successive madifications of sets of selids in a 20-rictal,
At-ligand modcl system

After 56 iteraiions: sn equilibrium sct of 13 solids [ CO; {g)}is fourd

erutive Lechnigue Tooping on the whale pragrnm i eavisaged
to correct the cquilibrium constants to the computed ionic
strength of the system.

The redox reitctions. are-handled in several ways, One way
invalves the use qf' aptional vemplexes (NOy =1 Ny #-
I — 9HY — He7), or oplional solids (Mo = Mn®t -
4N — 2¢ = 21L0) whose copilibeium constionts ire given oy
a Tunclion of the pe ol the system. Another wiry is Lo defing neéw
seeandary variables ([1e™] = Ale [17e*1]) niueh in the same
way 1 has been shown Tor selids, Fhe existing subroutines
MLINSO and monE-ace used to handle these,

Appendix
DERIVATIVES. OF. THE.MOLE BALaNCE EQuAaTiONS

Let ¥M; = (M) + 33 olCii] — TOTM; (=0 Trom Eq. 3)
i

YLy = [L3 4+ Y. BlCisd ~ TOTL; (= 0 from Eq. 3)
. B ¥4

=[H] = [OH] + Y. o[Cid ~

losl row
FES

> BlCud + Z e

Iast eolumn
4

Cin] — TOTH (= 0 {rom Eq. 4)

By usc of Equation 1: [Ci;) = KinMYILIPIH]T it follows:

OYM: _ i or  # k

oMy T TR
oYLy _ 0 forj # k
oLy ~ AT E
DYM, -

5[‘1'\—4] =1+ ;Z; e [Ci (M3
dYL, o
a[“- =1+ %ﬁ (Cinl/L])
oL = LZ aBlCi )L

Valyme 6, Number 1, Januaey 1972 65

mr e e

—_— - —— —

r l:!pq!;l'; THPE . o

LU

Ty

PR

Er

r s
s ¥

ST

-4

b RE R LN LT Py

N

ENT - S

PP S

E
ut

i
-,



http://6r.TME.MotK

e o Ty

Ligands cO 80, CI- F 13r=

Toiplténen 0.5 1.5 03 20 3.0

Mt Free  4.50 200 0.30 3.65  3.00
concn

Calt 1.0 2.50 4.3%s) 330 5.65(5)
Mgt 1.2 1.28 3.7 1,99 3.63
St 2.7 420 (s)
K+ 2.0 2.0l ©3.52
Na* 0.3 031 411 2.1
Fed* 1.0 18.90 18.48 18.39 16.83 22,20
Fezt 8.0  8.95 9.75 8.8
‘Mnz* 7.0 .57 9.07 837 7.7
Cul* 3.5 7.90 7.5%s) 870 8.50 10.75 10.4D
Bart 3.0 8.00 (5)
ol ko 6,0 8.28 10.78 9.09 6.00 11.43 9.68
Zatr 3.0 6.8 760 6.21  9.65  10.40
Njz+ 6.0  6.34 715 684 9.39 9.4
He?* 6.0 20,05 20,71  6.06 22,70 8.65
PLt+ 7.0 9.9 9.69 7.01 11.09
Cget 7.0 7.2% 7.85 .75 10.35
Gos+ 4.0 26770 25,78
Apt 7.0 14.75 16:25 9.87 13,35
Crit 4.0 13.20 12.20 12.29
AlTt o 183 15,80 1044
H HoE o0tKey R0 L

W i Qg sl per liver of sidafiong s CaGOs, LOS: Culsy, 2. 325 Can (PO O, 3485 8e8Qy, 2725 1Ol a, L CuCO(OH s, 3.#@]: SOy, 1B E

Si0y-
(OH)?~ S.04*

- NH; 8% PO PO PO
6.0 60 80 30 7.0 B0 0.00 7.0
6.05 7.23 3255 TrL.10  10.43 12.43 10.60 15.75
§.93 " 9.00() 7.93 9.53 17.45
. 8.31 "7.98 7.2 8.02 16,33
. 10,88 11.33 12.58 19,04
10.35 11.65 17.35,
8§.04 9:94 15.95
23.65 0.00  23.13 15.50 22.65
14,78
14,00 12.47 1441 22.52
9.23 13,40 11,63 13.03 5
13.83 14,13 22.54 135§
11.93 12.91 17,38 11.52 12.52 21,23
11.73 851 1234 (5} 20,35 LB
10.77 10.98 21.09 1208
$.35 17.00 32.15() 18.79 7.00
[3.97 24.76 19,83 ‘
12.48 13.08 22.10 2
26,51 ]
7.00 18.58 30.50 22.20
{s}

6,03 27,02 7,28 9,93 {153 448 2148

OVL;
oM " %wﬁ .J;IMM]
OYM: . , .

= 2 o Ciili] — 3 aBlCizdfH]
0“ l] g Iipsl ::;’:hn:m
DYH CoAT ¥ ‘ BICllM
oMl = % ay(CiflM ] — o oflClIM ]
VL, ' L e
ot = 2 BUCHANY - T «BIC/H]
O“ l] KRS ) lixt F:w
DYH _
o= 3 BYCudL] + Y aBICwIL]
b[L;] ik losl row
&k
a e’
"fhj' = 1 4 [OHJ/H] + Z yAC i iH] +

> o« f[c.-,-;-mm + Y BICYMH]

lnst, row last column
ik ik

Whehever a solid S+ precipitates, a new secondary variable
isdefined aceortling 10 Equdtion 7; say
(M] = u[L)THY )
Then the derivatives are modified in the following way:
OY¥YM or dYL
new ——2 [Z_j“ =
QYM or O V{L {

T JOYM orOYL
oL (L]

dlM ]

old —

66 Enviconmenial Seience & Technokigy

2¥Mor oYL
new v

O{H]

OYM or oYL

old — (OH) i

oM

Furthermore, since the equalions are modlhcd according to
Equation 85 say

new YE; = ald YLj -+ v VM,
new ¥H = old YH + »*- ¥YM,

(YM; will be discarded in therestof the computation.)
"We have to modify the derivatives further:

dYL; YL, DYM;
oW S or oLl — O a1ag o oL] " MY orolL)

dYH BYH DYM;
new -

oMy or olt) ~ M ooty T STmy or ol

1t should be noted thai the order in which those modifica: §

) }’.LJ a’v
tions are made 18 not indilferent {or —

oL " oML
shown here is the correct one.
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méous*Splution Phase for the Model System

exes of o pztrtiéular metal and ligand. (s) indicates-ihat a solid existéat'equilitirium,» and {g) indicstes thé gas phase component (CO).

AL o OX SAI; TART EN DI SUSAL GLY
i 60 5.7 6.3 6.0 7.0 7.0 7.0 6.0
U6 16.32 6.94 11.80 630 9.83 7.97 10,40 7.83
7.32  6.44 7.10 9.73
M 681 582 6.38 10.71  8.76 8.12
972 9.7 11.43
010,22 17.75 13.95 14.69 16.73
N e 14.15 1448 12,52 1363 12.8%
112,49 11.80 13,47 [4.70 13.04 12247 13 40
0h 6,22 1033 010 oo 70180 7,77 o0 7,47
W92 13,72 1049 12,7 15,43
84 12,08 12,32 J04.4Y 1178 12,61 11.76 1449 1172
16 11,72 10.03 11,70 10,70 10,93 9.37 11,30 .37
B 835 2. 1 N:d7 TR 10055 837
1632 {610
512,26 11.69 14,16 11.92
BTG 12,25 1145 11T uosr 11LES 10,38
‘ 9,29
.72 19.29 19,88 23.89 19.28
‘ 14,64 ©o14.20 '
Mo6.72 1B.1T 1310 12.91
%32 3094 6.30 1020 7.86 7.00  6.03

910, LU BIgS,

8.00:

GLUT . PIC  NTA  EDTA TDCTA  CYST NOC  PHTH OH
60 63 7.0 73 7.3 B0 80 7.3
775 7.45 12,28 19.59 20.88 16,13 21.65 735 5.70
§.85 8.15 838 11.39 10.88 12.85  8.25 7.30
7:13 6.54 B.16 14.18 11.86 §.94 4.88
10.54 995 1147 15.19 15,07 13.95 930
10.98 18,20

14.53 10.60 12,51 10.44 19.95 -8.05 '8.30(s)
12600 1150 12,42 14.24 11,63 4. 8.15
12.52 1144 12,45 13,16 11.65 20,09 (7.3 1007
B2 7.240 7.4) 0 8.0 748 14.90 1215 8,20
444 13,76 15.57 19,79 20,85 13.85 13,30
HL.63 1115 10,46 11,38 9.97 21,06 1314 9,68
955 K96 B.58 0.80 RUS 1302 1625 1193 #:69
83 T.000 7.3 733 782 19T 179 115 7.4

9,75 1673 17,74 166 B3
12,05 9.67 10.7% 10,37 13.01 13,14 86K
Bty 900 9,03 10,50 .23 14,27 179 17,95 4,05
16,20 ' , {%)

18,82 27,04 18,55

8.84 6.30(s)

12.98 1639 17.80 7. 50(5)

6,05 10.06 10.48 17.29 18.87 1%08 17,65 10.25

Co(OH);, 4:00; CriOH)s, 4.00; AlSiQLOM)E 0.30; AIOH);, 2.97

Nowenclarwre

Cin =
I =
K =
ki =
K
L;

.'L'I
OH
o]
S

TOTM,
TOTL =

BohoN oy onon

i =0=

camplex & formed by reaction of My with L;
hydma,t,n {on
Jucobian matrix of the systeém

dissocintion constam for the solid 55 {eorrecitd
for ionic strength)

ion product of water

ligand §

nietal §

hydroiide ion

negative logarithms of the concenirations

solid formed by reaction of M| with L;

analytical (total) concentrations n’f metals and
ligands inall phases of the system, respectively
géneral System of uumllons to be selved

Greek LETTERS

Hifr
PRy
Yiju
bi;

H‘-&El'ﬁ“ﬂ'ﬁ

stoichiometric coeflicient of M in Cisk
stoichiomelric ceclliciént, 6F £; in Cri

Stoichiomeétric coellicient of ]l or OH'in l(’L,;.

stoichtometric cocllicient of M; in Si;
stoichiomelLrie cocflicient of Ly in S;;
5101ch|0mctnc LOLﬂICILI‘lt of H or Ol in §;;
constants detined in text

concentrations .

number of moles of ‘o substancé vsed tbmake
up theisysiem, pér titer of solution

defines the formulas (distinet from =)
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Figure 12 will appear Sfullowviviy thése pages. in the microfifm

edition of thiy-sofwme of the Jonrnad. Single capics.may. he ob-
rained from the Business Opfrmumv Office, Baoks, and J(mma;’ 5
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Solution mining
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Nev{;mefhod suggested for leaching

SoLuTioN MINING of underground

_uranium ore in formations below the

RN

water table using a cluster of injec-
tion, recovery and monitor wells was

" the subject of a patent* recently is-

sued to John Gardner and Malcolm
L Ritchie, and assigned to Utah Con-
struction & Mining Co.

The method involves introduction of
a cold acid solution containing an
oxidant and flocculant into the ore
zone through the injection wells, ‘then
maintaining a controlled pressure gra-
dient between the injection wells and
a recovery ‘well. Utah Construction
& Mining has tested solution mining
in Wyoming’s Shirley Basin on an on-
and-off basis for at least three years
but has said little about commercnal
or economic success.

The patent states that following ex--

ploration, cores are drilled and studies

are made to determine the permea--

bility, porosity and water bearing char-
acteristics of the formation. In, this
manner, the area-and configuration of
the underground deposit, the pattern
of injection and recovery wells and
the anticipated solution flow rates in
the leach area can be determined.
The accompanying diagrams illus-
trate the method and placement of
the bore holes. The .more permeable
and porous the deposit, the greater
the spacing permitted between the
wells, The pattern will ‘generally con-
sist of a centrally located -recovery

“well with a group of injection” and

monitor wells placed around it. In
the pattern indicated by the diagram,
the injecting wells are approximately
50 ft apart and placed about 35 ft
from the recovery well. Casing is
set in the well bore down to a point
adjacent to the. upper ore horizon
and terminates in a slotted screen
with a length determined by the thick-
ness of the orebody.

The screen terminates in the area
of the impermeable bottom and the
space between the well bore and the
screen is packed with sized gravel.
The annular opening between the cas-
ing, above the screen and upper ore
horizon, is then sealed off with a

chemical gel which has a triggering.

catalyst for control of gel time and
position of the seal. All materials used
in the holes must be resistant to the
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corrosive properties of the reagents

-involved.

No formation fracture

On completion of the wells, a vol-
ume of leach solution, sufficient to
displace the reservoir water within
the planned pattern, is introduced
through the injection wells at a pres-
sure  below formation fracture
strengths. When released below the

‘water table, the injected leach solu-

tion forms a more or less circular
pool having positive pressure at each
injection point. As inflow continues,
the pool will expand until merging
with- similar pools at other injection
wells, at which time, the reservoir wa-
ter will have been replaced with leach
solution,

Tracking and eventual control. of
this expanding front is accomplished
by observing the variation in the static
water level in the monitor wells lo-
cated at the planned perimeter of the

leach pattern. A rise in water level in

monitor wells indicates that the con-
tained area has been filled and is at
a pressure above that of the sur-
rounding reservoir. At this time,
pumping from the recovery well can
be started at a rate equal to the com-
bined inflow volume of the injection
wells. From here on, the pattern is
operated on “this single pass solition
flow system until satisfactory mineral
recovery has been attained.

Close control of solution is said to
be possible throughout the operation
by regulation of water level in the
Jonitor ‘wells and by recovery of
tracer, which is introduced in the in-

jection wells along with the leach so- -
Uranium can be recovered

lution.
from the pregnant solution pumped
to the surface by direct precipitation
or by -selective ion exchange into an
organic solvent with subsequent re-
moval .from the organic phase of the
stripping agent.

Results from one test

The patent states that the method
was used on a particular orebody in
the following manner: :

Radiometric probes located the ex-
act position of the ore and contact was

made at 331 ft below the surface. Ini-
tial exploration had proved the exist-
ence of a mineral area and study
showed that
found at 300 ft below the surface.
Formation permeability indicated that
a four spot pattern would be more
suitable with injection wells spaced 25
ft from the recovery well. The forma-
tion would support flow rates of 20
gpm at each injection well and 60 gpm

. from the recovery well.

Solvent concentration was set at 10
gm per liter nitric acid, 1 gm per liter
sodxum chlorate and 10 ppm floccu-
lant (Separan).-

Nitric acid was selected in prefer-
ence to less costly sulphuric acid be-
cause of a high calcium content of the
orebody to be leached which would
result in -formation of “insoluble cal-

cium sulphate, The, latter could .cause .

blockage of the leach zone and loss of
permeability. Calcium nitrate, on the
other hand, is soluble in water and
does not present this problem. Hydro-

chloric acid could be used as well but_

it is more expensive than nitric and
does not have the same oxidizing
power as nitric.

500 Ib of U.,O; a day

Average daily production on. the
particular orebody described was ap-

proxiniately 500 1b U,O, over a peri-

od of approximately 30 days, and

tracer recovery was 90% proving the -

close control of the leach solution, the
report says. At the ‘end of the opera-

tion, samples taken from the monitor.

wells had a neutral pH showing that
solution control was as planned.
The patent holders say that contact-
ing uranium bearing ore with any
mineral acid causes the liberation of
H.S, probably due to the  reaction
with soluble sulphides such-as pyrrho-
tite and, because of the pressure in-
volved, also creates a highly reducing
atmosphere. Under these conditions
optimum’ extraction of uranium is
impossible. To counteract the reduc-
ing atmosphere, an oxidant, such as
sodium chlorate, is added to the leach
solution. Its function is to convert fer-
rous iron into ferric iron which, in
turn, promotes the conversion of
tetravalent uranium to hexavalent ura-

E/MJ—'may, 1967
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uranium ore in place

nium. In the hexavalent form, urani-
um is soluble in dilute acid but the
tetravalent form is relatively insoluble.
Other oxidants can be used.

To prevent blinding. . . .

The flocculant. is added into the
leach solution to assist in maintaining
permeability of the orebody. During
the process of leaching, clays contain-
ed in. the orebody are dislodged and
carried away with the solution flow.
This material can accumulate and
pack together resulting in an imper-
meable film which blocks the passage
of the solution. The flocculating action
holds the fine clay particles in a
sponge-like mass allowing the solution
to_filter through to-the-recovery well.

The pregnant solution recovered

from the system contains uranium and

other cations such as hydrogen, iron,
aluminum, magnesium, calcium, etc.,
and has as associated anions, mitrate,
and some chloride and sulphate. The

- concentration of uranium in the preg-

nant solution will vary from zero to 5
gm per liter U,O, depending upon
the stage of leaching.

Gardner and Ritchie-point out that
the method permits use of cold leach
solutions without the use of excessive

pressure and without the necessity of.

using a flow and counterflow form of
circulation of the solution through the
orebody. They say that an appropriate
pattern of rtecovery, ‘injection and
monitor wells, which is determined by
the permeability, porosity and water
bearing .characteristics of the deposit,
can produce an island of leach solu-
tion about the injection wells and re-

covery well, which is substantially con-

fined by the reservoir of fluid.

All this assumes that the wells are
properly sealed, that injection takes
place at a pressure insufficient to frac-
ture the formation, and that solution
introduction and withdrawal rates are

cqualized so that the island of leach

solution is maintained. The method is
said to provide means of minimizing
solution loss and dilution of the island
of leach solution by an influx of en-
vironmental water.

*U7.S. Patent 3,309,140 Leaching of Uranium Ore

In-Situ, John Gardner, Los Altos, Calif., and Mal-
colm 1. Ritchie, Riverton, Wyo., assignors to Utah
Construction & Mining Co., San Francisco, Calif.

E/MJ—May, 1967

Group of wells on predetermined pattern taps U,O,
_orebody allowing solution flow at pressures below
formation fracturing level

MONITER WELL INJECTION WELL RECOVERY WELL INJECTION WELL RONITER WELL

|
i

SURFACE y

ol oy,

T o ]
{IMPRESSION |

<
LOWER CORFINING
HORIZON

WELL PATTERN is shown in plan {uvpper drawing) ond verticol section. Acid solu-

tion is injected ot a rate that balances the withdrawal of pregnant solution from

the recovery well. The operation is fracked by observing stolic water level of
monitor wells and by recovery of tracer.
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NICKEL PRECIPITATION FROM SPENT PICKLING SOLUTIONS

unc 669.243

I. A. Vainshtein, L, D. Klenysheva, and L. N, Kononenko

At present the spent solutions from pickling alloy steels at ferrous metallurgy en-
terprises, which contain.considerable amounts of salts of Ni, Co, and other metals,
are neutralized with lime and dumped; this leads to irrecoverable losses of valuable
constituents. Every year 600-800 tons of nickel (converted to NiO) are lost in the
effluents from a metallurgical combine of average capacity.

The All-Union Research and Design Institute for Gas and Effluent Purification and
Secondary Energy Utilization in Ferrous Metallurgy has developed a method for two-
stage treatment of spent pickling solutions which involves the .precipitation of Fe,
Cr, and other metal cations and the conversion of nickel to an ammonium complex. Af-
ter separating out the solid phase, the filtrate contains a mixture of nickel and
ammonium sulfates.

Reagent methods of nickel precipitation .have been widely used to separate the nic-
kel from these solutions [l]. However, there are no data on the conditions for the
process of nickel precipitation from NisQO, - (NH,)2S0,-H,0 systems.

A study was therefore made in the present work of the effect of ammonium ion con-
centration, temperature, and the type and excess of reagent upon the compieteness of
nickel precipitation and residue separation, The experimental data were expressed
as relative magnitudes: the degree of nickel precipitation a and the degree of rea-
gent conversion K [2].

The investigations showed that better results were obtained in precipitation with
ammonium sulfide than with sodium sulfide (Fig, 1). Irrespective of the type of rea-
gent used, raising the temperature to 100°C causes the nickel precipitation results
to deteriorate; however, it helps to coagulate the finely dispersed sulfide residues
and to produce. purg ammonium sulfate mother liquors. In addition, heating lowers the
specific resistance by one order of magnitude and reduces the residue moisture cont-
ent somewhat (see Table). Optimum utilization of sulfide reagents occurs at a rela-
tive consumption rate of 100-110%, The presence of ammonium sulfate in the nickel
solution in this case does not affect the precipitation process or the physical prop-
erties of the sulfide residues.

Precipitation of nickel by alkaline reagents occurs only at elevated temperatures,
In solutions containing ammonium sulfate, the addition of alkali causes a decomposi-
tion reaction with formation
of free ammonia, which re-
acts with the nickel ions
to form relatively stable
ammonia-nickel complexes,

Besults of Nickel Precipitation with Sulfide and
Alkaline Reagents

The precipitation process } mﬂfidre{
begins only after complete Hl Reagent Initial | | selsture, Tstance of | Nickel
decomposition of ammonium solution |* °C|Z35ia0ea0y [ Fe8idNes. | Sitno s
sulfate, breakdown of the .
ammonia-nickel complexes, NISO, +(NH,),50, | 123 .1 5.5 .
and elimination of ammonia 17% (NH,),S i ‘ ”
from the solution (Fig. 2). NISO. | 20 77.4 .8

when solutions which do A 4.4 . 0.0
not contain ammonium ions 20 o7.6
are treated with alkali, ba- NISO, +(NH),50. | 100 87.7 e
sic nickel salts of varia- 17% Na,S - 80
ble composition are formed, . Niso, 139 2% R :
not hydroxides [3]: )

-} y)NiSO, + 2rNaOH=»xNi{OH),X ¥No precipitation

wre XyN;S().-i- xNO,SO,. ¢ 199 NasCO NISO,+(NH,),50, | 130 } 50 B2 A

Losses of nickel during e ” ; 98
washing of the residue are Niso, 100 1 i
high, due to their relative- - -
1y high solubility. The NSO+ NHOH | (38 No precipitation
residues are colloidal and — IL ;
i o precipitati
[Mopractice domot setele,  wwon |momar | & | w0 |
tion temperature has practi- 20 " e 78
cally no effect upon the de- Niso, 100 1 73
gree of precipitation or the .
guality of the residues. _———d b L — 1
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a, % Complete nickel precipitation is ¥ e o ety
100 7 achieved in the presence of ammoni- Rt "
um sulfate by adding a 10% excess , Il
o f 47 of alkali, The residue formed is Snu}
.crystalline, settles rapidly, and EM
/ 'is easily filtered. - 22 1,
“or When the nickel solutions are 2k
‘ X4 treated with soda ash, basic nic-
“wr kel carbonate residues are formed wl 1y
. with properties and composition P38
20 - which are closely dependent upon
the conditions of formation: the s 1,
solution compositior, reagent con- "
A% 17 sumption, pH, temperature, and pre-
b cipitation time. Thus a milky z|- 1,
9w+ green fine crystalline residue is B D D
formed when pure nickel solutions - 80 60 8 1001716
o are treated with soda at room temp- . Alkalr voiume, wl
“r z erature; on heating, emerald green Fig. 2. Relationship
residues are formed and the residue -of pH (1) and nickel
W basic phase accordingly consists of concentration (2) to
' //” ro the following compounds: alkali consumption
pola L | 2NICO,-3Ni(OH),-4H,0  man  NiCO,X in precipitation from
0 49 0 120 1607% W 2NiOH) 4+ 4H,0. the Ni'SO4 X~ (NH;) 250,

Fig. 1. Relationship
of nickel precipi-
tation {(a) and re-
agent conversion (b)
to type of sulfide
reagent and its con-
sumption g at room
temperature. The
solution and reagent
are respectively:

1- NisO, + (NH,),SO ,
Na,S; 2~ Nis0,, XNa,S
3-"NiSO, + (NH.),Cd,
(NH,),S; 4- NisoO_,
‘NHh)zS-

The residues readily settle, and
the nickel content of the dried
residue is % 50%, Complete precip-
itation of nickel is achieved at a
relative soda consumption of about
110%, but most of the nickel is
precipitated when 60% soda is added
(Fig, 3).

A fine crystalline yellow-green
residue is formed in solutions con-
taining ammonium sulfate, The re-
duction 'in residue moisture content
can be explained by the fact that
the gradual breakdown of the ammon-
ia~nickel complexes formed by the
reaction of evolving ammonia .and
nickel ions leads to a reduction in

the speed of nickel evolution from the homogeneous solution
and so helps to form a more perfect residue structure,
Thus soda should be used to precipitate nickel from solu-

tions formed by ammonia treatment of spent pickling solutions,
Subsequent calcining of the basic nickel carbonates will pro-

duce a highly concentrated nickel product, nickel tetroxide.
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ew Returns from
Old Reliable

Sowtrea vax

Corobololy 1972

Du Pont explosives know-how helps launch a mining venture aimed
atretrigving valuable copper from a long-abandoned deposit

By JACK MURPHY

Tunnels and crosscuts in Old Reliable ore body -

were Joaded with 4 million pounds of explosives.

Itscems an unlikely locale for an cvent of
world record-sctting proportion. Situated
40 iniles northeast of Tucson, Ariz,, in the
Copper Creek arca of the Galiuro Moun-
wins, it’s a parched, hilly terrain, sparse of
vegetation and only-tentatively brushed
by civilization. That is, until the tech-
nological hand of civilization crcated a stir
of historic note here a little less than two
years ago. h

Justbefore nopnon March 9, 1972, some

Four milkion tons of sock ond varth are ripped by largest pre-production blast in mining histery to that’
time. Wheu the dust had cleared, entire ore body had slumped back in place and appeared unseathed.

20

75 observers gathered near here. From an

elevated vantage point—the dusty, sun-
baked mezzanine of a mountaintop road-
way—all eyes werc trained on 2 hillside
nearly three miles away. That hillside, an
outcrop of andesite (1ava) rock some 4,000
feet above sea level, was to be center stage
for an imminent drama. Through 2 loud-
speaker, a countdown sounded. At zero,
the ground shifted perceptibly underfoot.
Geysers of rock and earth began to spout
from the hillside. As 2 muffled roar swepi
past the vigilant audience, it seemed that
the entire hillside now was airborne, climbing
skyward in a vast, boiling chaos of dust.
Minuteslater, the dust cleared. The hill-
side, except for a slight change in color-
ation and tcxture, appeared unscathed. It
surrendered scant cvidence of its partina
brief but surpassing event—the world’s
largest non-nuclcar explosion to date, and
the biggest pre-production blast in mining
history. So began, with the dctonation of

four million pounds of Du Pont cxplo- .

sives, an unconventional effort to recover
copper from a mincral deposit popularly
known as Old Reliable.

It's 2 name that smacks of irony when
you consider the 90-year life of Old Re-
liable as a recognized copper deposit. For
two-thirds of that time, it's been anything
but reliable. Located on ground first cldimed
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for mineral value during the Civil War,
Old Reliable was mined sporadically from
189010 1919. Duringthatperiod, it yielded
about 30,000 tons of ore. Except for one
other abbreviated turn at working it in
1953 and 1954, the deposit had gonc un-
mined for half a century. Reason: The
amount of ore contained in the deposit
made conventional mining techniques
economically unfeasible.

Then in 1970, the deposit came under
the scrutiny of Ranchers Exploration and
Development Corporation. With general
officesin Albuqucrque, N. M., Ranchersis
ayoung, imaginative organization formed
in 1954 during the uranium boom. Presently,
the company isa developerof diverse min-
eral propertics, notably uranjum, copper
and tungsten. Upon examining the inac-
tive Old Reliable deposit, Ranchers discov-
ered an orebody of enough promise to war-
rant serious venture consideration, re-
ports Maxie Anderson, president of che 20-
year-old firm.

“As we figure it,” Anderson explains,
“molten granite intruded on the area of

“the deposit perhaps 68 million yearsago. It

cracked the volcanic rock, and copper-
bearing solutions flowed into these ¢racks
and voids in the brecciated lava. Then lat-

er,ground waterdissolved and redzposited
(cuntinued)

Precision shot produced execllent vre fragmenta.
tion. Picces averaged ninc inches in diameter,

2]
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. New Returns from Old Reliable

In preparation for in-situ leaching with acid/water solution, fragmented ore deposit was terraced.

the.copper deeper in the ore body in con-
centrated form. The most abundant cop-
per minerals that we've identified here are
chalcoite, malachite, chalcanthite, and
chrysocolla.”

Following study and cvaluation, Ran-
chers felt confident that valuable mineral
returns could be coaxed out of Old Re-
liable's low grade ore dcposits (average
copper content: 0.8 percent). But to do it
economically, they recognized, would re-
fuire auniqueapproach—combined blast-
ing and leaching. “Individually, each is 2
comrmon mining technique,” says Ander-
son.’Buttocombinc the technigues,aswe
concetved of it, was maost uncommon. In
fact, this projcct represents the first at-
tempt in the industry to fragment an en-
tirc ore body with explosives, and then
leach the ore in place with a solution of
acid and water.” .

It was an approach that promised real
advantages. Forone, it would be alow-cost
method of mining the deposit. If the ore
could be blast-fragmented into small pieces, it
would be possible to terrace the deposit
and pcreolate a solution of sulfuric acid
and water through the matrix. By gravity
flow, theleachingsolution—now enriched
with about 10-20 pounds of copper per
1,050 gallons of solution—could be collcct-
ed at the bottom of the deposit, and then

pummped to 2 precipitation plant to be

_transformed into cemcent copper.

That trapnsformation involves an elec-
trochemical exchange. The copper-bear-

"ing solution is run through launderers

(tanks) filled with scrapiron. In effect, the
iron trades places with the copper content
of the solution, iron migrating into solu.
tion and copper migrating out. The result-

-ingcementcopperisabout 80 percent cop-

perin mineral content. Subsequent smek-
ingorrefining of the material raisesittoan
almost 100 percent copper produci. While
thisrefiningstepintroducesanadded cost,
in-situleachingasa mineralrecovery tech-
nique offers significant economies.

Says Anderson: “‘Since the ore itself is
never removed from the deposit, this
method reducesthe cost of producing cop-
per by 30 to 50 percent over conventional
mining opcrations. In addition, it min-
imizesenvironmental damage. At Old Re-
liable, this approach affects an arca 400 to
500{cetin diametcraround the deposit. By
contrast, opcn pit mining there would af-
fect an area as much as 15 times greater in
size. Also, it would require a large area in
which tostackthe waste material removed
from the pit.”

The task of planning and executing the

blast required to cflectively fragment the
Old Rcliable ure body fell upon explosives

technicians for the Du Pont Comp.
The Minerals Section of the Du Pont
ymer Intermediates Department alre
wasinvolved in the project. They were im
gating the deposit with Ranchers witl
eye 10 a possible joint venture. “Jt's pa
an interest we began pursuingin 1969,
ports James Todd, development man
forthe Minerals Section. "Ourapproat
10 look for investments in mineral o
ations where Du Pont can offeratechn
contribution. We've also undertaken
search program airned at defining ch
ical opportunities in the recovery of «
per, nickel and silver, and chemical p
Jems in high-value minerals that migh
solved by our expertise.

“As a first step in learning more ab
the business, we contacted Ranchers
ploration & Development to discuss |
sible joint participation arrangement. T}
discussions led us to Old Reliable. Prio

. the blast, we acquired slightly Jess th:

20 percent interest in the project.”
Aftera thoroughinvestigation of the
body, the Explosives Products Divisios
Du Pont, under the direction of Hai
Carlevato, national sales manager, recs
mended a “coyote” shot.In contrast to
conventional technique of drilling ver
blastholes for explosives, a “‘coyote” s
involvesusing a hivelike system of tuns
and crosscuts driven into the deposit
contain explosives: “As an aftermath
earlier mining opsrations,” Carlevato
plains, “Old Reliable already was pe
trated by 4,000 feet of tunnels and cr
cuts. Based on our shooting plan, we
urcd another4,000feetof tunnelingha
be driven. We calculated, moreover, b
the shot would require a pound of exj
sives for each ton of ore in the deposit.
That made for some neat rmathemat
The Old Reliable ore body measured ou
four million tons. Thus, the shotwould
guircthcdctonation of four million pound
cxplosives—at that time, a blast of rec
size for conventional explosives. A !
Franciscoengineering firm, John A. Blu
& Associatcs, was engaged to conduct
tensive tests to assess blast effccts and |
response of structures in the area. Fri

Leachingsolution ispiped, sprayed on deposit.
gravity flow, it carries copper Lo collection b
for later retrieval by clectrochemieal exchar
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Research towards finding an improved
process for separating copper values
from dump leach liquors has brought ina . ..

!

A New Reagent for
Liquid lon Exchange
Recovery of Copper

- D. W. AGERS, J. E. HOUSE, R. R. SWANSON, and J. L. DROBNICK |

Since the commercial acceptance of the liquid ion
exchange process in the mineral processing in-
dustry, it has been predicted that eventually the

- hydrometallurgist would have a wide selection of

commercially available chemical reagents to make
separations efficiently and economically of virtually
all metals in solution under a wide range of condi-

" tions. Several years ago, General Mills began a re-

search and development program to determine if it
were possible to develop a reagent to extract a spe-

cific metallic’ion from solution at a cost that would

allow large scale commercial application.
A giant step toward reaching this objective was
announced in late 1963, when development quanti-

"ties of LIX®-63 reagent, a highly selective reagent

for the extraction of copper, were first-offered to
industry. The properties of this reagent were de-

_scribed in a previous paper.’

The development work with this reagent indi-
cated that perhaps the largest potential application
for a copper extractant, the treatment of acidic dump
leach liquors, would not be economically possible
with LIX-63 because of limitations of the reagent
below pH 3.0. The relatively small pH adjustment
necessary with LIX-63 would result in both a sig-
nificant processing cost and the undesirable precipi-
tation of ferric hydroxide from the liquor. A re-
agent was needed which would extract copper from
dump leach liquors without pH adjustment.

A second reagent for the extraction of copper,
LIX-64 reagent, broadens the pH range in which
copper can be effectively extracted to include typi-
cal dump leach solutions. Of special significance to

® Registered Trademark, General Mills, Inc.

DONNELL W. AGERS is Product Mgr., Mining Industry Chem.
Div.; J. E. HOUSE, Mgr. Market Development Dept.; R. R, SWAN-
SON, Research Chemist, Central Res. Labs., all at General Mills,
Inc. J. L DROBNICK is Mgr. of Reseorch, Chemical Div., Colorado
School of Mines Research Found. The authors are members of
AIME. The paper was presented at the SME Fall Meeting, 1965,
Phoenix, Ariz.
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the hydrometallurgist is the fact that LIX-64 was
developed by combining the technical requirements
of a specific problem in hydrometallurgy with theo-
retical organic and physical chemical principles.

THE LIQUID 10N EXCHANGE PROCESS

Fig. 1-A shows a typical counter-current mixer-., .
settler liquid ion exchange unit. In the extraction @
section, a water-immiscible organic solvent (nor- Y
mally kerosene) containing an organic extractant is {
contacted with an aqueous solution containing the
metal to be extracted, and the two phases are al-
lowed to separate. A variable number of mixer-set-
tler stages and flow rates may be used to achieve
the desired recovery and concentration of the metal
from the feed solution. After removal of the metal

NS
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-values,»the dqueous solution leaving the -extraction
section is referred to as the raffinate.

The organic phase containing the metal values
(referred to as the loaded organic) is then trans-

ferred to the stripping section where the metal val- -

ues are transferred from the organic phase to an
aqueous solution for subsequent treatment, and the
stripped organic recycled to the extraction section.
Occasionally, specific problems make it desirable to
add a “wash” stage or section between the extrac-
tion and stripping secfidns or following the strip-
ping section before orgamc recycle to the extrac-
tion section,

The major objectives of the liquid ion exchange
process can be defined as:

1) Purification of a metal from unwanted con-
t":mmants
2) Concentration of metal values to the point
where further processing is economical.
3) Conversion of the metal values to a form
"which simplifies eventual recovery.

Fig. 1-B shows a flow sheet using liquid ion ex-
change for the recovery of copper from dump leach
solutigns.

Chemistry of LIX-64
While the exact chemical structure of LIX-64
cannot be disclosed at this time, the reagent can be
considered as operating on a hydrogen ion cycle:
Extraction:

[ZHR]om‘x + [CuH + SO7]ae = [chu]om: +
[2H.SO|:],\Q .
Stripping:

[R—; Cu]ono + [2H' -+ Soc=].\q = [2RH](mu +
[(:'.1'+ -+ SO,‘:]AQ

]

As would be expected from the above equations,
both extraction and stripping are pH dependent.
The major advantage of LIX-64 is its selectivity for
extracting copper over other elements, especially
ferric 1ron

LABORATORY EVALUATION PROGRAM

A typical laboratory evaluation.program for LIX-
. 64 begins with a series of separatory funnel ‘“shake
cut” tests to determine the maximum loading ca-
pacity of the organic solution for copper, and equi-
librium isotherms for extraction and stripping.
Equilibrium isotherms can be used to predict the
number of stages necessary to obtain the desired
efficiency or recovery.

The maximum capacity of the LIX-64 solvent for
copper is primarily dependent on the concentration
of LIX-64 used in kerosene, and is determined by
contacting a portion of the organic solution with
fresh portions of copper containing feed solution
until the raffinate analyzes the same in copper con-
centration as the feed liquor, then analyzing the
organic solution for copper.

It was determined that when an organic solution
¢onsisting of ten volume per cent LIX-64 in kero-
sene is contacted with a typical dump leach liquor,
it can be loaded in the extraction section to slightly

MINING ENGINEERS

in excess of 2.5 gm per liter of copper. This figure is
important, since it determines the flow rate of or-
ganic required to treat the dump leach liquor and
to some exteéent the size of the mixer-settler units re-
quired to treat a given feed solution at a prescribed
flow rate.

Artypical extraction equilibrium isotherm is shown
as Fig. 2. An equilibrium isotherm may be prepared
in the laboratory by contacting the same volume of
feed solution with varying amounts of solvent, or by
setting up a batch counter-current system of locked
stages. The equilibrium isotherm was plotted from a
circuit profile of a laboratory continuous mixer-set-
tler unit operating on an actual dump leach liquor.
The operating line is a straight line with a slope
equal to the ratio of the aqueous to organic feed
rate, corrected from the origin by the amount of
copper returned on the stripped organic.

As could be predicted from the equilibrium
isotherm, the ten volume percent LIX-64 solution,

A
when fed at an 6 = 1.95 counter current to a feed

liquor containing 1.11 gm per liter of copper, pH
2.22 can be loaded to 2.42 gm per liter copper and
in four stages will produce a raffinate of 0.03 gm
per liter of copper.

Within reasonable limits, the effects of varying
the aqueous to organic feed rates on recovery can
be determined by adjusting the operating line and
replotting the individual stages.

28
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Fig. 2:—Extraction equilibrium isotherm was derived from
work on an actual dump leach liquor.

From the extraction equation, it can be seen that
as copper is extracted from the feed liquor, it is re-
placed by hydrogen ion and the pH drops. In gener-
al, it may be stated that the lower the pH, the
poorer the extraction efficiency. Fig. 3'shows the ef-
fect of the feed pH and copper concentration on the
equilibrium isotherms for three actual dump leach
liquors representing the expected variation in
liquor composition.

Liquor C probably represents the lower limit of

"feed pH that could be processed in a four-stage

extraction circuit without a pH control system to
prevent the pH drop during extraction, at least
without an appreciable drop in recovery. With a pH
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o4 V
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ORGIOVOL LIX A
1N KEROSENE
FEED A 1.1 g/ Cu

PH 2.2
4 STAGE RAFRNATE 003 g/1 2Cu
RECOVERY B75

4 STAGE RAFF. 0.07 (€)
RECOVERY 94,1

. AQUEOUS g/i Cu

Org. g/l Cu
Fig. 3:—Effect of feed pH and copper concentration on ex-
traction efficiency.

control system, it would probably be possible to
- eliminate one extraction stage from the system, but
-the increased processing cost does not appear to be
justified for the normal dump leach operation.

SELECTIVITY OF THE REAGENT

Table 1 shows the relative extraction power of
LIX-64 for a number of other metals.

Of these metals, only the extraction of ferric
iron appears to present any potential problem. Sep-
aration factors for copper over ferric iron range
from 25/1 to about 100/1 on actual dump liquors
which have been tested to date. No definitive data
are available on the variation of ferric ion extrac-
tion with the ferric iron content of the feed liquor.

The extraction of ferric iron at this low level
would appear to be a problem only in a closed

cycle stripping system. Several ways to control the -

build-up of ferric iron in the strip solution with-
out a bleed from the closed system are being in-
vestigated. One method which appears promising
is to install a ‘‘scrub” stage between the extraction
and stripping sections: It was found that a dilute
solution of ammonium bifluoride will remove es-
‘sentially all of the extracted ferric iron without
- stripping any copper from the loaded organic. ’

STRIPPING THE COPPER FROM LiX-64
While there are probably many stripping tech-
niques possible to provide a variety of copper end
products, study has been mainly with the simplest

TABLE I: Relative Extraction Power of LIX-64 for
Metals at pH 2.0

Metal ’ Relative Extraction Power
Cu+ Very strongly extracted
Fer? - Slightly extracted
Ma+e Very slightly extracted
‘z/'N Very slightlylextracted
n+y Nil
gnd ' Nil
a+ Nil
Mg+ ' . Nil
ﬁi’: Nil
Nil
gle*:“ Nil
- ' : Nil
Co+3 Nil
Ni+ . Nil
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and most economic system apparently available,
This system is the use of a sulfuric acid strip solu-
tion, followed by electrowinning of copper metal.
Fig. 4 shows an equilibrium stripping isotherm
for LIX-64 using 200 gm per liter H.SO, with 8.0

. gm per liter copper. This isotherm was also plotted

from circuit profile data from a continuous labora-
tory unit operating on an actual dump leach liquor
(Feed A). The objective of this run was to deter-
mine the maximum concentration of copper that -
could be obtained with the 200 gm per liter H.SO,
strip solution. About 90 gm per liter copper appears
maximum with three strip stages, without exces-
sive recycle of copper on the stripped organic.

Much of the stripping work has been designed
to produce a feed to electrolysis of about 30 gm per
liter copper, with 10 gm per liter stripped during
electrolysis and the spent electrolyte recycled to the
stripping section for build-up to strong electrolyte.
Excellent quality electrolytic copper has been pro-
duced with a voltage of about 1.8 and a current
density of 25-30 amps per sq ft. From the stripping
isotherm, when about 200 gm per liter H.SO, spent
electrolyte are used for stripping, one stripping
stage is adequate to produce the desired .copper
build-up during stripping. While this has also
proven true from the continuous runs, two stripping
stages have been operated for safety and to provide
flexibility to increase the copper concentration in
the strong electrolyte if desired. .

Because of the small scale of the continuous unit,
approximately 50 cc of feed per min, the electrolytic
section, with a flow rate of about 5 cc per min, is
too small to allow optimization of conditions. How-
ever, to give at least a preliminary indication of

‘the quality of electrolytic copper that has been pro-

duced from an actual dump liquor, the analyses are
presented in Table II.

SCALE-UP

An important part of a liquid ion exchange lab-
oratory evaluation program is the development of
design data for scaling up the process to commercial
equipment.

The required mixing time to obtain good extrac-
tion efficiency, and the settler area required for
the mixed phases to separate, are the essential re-
quirements for scale-up. While power input to pro-
vide adequate mixing can also be a critical factor,
laboratory work indicates that the scale-up based
‘on geometric similarity will hold true for this sys-
tem. Power input scale-up based on geometric sim-
ilarity has been used quite successfully in the
uranium and vanadium industries.

The effect was studied of increased aqueous flow
on the dispersion band between the aqueous and
crganic phases for various O/A phase ratios. For an
organic continuous system, maximum aqueous
throughput is obtained with an O/A ratio of 1:1.
For the systems discussed previously, the organic is
loaded with more copper than the aqueous feed
liquor. To maintain the desired 1:1 phase ratio,
some organic is recycled from the settler back to
the mixer,

SOCIETY OF
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- Fig. 4:~Equilibrium stripping isotherm. (Feed A after
scrub.) \ .
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The LIX-64 system appears to “flood” more
quickly than other systems. Therefore, it was de-
cided, at least for pilot plants, to design on the
aqueous flow rate that produces a 2-in. dispersion
band. On this basis, one sq ft of settler area is re-
¢ quired for ‘each 0.8 gpm of aqueous flow.

: Organic continuous means that the aqueous feed
: is dispersed in the organic phase during mixing. It
has been exclusively proven that operating organic
continuous, especially in the last extraction stage,
will give ‘the lowest organic losses, since most of

; " the organic loss is through physical entrainment of

the organic solution in the raffinate. It appears that
operating agqueous continuous could increase plant
capacity by a factor of 4 or 5.

- copper from LIX-64 at a wide range of concentra-
- tions, strip design data was obtained for 200 gm

ratios of from 5:1 up to 50:1. In all cases, bet-
ter than 899 stripping efficiency was obtained with
2-min retention time in the mixer, using the strip-
" ping at a_4-min retention time as 1009 efficient.

PILOT PLANT

mercial unit available from the Denver Equipment
. Co. to determine the estimated aqueous throughput
; and the limiting design factor. This unit has the
‘ following critical dimensions:

Extraction Section (Four Stages)
Mixer Volume '
3 x 3 x4 ft (effective) — 35 cu ft
Settler Area
6 x 13 ft = 78 sq ft

Stripping Section (Four Stages)
Mixer Volume
2.75 x 2.75 x 3.50 ft = 26.50 cu ft
Settler Area
4.50 x 13.00 ft = 58.50 sq ft

Al]owiilg a 6-in. freeboard in the mixer and
organic recycle to give a 1:1 organic to aqueous
phase ratio, the extraction units will give a 2-
min retention time in the mixer when operated at
the designed aqueous throughout of 78 x 0.8 =
62.4 gpm. If operated at the estimated maximum
aqueous throughput of 78 x 1.0 = 78 gpm, the
mixer retention time would drop to 1.6 min, still

MINING ENGINEERS

Due to the flexibility possible in stripping the '

per liter H.SO, strip solution at organic to agqueous

The above design data were  applied to a com- .

well above thé critical retention time limit.

The stripping units shown above would provide
a designed organic flow of 1.2 x 58.5 = 70.2 gpm,
well above the anticipated 38 gpm organic flow
'with an O/A in the extraction circuit of 0.62 and

‘an agueous throughput of 62.5 gpm. This apparent .

overdesign of the strip circuit appears to be jus-
tified at least for a pilot unit, since stripping capac-

ity should be available to test the maximum es-.

timated aqueous throughput through the extraction
section. The estimated maximum aqueous through-
put of the extraction circuit at 78 gpm would give
an organic flow rate to the strip circuit of 78 x 0.62
= 58 gpm compared to the 70.2 gpm design capac-
ity. Also, it may prove desirable to reduce the ex-
tractant concentration from ten volume per cent
LIX-64 to approximately five volume per cent,
which would provide the desired O/A of 1:1 in
the extraction circuit. This would increase the
organic flow rate to about 62.4 gpm at the designed
extraction unit capacity, and to 78 gpm at the es-
timated maximum capacity. It is felt that the strip
circuit could handle his 7.8 gpm increase over strip
unit design capacity without any serious problems.

COST ESTIMATE
This unit, properly protected for acid service with
a fiberglass reinforced polyester lining, would sell
for the approximate price of $48,500 f. 0. b. Colorado

" Springs, Colo. Since the unit is prefabricated before

shipment, an installation cost of 509 over equip-
ment cost is estimated, or roughly $75,000 total cost
installed. Both smaller and larger pilot units are
also available commercially.

Assuming a direct scale-up from currently avail-
able data and'no major changes in equipment, we
estimate full plant installed cost for solvent extrac-
tion equipment at $200-$300 per gpm of aqueous
feed for dump leach operations at a flowrate of 1000
gpm or more.

REAGENT COST

The economics of the LIX-64 reagent system are
quite difficult to compare with cementation, since
both processes are intermediate unit operations in
producing a marketable copper product, and both
the production cost and intermediate value of ce-
ment copper varies considerable from plant to
plant. For a “typical” dump leach operation con-

" taining 10 1b of copper per 1000 gal, an iron con-

sumption of 1.5 1b Fe per 1b Cu is assumed, with an

TABLE II: Typical Analyses* of Electrolytic Copper
Produced from Dump Leach Copper Liquor

%o Cu 99 +

Za ‘NDes
73 n ..

e Ni- 0.0004

ey
e La .

. % Mg 0.00001
% Sn ND?*ee

* All analysis by atomic absorption spectrophotometry.

** Ferric iron build-up at the time this copper metal was deposited
wasg approximately 7.9 gm per liter, due to recycle of strip solution.
No scrub stage was included in the circuit at this time.

*¢* Not detected (<0.0002%).
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Ao . c’o‘st"of $50 per ton, or an irén consumption cost
-of 3.75¢.per lb of cement copper plodueed

The LIX- 64 system, when gperated in: con]unctlon
w1th an eleotrowmmng plant, might have the fol-

‘lowing chemical and power consumption cost {g

produce cathode copper:
Solvent Loss* Cést approx. 1.0-2.5¢ per 1k Cu
Stripping Aeid® Cost ' 0.1 .
‘Serubbing Cost® (Optionaly  0.0-0:2
- Power Cost' © ' appiox. 1.0
Total Chemicals and Power -
Consumed approx. 2.1-3:8¢ per Ib Cu

*Assuming ten volume per cent LEIX- 64 at the
current developmental price of $2.50 per 1b, with
solvent Josses. in the range of 0.05-0.12 gal mixed
solvent per ‘1000 gal aqueous treated. Steady state
solvent losses ha_veﬁ been measuced on the lab-

oratory continuous unit at approximately 0.087

- gal mixed solvent per 1000 gal acueous tréated.

*Slight-excess of acid req\iired over stoichiometric
-amount produced dufing electroly51s due to shght
iron leading,

*Based on estimated regeneration cost of the am-
monium bifluoride scrub sdlution,

" “Assuming power can be purchased or generated

at a cost of 1¢ per kw-hr, and greafer than 90%
current efﬁmency as demonstrated in the continu-
ous: !aboratory unit:

Certainly there are many other faétors which wilt

affect the-final cost analysrs comparing thesé sys-
tems, but it appears that cathode copper mlght be

produced at a cost equal to or below the processing
¢ost of cement copper fof a typical operation. The
over- all economics can only be détermined by the

operatmg company

“OTHER CUNSIDERATIONS
A number. of factm's that cannot be properly eval-

A uated by the autho'rs, but which appear to offer ad-

dztwnal economic: incentive for a thorough evalua-

tion of the LIX-64 process are listed below:

1) No aftempt has been made to define the adch—
“tional value of cathode copper eompared to

_ cement copper.

2) The ferric’iron in the dump leach liquor isre-
eycled to the dump in the ferric state with no
build-up of the, iron coneentratjop_ The pres-
ent tendency for the -dumps to-“piug” by the
conversion .of ferrous to -ferric iron and pre-
cipitation of: basic ferric sulfate -until equi-
librium is established; should be. elimi‘nai’.ed{

- 3) No credit has been assigned for the acid re-
turn to the dump with the recycled raffinate.
The combination of acid and ferric sulfate
entering the top of the durhp should aterially
increase leathing efficiency, especially in the
top portion of the dump.

4) The pregnant strip liquor-feed to ele{:tmlysxs
can be ad;usted in copper concentration up
to over-90 gm per hter if desired This 'ﬂlows
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optimization of the -subsequent electrolysis

from both. operating cost and electrolytic plant-

capital cost.

5) The use of this process would materially re-
duce ‘the ‘time requued to produce a market-
able prodict, thus reducing in-process inven-
tory.

6) The provess has the flexibility to produce a
feed liguor suitable: for producing an end

product other than electrolytlc c0ppe1 for Ex-

ample, hydmgen reduction to coppen powder
or copper suilfate crystals.

There aré also several factors remaeining to be de-
fined in more detail before this process can be rec>

ommended for large scale commercial use. These

fuctors includer

The ac¢tual effect of the recycled rafﬁnate on the
dump leach operation. One: question that has been
raised is: the.possible effect of the small organic en-

tramment on the bacterial activity of the dump. No .

problem is expected in this area, since the LIX~64
is relatively non-toxic, and any organic entrainment
would be qmckly filtered in the-top few feet of the -
dump '

‘more aceurately costed. This information might be
best obtained in a pilot operatlon approximately the
size dlscussed above.

Further work to optimize operating conditions for
subsequent electrowmnmg is needed mcludmg esti-

'fmates of the cap:.tal cost of an electrowmmng plant
. at. optimum .conditions; and, if necessary, power .
‘generation. )

New siripping technigues—both chemical and

. combination of chemical and physical techniques

need further definition.

* SUMMARY
From - the data currently available, there appear
to be_no -technical problems with the application of
this liquid ion exchange process using extractant
LiX-64 for the recovery of copper from dump leach
solutions. While the economics of using it can only-

be estimated in a rather wide range at this time,

they appear very favorable and warrant further in-

tensive investigation of the process on a larger.scale
-as a replacement for cementation.

Looking to the-future, it is not difficult to envision

"the: economit¢ feasibility of the Hydrometallurgjcal
© treatment of ¢opper sulfide flotation concentrates,

follewed by liquid-iofi exchange and electrowinning

at the mill site, especially for operations a consider-.

able” distance. fronm smeltirig and refining facilities

and for those operatiohs without intérnally owned
smelting and refining facilities. . »
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Kennecott Copper Corp.'s Bingham Canyon mine, is truly

Process Control series— Part 3

miracle of modern mining.Within the last 14 years, ore grade million plant expansion maintains metal productivity.

New servo-systems bolster Kennecott oufput

Helnz R. Seck
Robertshaw Controifs Co.

LIKE MANY OTHER MINING OPERATIONS, Kennecott
Copper Corp’s. Utah Copper Div. found it had to “run
Just to stay even.” .

Kennecott is completing a $100-million expansion of its
mining-processing complex near Salt Lake City, which will
boost its copper production to 25,000 tons monthly, but
this monthly production is about the same as it was in the
mid-1950’s.

The reason: The grade of ore available for mining has
steadily declined, and the average ton of ore mined in 1966
4 the Utah operations contained about 15 Ib of copper,
ompared to 19 1b in 1952.

The expansion program can be divided into two major
scaments: (1) A 20% increase in mining, concentrating and
Smelting capacity for handling from 90,000 to 108,000

tpd of ore; (2) a program to increase recovery of precipi-
tate copper from leaching of overburden dumps, from
150,000 to 400,000 1b daily. :

The huge effort to restore production to past levels in
spite of continued decline in quality of ore included instal-
lation of very sophisticated instrumentation and control
systems, probably the most advanced in the copper mining-
processing industry.

Robertshaw Controls Co. was a major supplier of these
systems under contracts with Bechtel Corp. and Western
Knapp Engineering. : :

Modern automatic controls are especially adaptable to
the expanded leaching operation, which involves massive
movement of water.

During its more than 60 years of operation, 1¥2-billion
tons of overburden have been accumulated at the Bingham
Canyon mine, claimed to be more than two miles across
and almost half a mile deep.
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Leach pits atop the low-grade dumps receive acid solution
which percolates downward leaching Cu on its way. Pregnant
solution is collected and sent to the precipitating plant.

For decades trains of railroad dump cars—replaced

now by giant diesel haulage trucks—have circled around
-the pit’s levels carrying ton after ton of overburden to

dump areas outside.
* These overburden dumps-—growing at the rate of over
200,000 tpd—rise almost 2,000 ft on either side of the
canyon. ‘The expanded program to leach copper from
these man-made mountains of waste rock requires.piping
systems which stagger the imagination. '

The leaching system includes more than 45 miles of pipe:

above .and below-ground, comprising make-up water and
primary water supply, collection and distribution systems
on each side of the canyon, and other specialized lines.

At the top of the overburden dumps gigantic ponds are
dug in the relatively flat tops, each 30 to 40 ft wide and as
long as 200 ft. Acid solution pumped to the ponds perco-
lates down through the dumps, leaching out the soluble
copper.

The copper-bearing solution flows from the bottom of
the dumps ‘and runs down natural ravines to collect be-
hind check dams. The pregnant liquor then gravity-flows
through asbestos-cement pipelines to two central collection
tanks, and thence to the precipitation plant.

Fresh water for primary supply and make-up is pumped
from the North Jordan and Utah Salt Lake Canals, 7 and
9 miles away respectively. It is delivered by pipeline to a
new 500-million-gal reservoir, which also receives a por-
tion of the effluent from the precipitation plant, and
overflow from the solution collection system for the set-
tling out of solids and reintroduction of water into the
system.

A pumping station at the reservoir boosts the water
through a pipeline and a distribution box into the sump of
the central pumping station, where chemicals are added to
form the leaching solution. The solution then is pumped
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- ess, fire and drinking water to the plant, and also to a
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Transite asbestos-cement pipe (36-in.) carries pregnant solu-
tion from the dumps to the precipitating plant. Workmen lay
a section with Ring-tite couplings which permit deflection.

through the east-side and west-side distribution systems to
the ponds atop the dumps.

The east-side piping system extends 2%2 miles and -
climbs 1,720 ft. The west-side system. is 6% miles long
and rises 2,000 ft. The complex includes an auxiliary
make-up water system, used primarily for providing proc-
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truck maintenance shop 2,200 ft above the water source.

Operation-by-exception creates economies

. AEREA L e

Designers of the system incorporated modern instru-
mentation and control techniques to provide significant
operating efficiencies and economies. These permit loca- .
tion of line breaks in any part of the system, so that a re-
pair crew can be dispatched to the scene or adjustment of
flows made to prevent extensive damage.

. The control system not only detects and locates such
problems but, because it is automatic, it eliminates the
need for manual control at the various pumping stations.

Operational information is obtained through the use of
recorders and a supervisory control system which tele-
meters status information and abnormal operating condi--
tions to a control center located in the operations building,
at the precipitate plant. Here, visual readout devices provide
the operator with immediate information on the entire
solution distribution system and a limited amount of
overriding control capability. .

For total control of thc distribution system, solution
level in the surge tanks and the pumping station’s sump
must be closely watched—this, too, is handled by the auto-
matic control system. Variation in leaching solution demand
causes the control system to start and stop pumps at the -
various stations and regulate bypass valves for efficient

(Continued on p 79) -
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Instrumeﬁtétion and control hardware for leaching system is  Master operations console, and E—Local alarm and status
indicated with letters as follows: A—Level controls, B—Auto- annunciators. Robertshaw Controls.Co.’s vibration detecting
matic control system, C—Supervisory control system, D— devices shutdown motors when excessive shaking develops.

" Special materials of construction are dictated by corrosive conditions

R ... .~ - et e e -

When Kennecott engineers were in diameter in Class 100 150, and A backhoe was used to clean
considering the new leach system, 200. The larger dxameters are in the trenches working up from the
careful selection of the materials the lower pressure sections of the bottom of the slope and, because
of construction- was necessary be- inain distribution lines, which go of the steepness of the terrain,
_cause of the corrosive conditions up the sides of Bingham Canyon most of the time two crawler trac-
under which the facilities would some 2,000 ft to the top of the tors were also needed. One tractor
operate. Pressure and pH varies west-side dumps, and 1,720 ft up would tow the backhoe up the
widely from one location to an- to the-top of the east-side dumps. slope, the other would be at the
other and these factors dictate to There are hundreds of feet of top of the grade serving as an
a large extent the type of ma- smaller diametet lateral pipes that anchor to the towing tractor and

terial to be used. carry the leaching solutions to the backhoe. Grades ranged to 65%.
Thus some is stainless steel pipe, ponding areas atop the dumps.- Wherever possible, the Transite
plastic-lined steel pipe, epoxy- Twenty-four . stainless  steel pipe was strung along the pipeline

lined and unlined asbestos-cement pumps in the central pumping sta- right-of-way and lowered in place
- pipe. The large part of the pipe- tion and booster stations, rated at- by a sideboom tractor. Where ter-
line systems is asbestos-cement 4,000 gpm each, are used to rain was too steep, the pipe was
pipe, and Johns-Manville “Tran- pump the leaching solution through stockpiled at the bottom and
site” pipe was selected. Transite the distribution system pipelines. ‘“walked-up” by sideboom.

pipe is already in use in the exist- The distribution pipelines have Installation crews laid the pipe
ing leaching system, and its record a total capacity of 52,000 gpm, uphill whenever possible, with the
of performance contributed to the with 28,000 gpm capacity for the belled end (end of the pipe with

decision to select it again. east side, and 24,000 gpm for the collar on it) being the uphill end
Make-up water is carried from west side. of each section of pipe. This meth-
the reservoir to the plant through Trenching was the most difficult od permitted the workers to easily

12 -miles of 36-in. asbestos-ce- part of laying the distribution sys- assemble the section of pipe into
ment pipe. The distribution system tem. The majority of the trench for the collar about 95% of the time.
carrying the leaching solution to the west-side system was blasted, Much easier to install was the
the top of the dumps uses some and some of the east-side trench collection system that carries the
63,000 ft (12 miles) of epoxy- was blasted because of the rocky pregnant solution from the collec-
lined asbestos-cement pipe. It material along the asbestos-cement tion dams below the bases of the
ranges from 24 in. down to 10 in. pipeline route. dumps to the precipitate plant.
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Flow scheme for new precipitating plant is coofdinated with  installation boosts cément copper production from 2,250‘ to
output from existing launder-type cement copper plant. New 6,000 tons monthly, which represents 259, of total capacity.

Kennecott cone-type precipitators are self-cleaning and operate continuously

Kennecott Copper Corp.’s newly the nozzles injecting the copper-
developed copper precipitation ves- bearing solutions into the mass of
sel consists of a 14-ft dia tank, 24 iron. Injection of the solutions has
y . ft tall, in which is mounted an in- the effect not only of rapidly pre-

verted cone 10 ft in diameter by 10  cipitating copper, but also removing

ft high. The outer 14-ft-dia tank the metallic copper from the iron

. contains a 45° sloped false-bottom surface, thereby exposing clean,
floor from one side of the tank to a  fresh iron.

"site side. The annular space be- tinuously operated unit that is self-
tween the inner cone and the tank  cleaning. The pressure and velocity
is covered by a heavy-gage stain- of the solutions in the lower conical
less steel screen. The screen is section tend to move the copper
mounted as a continuation of the precipitates upward and out of the
cone and is anchored to the cone cone into the reduced velocity zone
and tank. The cone supports a created by the larger diameter of
pressure manifold that consists of the holding tank. The copper pre-
six vertical legs, with each leg con- cipitate settles down through the
taining a series of nozzles directed stainless steel screen and accumu-
inward from the tangent to the lates on the sloped false bottom of
cone, and upward from the angle of the tank. The copper can then be
the legs of the manifold. The noz- discharged intermittently with the
zles are arranged in such a manner use of a pneumatically operated
as to create a vortex when the cop- valve on a time cycle or bled con-
per-bearing solutions are pumped tinuously through a small diameter
through the manifold into the cone. pipe into a thickener or holding

Cone-type precipitators produce In operation, the inner cone and basin. The copper precipitates pro-
cement Cu having a typical analysis:  the area of the tank above the duced in this manner are of sub-
90%-95% Cu, 0.1%-0.29 silica, stainless steel screens are filled with  stantially higher grade than con-

and 0.1% to 0.2% Alx03. shredded detinned iron scrap. ventional cement copper produced

Copper-bearing  solutions are in a launder-type plant. They will
pumped through the manifold with typically contain 90 to 95% Cu.

* bottom side discharge at the oppo- The precipitation cone is a con-
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The new precipitating plant showing some of the 26 cones
in the center ground behind the steaming thickener.

{Continued from p 76) :
flow control. Extensive electrical and logic interlocks are
are.employed to safeguard operation of the system.

The control system also. monitors levels in the new
main reservoir for the make-up water system.

The leach flow system is expected to be efficient enough
so that 80% of the-solution pumped onto the dumps will
be recovered and reused. |

The copper-enriched solution is supplied- to the new
precipitation plant from two wooden solution head tanks
of 200,000-gal capacity, which feed the plant through
two buried pipelines. The precipitation process is the only
vne of its kind in the copper industry.

Precipitation of pregnant liquor takes place in semi®
automated cone-type units using cones developed by
Kennecott -Research Center personnel. Shredded, detinned
scrap iron is used to precipitate soluble copper as metallic
copper, based on the chemical replacement of soluble
copper with metallic iron. .

The plant consists of two modules of 13 cones each;
storage, and handling facilities for the detinned scrap
precipitant used in the cones;. acid storage tanks; de-
watering equipment; loading facilities for precipitate cop-
per; and an operations building.

Earth moving on a gigantic scale

Increasing ore and precipitate tonnages meant increasing
sequential facilities to handle this material. The 16-mile ore
huulage railroad linking the mine and processing plants
has been improved, and 160 new ore cars were con-
Structed at the division to handie increased mine output.

In addition, 34-million cubic yards of material were
moved to construct 9 miles of additional track to serve
!h.e ncw Bonneville “concentrator.” This plant crushes and
grinds 27,000 tpd of dre. The uniform, finely crushed ore
1s delivered to older Arthur and Magna concentrators for

E/M]—August, 1967
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The control center for the leach-solution distribution in the
precipitating plant operations building.

processing by flotation into copper concentrate.

The ‘Bonneville complex consists of a twin rotary car
dumper, a S54-in. gyratory crusher, coarse ore storage
with 12,000 tons live storage and 40,000 tons dead storage --
capacity, secondary and tertiary crushers, a fine ore storage
building with 39,000 tons live storage and 37,000 tons
dead storage capacity, and a conventional grinding circuit
of four rod and eight ball mills.

Instrumentation and control devices are installed
throughout the Bonneville concentrator to provide for
ultimate operation. Central control rooms are located at
the primary crushing, fine crushing, and grinding buildings.

Digital hardware supervises operations

Equipment malfunction and miscellaneous material
handling difficulties are indicated on annunciation alarm.
panels, and the installed instrumentation and controls will
provide shutdown of certain critical ‘equipment, Sonic
devices are used to sense level in the tertiary crusher
surge bin and fine ore storage area. A complex digital
system controls operation of two trippers, providing proper
ore distribution. ‘ .

.An automatic “splitter position control” releases the
rod mill product to the proper ball mill, and an ore-to-
water ratioing device maintains the proper product den-
sity. The control system also keeps the slurry at the
proper pH level by regulating the amount of lime added.

Another facet of the expansion is modification of the
smelter. Its modernization is taking place while normal
production is maintained. Smelter expansion includes: elim-
ination of the roasting phase of the smelting process, along
with all related handling systems; construction of three
large, direct-charge, green-feed reverberatory furnaces; and
installation of 9 new or modified converters. The rever-
beratory furnaces are equipped with recuperators to supply
‘preheated air at 800°F for furnace combustion. Support
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.Bonneville plant instrumentation includes: Feeder control
panel in primary crushing; feed rate and ratio contro! sys-

tems in fine crushing; sonic and capacitance ‘level devices
for measuring bin levels in the fine ore storage section plus

Grinding building control panel from which ore reclaiming,
wet grinding and distribution of plant product is controlled.
Control units also exist in the other major areas of the
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Bonneville plant has four sections for size preparation
of the feed to both the Magna.and Arthur concentrators. Ore  in the grinding and one each in the two crushing buildings

FINE.ORE STORAGE

PUNP (&) PUMNP (1)
msrmauroné% FRON 1 OF 4 GRINDING SECTIONS &
: TO MAGHA CONCETRATOR 10 ARTHUR CONCENTRATOR %
fully automated digital tripper logic for ore profiling and dis-
tribution; a 38-ft control panel in the grinding plant for con- _
trolling feed rate and ratio of H:0-to-ore in slurries. The -
entire operation has extensive electrical interlock control. ':
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concentrator. They supervise reclaiming, secondary and
tertiary crushing, distribution of ore to storage, plant air
compressors, levels of process and potable water supply.
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facilities mc!udc power plant equipment to prov:de add1~

tional ¢onverfer air at: highér pressure and to accommodate
additional waste heat.steam.

Some excess: steam for high-pressure- boilers is ue.cd to
drive forced and induced draft fans and -converter blow-

éts, with the remajnder developing. electrical energy rcqui'red o

for other plant auxiliaries.

In addition, and dpatt:from the: cxpansmn program, a
new molybdlc oxide plant has . been constructed at. the,
smelter, with an annual capacity of 18:million' Ib of
molybdenum as-technica! ‘grade and hlgh purity mo]ybdlc
oxide. The plant also produces a_chetiical compound
of rhénium (ammonism pcrrhenate}

Also, - construction has been completed. on a 500-tpd
acid plant, Eventual qmcltcr acid production will be about
1,440 tpd, with the combined capacities of the new and
previously existing acid plants.

The: final step at Kennecott-Utali is refining. Anodes
produced by the smelter -are processed at the refinery,
emerging. as 99:96% ‘Cu. In forms of ingots, ingot bars,
wirebars, slabs cikes, ¢ut cathodes and biiléts, the metal is
shipped to fabm.atmg planls and !0 other customers.

Bmgham s hnsfory—a ‘crown of superlahves

The Utah copper mmmg story bcgan Jn 1863, when
Bingham Canyon was first prospected actively by soldiers
of the. Third California Infantry stationed. at' Ft. Douglas;
just east of Salt Lake City. M'my of them had cxplcred the
California gold fields before Jjoining the army.

Their cédmmanding officer, Colongl Patrick E. Connet,
called the “father of Utah mining;” encouraged his men
10 spend. theit leisure: time searching for metals.

Fragments of lead.ore were found, and the ficst mining
district. in Utah was orgamzed Gold was discovered the
following year. Some promising minéral *deposits were.
Idcated, but many difficulties, including Tack of a, railroad,
slowed. development

Ironicalty, the first: coppér, deposnts were lafgely neglected
because.they were low grade:and-not as easily smelted as
lead ores. ‘Bingham Canyon, unti] after the tura of the.
century, was éssentially a lead-sllver-gold camp.

As the years passed others became interested, and in

1903, the Utah Copper Co., predeoessor of Kennécott’s:

Utah Copper Div, was, orgamzed .

Today, the Blngham Canyon mine, and its associated:
rdClllllES aré believed to have these-distinctions:

* It ig the first open-pit ‘miine in the copper ‘industry.

» It is the largest smgle mlmng pm}ccz man has ever
undertiken.

+ It i5 the world’s largest man«made excavat:on, the.
result: of removing more than 2:46-billion tons of material.,
 « From this huge tonnage of ore and overburden, there
has been produced over 15~ billion |b of copper, a record
Ior any single copper mine. Normally, the facilities pro-
duce dbout 17%- of the nafion’s newly mined copper each
)e'll'

* The 16-mile standard page ra:]road operatéd by
hcnnecott between Bingham Canyon and the ore con-

entrating plants, sets another record—the h:ghest traffic
density of any raifroad in the world, "

The mine is also the Western. Hemlsphercs second
largest produter of gold, and the nation’s.second ]argest
produéer of molybdenite concentraté, important in makmg
alloy steel. Other byproducts are silver and metals in-
cludmg platinum, palladium and selenium, present in the
o7e. in: minute «Guantities.

Kennecott is confident that its four-year expansion pro-
grim in Utah, incorporating the latest technologlcal ad-
vancéments, will put Utah’s copper production on an even
soundey footmg
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Kennecott's Utah electroiytic: refmery showing piant in. oper—

ation With copper cathodes beihg foried.

Heinz R. Seck, .now project
engineer for the Aeronautical
& JIpstrument Div., Robert-
shaw Controls Co., holds a
B.S. in electrical engineering
-and an M.S. in systems engi-
neering from the West Coast
University of Los Angeles,
‘Calif, Setk has-an 'extensive
background covcfing instru-
ment design and development
plus systems engineering. He is, an associate member |
of IEEE, and before working-for Robertshaw he, was
employed by Minnesota Mining & Mfg Co. as senior
development engineer at Hawthorrpe, Calif. While
with 3-M, Seck was responsible for data acquisition
systems, computer Ie'\51b111ty studies, and digital and
special counter systestis. Prior to coming to-the U. §..
he worked in Canadaand Germany i in- related electro-
_mechanical fields,
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