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ONLY TWO YEARS after the first com-
.. mercial operation came on stream near
George West, in-situ uranium leaching
. has established a strong foothold in
southern Texas. (See E/M4, July 1975,
p 73.) Four leaching operations are,
now on stream in the area, with four
more in various phases of. development
and pilot testing. .
The Clay West mine, near George
West, Tex., was started up in April |
-~ 1975 by joint venturers Atlantic Rich-

. field (50% owner and operator), Dalco
Oil (25%), and US Steel (25%). The
operation is currently being expanded -
from 250,000 to 1 million lb per year of -
yellowcake. The expanded plant, due to
come on stream next year, iS now a
.’ joint venture of US Steel and Niagara -
Mohawk. Dalco. and Arco have sold:
their shares. Arco is operating the -
- facility until August 1, when US Steel
ill take over.
Clay West was the first commercial.
in-situ mine to tap U;Og from the

o

-At nearby Burns Ranch, an operation
owned 100% by US Steel came into -

150,000-1b-per-year capacity. In a rad-
‘ical departure from Clay West, where:
pregnant solution is pumped_-to-a L .
central processing plant, Burns is © ] - : ]
*designed with an ion exchange column. - -
‘at the wellfield, After uranium is ) : . S L
xtracted, the laden resin is trucked in tration may fall as low as 25 ppm as  recovery surge tanks also are moni- .
E‘]O 000- 10 12,000-g lots to a central the ore is depleted in a well, indicating  tored to assure that injection does not Lt
plant for processing. This system the need for wellfield: realignment or  exceed withdrawal. Monitoring wells,

‘

“provides great flexibility and is more. expansion.  on the periphery are sampled biweekly;
economical than piping, according to Control of the Bruni opcratxon is  if there are indications of an excursion, !
S Steel officials. Satellite fields have  manual, guided by in-plant instrumen-  the ,situation is coirected either by |
been set up. When one field is tation and a flow meter on each well- - halting injection and overpumping the
cxhausted a new one can be opened by  head. The levels of injection and - ‘ (Continued on p 27)

Trerouting the trucks

is completing a development iy
phase of 100,000 1b per year and In-situ uranium operations in Texas |
xpects to reach full production of -

50,000 Ib per year by yearend. At the Capacity

runi plant, about 10 acres are in Company Location (1b per year U,0;) Status -

foduction, with 120 wells per 5 acres, US Steel, Niagara George West = 250,000 Expanding to 1 million
at- 40- to 60-ft intervals in a five-spot Mohawk : b per year.
pattern— four injection wells surround- US Steel Burns Ranch 150,000 In production.
1 g‘ each production well. A weak Wyoming Mineral Bruni 100,000 Full production will be

Bmmonia leach and proprietary ion 250,000 Ib per year.

Wyoming Mineral Ray Point 500,000 Bei ;
J€Xchange extraction are used. Current Union Cgrbide Duzal County 0 P“:)r;gl:set:/:;?ped
i¥eoperations will recover more than 50%, International Energy Pawnee mine 180,000 On stream.
g¥and-in some areas more than 75%, of International Energy  Ray Point 300,000 - On stream in March 1978.
® mc_uramum from the wells. The solu- Solution Engineering Alice 1 miltion Ib Recovery from tailings.
N produced contains 100 to 200 ppm total production i
initial leaching stages, but concen- : f:
IMJ — June 1977 ' ' ’ : 23 f g
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production wells-or by changing the
pumping balance in that portion of the
field. .

Experience at_Bruni facilitated: con-
_ struction of the company's second
" production unit—the Lamprecht plant
at Ray Point, north of George West.
This installation is designed for a
capacity of 500,000 Ib per year of
yellowcake. Development at Lam-
precht.has been done under.a tempo-
rary order of the Texas Water Quality
Board. Wyoming Mineral expected to
receive permits from the board in May
to allow full operation of the plant. The
company says that the Lamprecht mine
is virtually a duplicate of the facilities
at Bruni except in capacity, and that
bringing the plant on stream should
present few problems because of the
lessons learned at Bruni.

In Duval County, Union Carbide has
been pilot-testing its plant for the past
18 months. The company pumped at a
total rate of 120 gpm last July, and in
January 1977 began injecting 32 wells
at 10 gpm each. No productnon ﬁgurcs
-are available.

International Energy Co. came on
. stream this spring with a 180,000-ib-
" per-year facility whose output will go
to Virginia Electric Power. At ‘the
Pawnee mine in Bee County, the basic
process is similar to other operations in
the area—alkaline leach and a fixed

pattern is unique. [EC uses a comput-
er-gencrated wellfield design, which
takes into account hydrological condi-
tions for maximum sweep efficiency
and control of the leachate. Injection
and .production wells are laid out in a
nonuniform pattern, depending on the
== underground conditions. The computer,
lacated in Denver, also monitors pres-
sure and flow rate, although it does not
physically control the operation.

> Point in Live Oak-County, with an
initial design capacity of 300,000 Ib per
year, to be in operation by March
= 1978. -
Another leaching process, although
not exactly in-situ mining, is a unique
venture of Solution Engineering Co.
near Alice. The company is gearing up
recover uranium values from the
B tailings of the Susquehana mine, which
k £~ operated from 1961 to 1973, depositing
vgwmc 3 million tons of tailings. The
:plan is to recover about 30%, or 1
million 1b, of uranium from ponds and
y by injecting dry tailings. The company
-estimates that there are 40 million g of
ssolution available in seven sites—three
sformer open-pit mines and four im-
poundments. Most of the solution
contains 60 to 70 ppm of uranium
goxndc The company is using old mill
lankage in setting up a facility to

IMJ—June 1977

resin reactor —but design of the well

IEC plans a second plant, at Ray -

process 500 to 1,000 g per min. If a
water quality permit is received in
time, commercial operauons will begm

*in the fall.’

Onec hurdle faced by all the Texas in-
situ operations is obtaining permits
from the Texas Water Quality Board.
Because the technology is relatively
new, the board originally had no
precedent to guide it, and obtaining
permits has been a tedious and drawn*
out affair. Wyoming-Mineral is work-

" ing with the board to develop permit

guidelines less complicated than the
present 30-page permit document. A
standard form of perhaps only a couple
of pages is envisaged, with references

to other documents that spell ‘out-

performance details of government reg-
ulations. The permit form would speci-
fy only exceptions umque to the mining
site.

There is strong mterest in the proce- -

New Arizona commission to determine

THIS MONTH IN MINING

dural question of restoring the mining
aquifers because many water quality
parameters must be considered. For
example, there are questions about
meeting the overall toxicity of the
ariginal baseline . condition. Can and

- should this be done by elemcm-by—

element restoration, or are variations in
' each element permlssxble as long as the
- ‘original toxicity quotient is- reestab-
lished?

The board has the authority to
specify aquifers that have more value
as mineral resources than as water,
resources. After mining, such aquifers
may not have to be totally restored to -
meet every original parameter. The
Texas uranium producers are confident
that restoration can be done where
necessary to meet the requirements,
and R&D work by all companies is
reportedly producing encouraging re-

sults. ]

complex water rights in Santa Cruz Valiley

. A BILL signed into law early in May ~

has removed the immediate threat of
injunctive action to prevent pumping
and transportation of water in Arizona.
The bill authorizes a commission to
study and make recommendations on
the future use of Arizona’s water
resources by Dec. 31, 1979. If the
Arizona legislature- fails to enact a
ground-water management code by

. September 1981, the commission’s rec-
" ommendation will become law.

Cyprus' Pima Mining Co. and several
other companies that operate mines
south of Tucson are defendants in a
suit brought by Farmers Investment
Co. (Fico), an agricultural corporation

" that pumps water to irrigate its lands in

the Santa Cruz valley. Fico sought to

enjoin the mines from pumping water .
and claimed $70 million in damages. -

The City of Tucson also asked for a
declaration of rights to certain ground

water and sought to enjoin agricultural.
and industrial users from returning to -

the ground water that would make the
water supply undesirable for domestlc
use.

August 1976 that if pumping of water
may injure the wells of neighboring
owners, water cannot be taken “off the
land™ or “to another parcel,” even
though both parcels overlie the com-
mon source of supply. In another case,
several landowners sought to enjoin
Cyprus Bagdad from pumping and

‘transporting water from the Big Sandy

ground-water and drainage basin and
the Big Sandy River, on the grounds
that this would cause irreparable dam-

The Arizona Supreme Court ruled in

age to the plaintiffs and that it was an
unlawful and unreasonable use. -
An injunction against Bagdad would
have caused curtailment or suspension
of mine expansion, which will increase
concentrator capacity from about .
6,000 tpd to 40,000 tpd. The new

concentrator is -slated to start up in .
" September at a cost of $15 million.~

In view ‘of the new legislation,
Cyprus says that it intends to proceed
with full pumping in August or
September and anticipates no draw-
down of the water table because former

use of the land for agriculture required

moare water than industrial use.

In two other civil suits, the US -

government and certain Indians seek a
declaration of their water rights in the

*Santa Cruz River. basin. The defen- ~

dants are Cyprus Pima, other mining
companies, Fico, and the City of
Tucson. The new law banning injunc- .
tions will not affect this case, but no
trial date has yet been set. [

{Continued on p 31)

Minerals on March cover

K. Fukumoto of Dresser Minerals’
Cookeville, Tenn., office correctly
identified 10 of the minerals
pictured on the cover of the March
1977 issue of /M4, in response toa
challenge published in the April
“issue. He has been rewarded with
onc giant pterodactyl egg and a
copy of Continents in Motion, by
Walter Sulhvan

27 .
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INTERFACING TECHNOLOGIES IN HYDROMETALLURGY

Milton E. Wadsworth.
: Associate Dean, College of Mines and Mineral Industries
and Professor of Meta]]urgy, Department of Metallurigcal Engineering
University of Utah, Salt Lake City, Utah

ABSTRACT

Hydrometallurgical processing of ore deposits by solution mining or in-situ techniques re-
quires the interfacing of several well developed technologies. The means of bringing broadly
diverse concepts together represents one of the main challenges in in-situ processing.

Important related technologies and some‘suggestions regarding interfacing are presented.

INTRODLCTION

This paper is presented to illustrate the complex nature of many hydrometallurgical processes
which require the interfacing of several fields-of technology. Unfortunately these techno-
logies often have barriers resulting from inherent ‘technical complexity, vocabulary, and
mutual awareness of the depth of knowledge and endeavor in each separate field. No better ex- .
ample exists than that of the hydrometallurgical processing of Tow grade or remote ore bodies
as fn dump leaching and in-situ or solution mining. The very complexity of such processes
emphasizes the need for instrumentation for purposes of monitoring and control.

INTERFACING TECHNOLOGIES

Figure 1 illustrates several technologies which interface in solution mining. How well these
technologies interface depends upon the size of the operation and its financial capability

to bring“"to bear the optimal use of information, processing, etc. available. It is inconceiv-
able that any one individual can optimize each potential contribution alone. Consequently
some areas are usually neglected of necessity or simply are not fully appreciated. The point
seems apparent when one examines what must be done at some future date to develop and exploit

a remote solution mining system with maximum chance for success.
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_]t is necessary for cach discipline to comnunicate nceded background information so a process
of optimal design may be developed.

As {1lustrated in Fig. 1 important interfacing technologies for understanding and developing

a complex solution mining system are Geology, Rubblization Technology, Chemistry, Hydrology

and Process Enginecering. The process engincer nust bring existing factual information and
laboratory data together so predictions of some reliability can be developed for nceded scale-
up in the field. The task of scale-up often is overwhelming considering the order of magnitude
changes from laboratory to the field. Typically this may refer to about six orders of
magnitude change. The lack or impracticability of intermediate staging or pilot plant equiv-
alent represents the weakest 1ink in process design of solution mining systems.

It is not within the scope of this paper to discuss these technologies in depth. A few ex-
amples of important background information and suggested ways of. interfacing will be presented.

" GEOLOGY

The field of geology provides impcrtant background information regarding ore genesis, Titho-
sphere-hydrosphere reactions, secondary enrichment and weathering. Following formalizations
or2ginally proposed by Pourbaix 1), the geologist presents important thermodynamic relations(2)
particularly suitable to analyzing 1ithosphere and-hydrosphere relations in the form of

Ep-pH diagrams. While these diagrams fail to predict rates of reaction they are very useful
in predicting final phases, oxidation potentials associated with certain mineral phases, and
solution reactions as a function of voltage (E,) and acidity (pH). These diagrams provide
rapid evaluation of oxygen potentials associated with certain minerals and immediately draw
attention to the very low oxidation potential at or near the water table. Regions where
oxidation and secondary enrichment can occur are clearly apparent. An analysis of oxygen
potential relative to the water- table and patterns of oxidation of secondary enrichment sugges
unique types of solution mining systems. While highly idealized, Fig. 2 illustrates the .
classical array of oxidized and secondarily enriched zones relative to the. water table. Inter-
faces are not clearly delineated but general relations associating oxidation potential and

Surfoce
~—LEACHED ZONE
SUBSURFACE
OXIDIZED (VADOSE)
2ONE - ® [ =——OXIDIZED ZONE {SECONDARY)

ciides, corbonotes, sie)

J «»—— SUPERGENE ENRICHMENT 2ONE
(SECONDARY)

—>———HYPOGENE 20NE
{PRIMARY)

Figure 2. Cross-section illustrating regions of oxidation
and secondary enrichment relative to the primary

ore source.

mineralization become apparent. ?g'ng copper as an example, Fig. 3 illustrates the type of
mineralization found in each zone The geometric and chemical relationship of the oxid-
ized secondary (supergene) enrichment zones and primary (hypogene) zones lead to the three
general types of in-situ, solution mining systems. As will be shown the types of in-situ,
solution mining systems delineated above as a broad base may be applied to a variety of

mineral deposits, copper merely being an example.

Secondary enrichment occurs when oxidized ores release soluble constituents which migrate
downward and react to form new mineral phases. These reactions may be simple metathesis,
precipitation or may involve oxidation-reduction couples. Again using copper as an example,
sulfide supergene enrichment forming covellite (CuS) and chalcocite (Cu,S) f(RT the primary
chalcopyrite (CuFeSz) and pyrite (FeSZ) may occur by the following reactions\®’:
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Fioure 3, Sequence of copper mineralization as a
B result of weathering and secondary

enrichment.

Covellite (CuS)
(1) PbS + CUSO4 = CuS + PbSO4

(2) CuFeSZ + CuSO4 =2 CuS + FgSO4

Chalcocite (CUZS).

(3) 5 ?ESZ + 14 CuSO4 + 12 H 0=7 Cu S+5 FeSO +.12 H2504

(4) 5 ,FeS + 11 CuSO + 8 H20 = 8 CUZS +5 FeSO4 + 8 HZSO4

Reactions (1) and (2) represent simple metathesis while (3) and (4) involve oxidation-reduction
It is interesting to note that reaction (3) “involving FeS2/Cu2S will .occur at En

couples.
of approximately 0.05 volts at pH = 2 and’'a total sulfur activity of 0.1. This voltage
corresponds to an oxygen partial pressure for which log P(atm) = -79. The importance of the

oxygen consuming ability of sulfides with apparent slow 02 diffusion emphas1zes the importance

of the water table as a barrier to oxygen infusion.

zg}ustrated above, may occur during leaching. This was evident in the
. where released copper values migrated into ore fragments forming
In our own laboratories the kinetics of reaction {2) have been
One micron particles of chalcopyrite will react essentially

Secondary reactions, as
studies of Braun, et al.
CuS according to reaction (2).
found to be surprisingly rapid.
completely in 70 hours at 90°C,

Weathering reactions are very important since natural weathering provides access paths for
solution penetration due to cracking and bulk volume changes. Also accelerated weathering
occurs during leaching causing particle fragmentation and clay slime formation. Such in-situ
weathering may enhance or retard dissolution depending upon the particle sizes resulting from
weathering. Modeling of in-situ systems over long periods of time will undoubtedly have

to include artificial weathering kinetics since porosity and particle size are predominant
factors in the leaching mechanism. Fiqure 4 i]lustﬁjtes the E gica] weathering sequence for
feldspar showing dramatic variations in pore space Leach lists the relative rates of

weathering according to the sequence:

Hornblend > Biotite > Plagioclase > K-spar > K-mica



A typical sequence in the case of K-feldspar 1s

() () (€) 43
K-feldspar + K-mica + Kaolinite + Al ~ + H4Si04

K-fe]dspar K-mica +
(5) 3KA1Si 50 30g + vt + 12 HZO KA135130]0(0H)2 + 2K+ H45104 (a)
(K-mica) (Kaolinite)

(6) 2KA1Si 010(0); * 2H' = 3A1,51,0 5(0H), + 2K° (b)

(Ka011n1te) +3
(7) A1,si, 05(0H), + 6t = 2173 4 Hy0 + 2H,5i0, (c)
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Figure 4.

SOLUTION MINING SYSTEMS

Based upon weatherIng patterns and change in oxidation with depth, three general types of
solution mining systems are suggested. These are presented in Fig. 5 and may be summarized

as:

Type (I); surface dumps or deposits having one or more sides exposed and
deposits within the lithosphere but above the natural water table,

Type (I1); deposits located below the natural water table but accessible
by conventional underground or ‘bore hole mining techniques, and

Type (I11); deposits below the natural water table and too deep for economic
mining. )

Type 1 is representative of systems which are leached by pass1ng thin films introduced by
pumping into bore holes, surface fiooding, or surface spraying. In each case similar hydro-
logical and chemical conditions prevail. Solutions of high jonic strength, containing
suitable Tixiviant, are involved with associated precipitation of salts according to limits of
solubility. Control of the hydrology is very difficult and channeling occurs leading to
surface blockage and long diffusion paths from by-pass zones into zones of active fluid flow.
Leaching may be carried out continuously for oxides and secondary sulfides, or in the case of
certain sulfides, alternate oxidation, drain, and leach cycles may be most effective. In the
case of sulfides the active lixiviant is ferrous ion and requires good aeration, supported by
bacterial activity to maintain éffect ferric ion levels. In the case of oxides the lixiviant
is usually sulfuric acid. The Teaching of oxides is first order with respect to hydrogen ion.
Since gangue minerals usvally consume acid, increasing acidity may simply resuvlt in excessive
gangue dissolution. One of the major challenges of oxide leaching is to find a means of intro-
ducing acid to minimize the consumption by gangue and at the same time avoid excessive acidity
in the effluent which would be unsuitable for solvent extraction. .
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Type II systems apply to deposits below the water table extending normally to less than 1000

ft.
falls within 1000 ft in depth.

Certain oxides such as uranium may extend much deeper but secondary enrichment usually
Bore hole mining of uranium is typical of a Type II system.

In

In this case the "roll front" deposit of reduced uranium in a finely dissemipated deposit is

mined by down-hole and up-hole pumping using a grid pattern.
deposit and Fig. 7 shows a typical bore hole pattern as was used at Clay West

BORE

(

Figure 6 i]]ustrg}es such a

HOLE MINING
OF URANIUM

GRID PATTERN OF INJECTION
AND PRODUCER WELLS

OXIDIZED
ZONE

REDUCED
ZONE

Figure 6.

INustration of "roll-front" uranium deposit suitable

for bore hole mining.

Type I1 also is represented by deposits requiring extensive shattering or fracturing. Rubbli-
zation may be accomplished as in the case of Type I, by use of conventional explosives and

mining.

artificial water table as illustrated in Fig. 5.

In the latter case the deposit would have to be dewatered during mining producing an

Once rubblized the deposit may be leached by

percolation as in Type I systems; however, ingress of water may cause appreciable and even

unacceptable dilution.

As in the case of Type I effective recovery of leach solution is



: ‘qccomplished by pumping from a sump at the water }ab]e level. A second, and potentially
important, approach is to allow the rubblized depesit to refill and-then leach by pumping air,
oxygen, ferric ion solutions {or some other oxidant) into the inundated deposit. Significant
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- Figure 7.

- advantage may result from the hydrostatic head which increases oxygen solubility and the corres-

)/ ponding kinetics of reaction. [ Figure 8 compares the relative effectiveness of ferric ion and
oxygen at various depths based upon a uniform ferric ion concentration but variable oxygen
concentration enhanced with depth. For pure oxygen, a hydrostatic head of approximately 1000
ft woui:-wake oxygen competitive with the ferric ion. | For air, approximately 600 ft hydro-
static i'would be required. At even greater depths| the effectiveness of oxygen far exceeds
ferric -irn-as the effective lixiviant. The inundated deposit has the added advantage that the °
leaching ui.7.be carried out at elevated temperatures from heats of reaction and/or external

heating.
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.. Type 111 deposits are typical of those considered by Lawercnce Livermore roscarchers(s). In
this case a porous ore body induced by explosives fractureing, hydrofracturing, or chemical
dissolution is lcached under high hydrostatic head leading to conditions which may be suitable
to leach normally refratory sulfide and oxide minerals. The greatest deterent to effective
leaching in Type 111 systems is technology to provide rubblization or penctration under con-
trolled, predictable conditions. Much must be done to render such systems amenable to
competent scale-up analysis. It is apparent that the hydrology of Type Il and III systems
must be known and predictable. In some instances, as in uranium solution mining, this may be
done .effectively. Quantifying flow patterns in rubblized and hydrofracted ore deposits remains
a difficult problem requiring extensive study from the laboratory to testing in the field under

conditions amenable to accurate monitoring.

HYDROLOGY

Interfacing hydrology, solution chemistry with process engineering involves a task of major
proportions. ‘Modeling of one or two phase flow systems over long flow paths past ore fragments
of varying size and composition requires a detailed-knowledge of heterogeneous kinetics, hydro-
logy, solution thermodynamics, porosity variation, weathering and physical characteristics of
the deposit. In the laboratory only simple isolated conditions may be effectively simulated.
These results must then be extrapolated by orders of magnitude rarely attempted by the process
engineer, - The lack of adequate field data make this task even more difficult. The common de-
nominator linking laboratory tests to in-situ extraction rates upon the ability to predict
solution velocity at each point in a deposit coupled to the chemical history of the residual
ore and transported solution. 'In a given element within a deposit the solution through that
zone must be known. Figure 9 illustrates such an incremental volume within an ore deposit

for rubblized and hydrofracted ore. The effective flow path may be around individual particles
or particle domains into which relatively long-range diffusion must occur. The ore fragment
sizes or effective diameter of particle domains must be known for successful prediction of

leaching results.

I N

RUBBLIZED Flow
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¥ 4 r i e
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FLUSH REACTION: RAPID RELEAZE
PARTICLE DIFFUSION: ATTENUATED RELEASE

Figure 9. Flnw of solution through a volume increment
within an ore deposit.

Needed information of solution flow, solution chemistry and rate processes for a simple single
phase system, neglecting side diffysion effects, may be represented by the following equations
applied to some jth volume increment within the deposit.
FOR THE jth INCREMENT
vp 3¢ , gL

aC _
(8 (28 - BX+R



. L
(9) R EA C(fK +K) atp
(surface flush reaction){particle penetration)

&y _ o, ot ¢
(10) (55 R + Doee VO C

(1) = : 6,C r{m)

where YV, is solution velocity e¢' is the void space between ore fragments or particles and q

is the goordinate in the direction of flow. The term RL represents all reactions in the jth
volume causing a change in concentration of lixiviant ¢. Equation (9) includes surface flush
reactions involving gange and mineral constituents for each ith ore fragment size where A is
the area and K. and are rate constants for the surface flush reaction and.f. is the frac-
tion of the surface eXposed to mineral capable of releasing the desired metal value. The flush
reaction may or may not be needed depending upon whether or not fracture zones follow mineral-
ized zones preferentially. The right hand term of Equation (9) represent reaction by particle
penetration. Equation (10) represents coupled diffusion and chemical reaction within an ore
fragment where ¢ is the ore fragment porosity Déff is the effective diffusivity of lixiviant
and 3P iricludes the heterogeneous rate processes for all mineral types m present as indicated
in equation-(11). The term G is the geometric term related to particlie shape and extent of
reaction and f(m) is the 1ntr1ns1c rate constant. An additional set of equations may be
written for each metal value released. The solution chemistry including pH, concentration and
E, will predict saturation levels and the onset of precipitation. Clearly the coupling of all
o? these effects presents a challenge of major proportion to the process engineer., Reliable
predictability will require_intensive scale-up and testing from laboratory tc field block
testing before reliable results may be predicted for a major remote ore body.

INSTRUMENTATION

Insivumentation for in-situ extraction will be reguired to monitor lixiviant, metal content in
and flow velocity of influent and effluent as well as gas flow velocity where
n~eded.  Control components of an in-situ mining system logically therefore will include
¢zzition and gas velocity control and reagent addition control. Monitoring instrumentation in
*’1phera1 areas undoubtedly will also be routinely requ1red to ensure compliance with env1ro—
i~ qta] constraints associated with any in-situ solution mining system.

saiviion, pH, E?
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Interfacing Technologies in Solution Mining

. #ilton E. Wadsworth, University of Utah ;

Hydrometallurgical processing of ore deposits by solu-
tion mining or in situ techniques requires the interfacing
of technologies as diverse as‘n'dro]ogy, geology, chemis-
try, and rubblization. This synfhesis represents one of the
main challenges to in situ processing cfue to the inherent
complexity and vocabulary of these well-developed
technologies, and tothe general lack of appreciation for the’
depth of knowledge and endeavor in each separate field.
No better example of the need for such interfacing of
technologies exists than that of solution mining.

How well these technologies interface degends upon

the size of the operation and its financial capability to use |

the information and technology available. Itis inconceiva-
ble that any one individual can optimize each potential
contribution alone; consequently, some areas are usually
ncglected or simply are not fully appreciated. When one
examines what must be done at a future date to develop
and exploit a remote solution mining system, it becomes
obvious that each discipline must effectively communi-,
cate the needed background information to make the proj-

. ect a synthesized whole.

In technological interfacing, the process engineer must
bring existing factual information and laboratory data to-
gether so reliable predictions can be developed for scale-
upin the field. Thisrepresentsthe weakest linkin solution
mine design due to the impracticality of pilot-plant stag-
ing. Thus, the task of scale-u
tvpically in the range of six orders of magnitude from the
lanrntor}‘ to the field. :

This article provides a few examples of the tvpe of
background information needed, anchuggests means of
in!erT:wing that information into a well-designed solution
mining system. -

Using Geology to Predict Solution Reactions
When studving solution mining systems, geology pro-
vides important background information regarding ore
genesis, ?ilhos here-hydrosphere reaclions, secondary
enrichment, ans\venthcn‘n . Certainthermodynamic rela-
tions are particularly suiteg to analvzing lithosphere and
hyvdrosphere relations in the form of E,-pH diagrams.'*
While these diagrams fail to predict rates of reaction, they
are very uscfulin prcdic(inggn:\l phascs, oxidation poten-
tials associated with certain mineral phases, and solution
reactions as a function of voltage (E,) and acidity (pH).
These diagrams provide rapid evaluation of oxygen poten-
tials associated with certain minerals, immediately draw-
ing attention to the very low oxidalion potential at or near
the water table, as well as clearly S;ointcd out regions
where oxidation and secondany enrichment can occur.
- An analysis of oxvgen potential relative 1o the water
table and oxidation patterns of secondary enrichment
suggests unigue types of solution mining svstems. The
hizhlv idealized figure below illustrates the cJassical array
of oxidized and secondarily enriched zones relative to the
swater table. Interfaces are not clearly delineated but gen-
eral relations associating oxidation polential and minerali-
ztion become apparent. Using copper as an cxnn}P]e, the
next diagram illustrates the type of mineralization found in
each zone? The geometric and chemieal rc]:nlionship of
the avidized secondany (supergence) enrichment zones and
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primary (hypogene) zones must eacgf)e solution mined by
a different approach. -

Secondan enrichment occurs when oxidized ores re-
lease soluble constituents which migrate downward and
react to form new mineral phases. These reactions may be
simple metathesis, precipitation, or may involve oxida-
tion-reduction couples. Again using copper as an example,
sulfide supergene enrichment forming covellite (CuS) and
chalcocite (Cu.S) from the priman: chalcopyrite (CuFeS;)a
pyrite (FeS;) may occur by the following reactions:*

Covellite (CuS)
PbS + CuSO, = CuS + PbSO, S

Surfoce

Supaigene Woler

Y . ~——LELCHED 20NE
o SUBSURFACE ale(sle( '
XIDIZED {(VADOS
: ! Yeas & el of e _cudizeo zone tseconpern
’ sfe olo {xdes, corbonales, eic)
o0 0, ,» :

L2

ZONE

’ »

{ ~——SUPERGENE ENRICHMENT 20NE
{SECONDARY)

[ ~——HYPOGENE 20NE
{PRIVLLRY)

Cross-section illustraling regions of oxidation and secondary -
enrichment relative to the primary ore source.

Native Copper
Molochite®
Brochantite*
Antlerite®
Alocomite™
Azurite®
, ) _ Chrysocolla®
- o Cuprite®* ~
h © Tenorite*

'OXIDIZED "ZONE
. (SECONDARY)

Chalcocite*
Covellite
Native Copper

%
. o
[TV iy R 3L AT

Chalcopyrite
Bornite
Enargite®
Tetrohedrite®
Tennontite®
Covellite

" (PRIMARY)

S aieT] g Sapryrli

*always in position indicated (Forrester)

Sequences of copper mineralization as a result of weathering and
secondary enrichment. . "
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CuFeS, + CuSO, = 2CuS + FeSO, . {2)

Chalcocite (Cu.S)
5FeS, + 14CuSO, + 12H.0
= 7Cu,S + 5FeSO, + 12H,S0, (3)
5CuFeS: + 11CuSO, + 8H,0
E = 8Cu.S + 5FeSO, + 8H,50, . (4)

- Reactions (1) and (2) represent simple netathesis, while
(3) and (4) involve oxidation-reduction couples. Reaction -
(3), involving FeS,/Cu,S, occurs at ar E,, of approximately
-0.5 v and pH of 2, with a total sulfur activity of 0.1. This
Vo“aﬁe corresponds to an oxvgen partial pressure for

whic

phasizes the importance of the water table as a barrier to
oxygen infusion. e

T%le secondary reactions illustrated above may é6ccur
during leaching as evidenced in studies by Braun, et al,,
where released cogper values migrated into ore fragments .

" to form CuS according to reaction (2).* The kinetics of this

.

reaction have been found to be surprisingly rapid: One- -
micron particles of chalcopyrite will react essentially to
completion in 70 hours at 90°C (194°F). ) :

Natural weathering is another important asFect of ore .

bady assessment since it provides access paths for solution

enetration. Accelerated leaching also occurs during
Feaching, causing particle fragmentation and clay slime
formation. Such in situ weathering may enhance or retard
dissolution depending upon the particle sizes resulting

I- DUMPS AND
DEPOSITS ABOVE -
WATER TABLE

ZONE -

log P.imm €quals —79. This oxygen-consuming capa- - .
" bility of sulfides with apparent slow O, diffusion em-

bore

- salts according to limits of solubility. Hy

I - DEPOSITS EXTENDING UNDER
WATER - TABLE IN SUPERGENE

from weathering reactions. Modeling of in situ systems over
long periods o% time will undoubtedly have to include
artificial weathering kinetics since porosity and particle
size are predominant factors in lhe.ﬁzaching mecﬁanism.

Three General Types of Solution Mining Systems

Based upon weathering patterns and changes in oxida-
tion with depth, three general types of solution mining
systems will be considered: -

Type I ore bodies have one or more sides exposed, such
as a surface dump. Deposits within the lithosphere but
above the water table may also be classified as Tvpe L. -

Type I1 deposits are located below the natural water
table but are accessible by conventional underground or
borehole techniques. | P

Type I1T are below the natural water table, too deep for
economic minming., :

Type I deposits are leached by pumping solvent into
roles, surface flooding, or surface spraving, but in
each case similar hydrological and chemical conditions
grevail. Solutions of high ionic strength, containing suita-
le lixiviant, are involved with associated precipitation of
grolog)'. is very

difficult to control in Tvpe I deposits: channeling occurs,
leading to surface b]ocf:age and long diffusion paths from
by-pass zones intozones of active fluid flow. Leaching may
be carried out continuously for oxides and secondary
sulfides, or in the case of certain sulfides, a system of
alternate oxidation, drain, and leach cycles may be most
effective. The active lixiviant for sulfides is ferrous ion,
coupled with good aeration and bacterial activity; sulfuric
acicFis usuvally used on oxides. The leaching of oxides is

II- DEEP HYPOGENE DEPOSITS

L1

N

, i Zone

j—Oxlidlzed

!

woler 5 7z —— —{H-H- - = |} — = |}reter.
tobls ) foble
o £ A )
5§ \ * Sedimeniary
g_:.’ I \ ,I {high poroslity)
=
oy) \
& | N7\ 754 N artificiat
. l ~\ /~“*  water ,
- ' sump ?Clb|8
4 I * Rubblized {Explosives or Mining ) l I
N l Hydrofracted, or Chemically
© induced porosity I
5 l
g l
2 |
x ' l Rubblized
_}_ __“_,________'_Hydrofrocl_e_c_lgi_________
' Chemically induced

Three types of solulion mining systems.
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first order with respect to hydrogen jon and since zangue
minerals usually consume'acidg, increasing acidif}' may
simply result in excessive gangue dissolution. A major
ch:nﬁung(‘- tooxideleachingisto find a means of intruducin
acid which will minimize the consumption by ganzue ang
at the same time avoid excessive ncié)ih' in the eBuent,

Type 11 systems apply to deposits below the water table
Lut rarely more than 300 m (1000 ft) below the surface,
Centainoxides, such asthose of uranium, mayv extend much
deeper, but secondary enrichment usually falls within 1000
fcet in depth. Borehole mining of uranium is typical of a
Type Il system, in which case the roll front deposit of
reduced uranitm is mined by down-hole and up-hole
pumping in a grid pattern. e e

Type 11 deposits may require extensive shatering or
fracturing by conventional explosives and mining. In the
latter case, the deposit would have to be dewatered during
mining to produce an artificial water table. Once
rubblized, the deposit may be leached by percolation asin®
Type 1 systems; however, ingress of water may cause ap-’
preciable and even unacceptable dilution. As in Type I
svstems, effective recovery of leach solution is accom--’
plished by pumping from a sump atthe watertable level. A
second, and potentially important, approach is to 2!'low the
rubblized deposit to refill and then leach by pumping air, - -
oxygen, and ferric ion solutions (or some other o.\'igant) -
into the inundated deposit. Significant advantage may re-"-
sult from the hydrostatic head which increases oxvgen
solubility and the corresponding kinetics of the rezction. A
comparison of the relative effectiveness of ferric ion and
oxygen at various depths based uvpon a uniform ferric ion
concentration but variable oxygen concentratior: shows
that, for pure oxygen, a hyvdrostatic head of approximately
1000 ft would make oxygen competitive with the ferric ion;
at greater depths, oxygen can far exceed ferric ion in effec-

tiveness as a lixiviant. Forair, approximately 180 m (600 ft
of hyvdrostatic head would be required. An inundated de
posit has the added advantage that leaching may be carried
out at elevaled temperatures by heat of reaction and/a
external heating.

Type 111 deposits are typical of those considered 1
Lawrence Livermore researchers.® A porous ore body in
duced by explosive fracturing, hydrof?acluring, or chemi
cal dissolution is leached under high hydrostatic hea
leading to conditions which may be suitable to lcach no
mally refractory sulfide and oxide minerals. The greates
deterrent to effective leachingin Type 111 systems is tech
nology td provide rubblization or penetration under con
trolled an(fprediciable conditions. Quantifying flow paf
terns in rubblized and hydrofracted ore deposits remains
difficult problem that requires extensive study in the Jabe
ratory and testingin the field.

Interfacing Hydrology in the Study .
Interfacing hydrology and solution chemistry with proc
ess engineering invogfves a task of major proFortion!
Modeling of one or two phase Bow systems over long flov
paths past ore fragments of varying size and compositiol

" requires a detailed knowledge of heterogeneous kinetics

hydrology, solution thermodynamics, porosity variation
weathering, and physical characteristics of the deposit. I
the laboratory, only isolated conditions can be eﬂ‘c):ctivel;
simulated, and then these results must be extrapolated b;
orders of magnitude rarely attempted by process engi
neers. The lac%( of adequate field data makes this task eves
more difficult. L .
Linking laboratory tests to in situ extraction requires a1
accurate prediction of solution velocity at cach point in
deposit, along with a chemical history of the residual on
ang transporting solution. The effective flow path may b

1.0

0.8

" 0.6

04

0.2

T
Supergens e
. : < deposits- —~—————@=ta—— Hypogene deposits ~—

oxygen .

0 | | | 1
by th 200 400 - 600 800 1000
Fraction of oxidation by the x
dissolved O; with Fe'"* present Hydrosfghc Head (ft)
at 0.018 molar for various .
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HYDROFRACTED

FLUSH REACTION®

PARTICLE DIFFUSION* ATTENUATED RELEASE

RAPID RELEASE’

Flow of solution through a volume increment within an ore deposit.

around individual particles or particle domains into which
relatively long-range diffusion must occur. Fragment sizes
must also be known for successful prediction of leaching
results. e .
Solution fow, solution chemistry, and rate processes for
a simple sinile—phase‘system, neglecting side diffusion
"effects, may be represented by the following equations,
which are applied to some jth volume increment within

the deposit. : '

() e @
. ac T
Rt= T ALC V+(25) - e)-

SacK+KI+(3) 1@
e(%ﬁ—) - R® + DY VAC M
=S c.cfim) - . ®

where V,, is solution velocity, €’ is the void space between
ore fragments or particles, and g is the coordinate in the ’
direction of low. The term R! represents all reactions in
the jth volume causing a change ‘in concentration.of
lixiviant C. Equation {6) includes surface flush reactions
involving gange and mineral constituents for each ith ore
frugment size where A is the area and K, and K, are rate
constants for the surfuce flush reaction and f is the fraction
of the surface exposed to mineral capable of releasing the
desired metal vnfue. The flush reaction may or may not be
nceded depending upon whether fructure zones follow
mincrulizc(ﬁ7 zones preferentially. The right hund term of
Eq. (6) represents reaction by particle penctration; Eq.(7)
couples diffusion and chemical reaction within an ore
fragment where e is the ore fr:\gmenl(f;nrosil_\' DY, is the
effective diffusivity of lixiviant an R* includes the
heterogeneous rate processes for all mineral types m
preseutas indicated in Eq. (8). The term C. is the geomet-

ric term related to particle shape and extent of reaction and
f(m) is the intrinsic rate constant. An additional set of
equations may be written for each metal value released.
The solution chemistry including pH, concentration, and
E, will predict saturation levels anSthe onset of precipita-
tion. Clearly the coupling of all of these effects presents a

challenge of major proportion to the process engineer.
. Reliable predictability will require inlen’sive-scnle-uF and

testing from laboratory to field testing before reliable re-
sults may be predicted for a major remote ore body..0
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INDUSTRIAL USE OF HYDROMETALLURGY -TO PROCESS GOLD-ANTIMONY CONCENTRATES

I SHBAINGD

i

] Reactions 4, &, B8,

- @’ of solution containing 20-25 g/l antimony

) UDC~. 669.213:8622.775

% ‘occur as intermediate

P. P. Baiborodov, .A. B, Ezhkov, and V. I, Zhuravlev
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Gold-antimony ores and concentrates are a high=quality raw mate¥ial. Analysis-of
_the substance composition of these ores showed thatrthe;gre‘minerals‘comprise up to
50% antimonite, 2% .antimony oxidés, &nd gold nuggets. The non-core mineréals include
45% and more guartz, 0.5% feldspars; and up to 1% magnesium aluminosilicate.

Up to 70 g/t of gold nuggets and 5 g/t of silver are noted in antimonite. The con-
tent of antimony pentoxide in these ores does not exceed one percent. A low content
of arsenic and of heavy non-ferrcus metals is alsé characteristic. ;

"Hydrometallurgical treatment of such raw material will provide for a high antimony
tecovery, since all of its forms ~-- apart from pentoxide -- pass into selution,

Leaching conditions, developed by the “Sredazniprotsvetmet® Institute [1, 2], are
close to thoesé used in industry. The considerable fluctuations in, the: amount of an-
timony in the original raw material did not worsen indices on the passage of antimo-

- ny to a sulfide-alkaline solutien, containing up to 100 g/1 sedium sulfide and 20-30
g/l caustic soda. :

Sulfides and oxides of Ph, Z, Fe, Cu, Cd, Ni, Co, Bi, and Mo pass into solution ‘in
amounts ne gréeatér than 0.18.10~° - 5.54.10~" g/ion/1 [3].. This will provide for a
sufficiently high purity of the antimony sclutions so that they would not rfequire any
additional purification. . ) .

The literature con’.ins extremely contradictory data on the chemism of dissolving
antimony compounds if» sulfide-alkaline solutions [4-8]. 1In order to determine the
most probable reac-— :
ticns occurring when
antimony compounds

~are leached with sul-
fide~alkaline sclu-
tions [9], thermody-
nami¢ calculatiocns’
were conducted!, the
results of which. are;
given in the Table.

- §tandard Isobar Potentials for the Interactiocn of antimé-
ny Compounds with Socdium Sulfideée and Caustic Seda

i i s .
i . . 2 " L Pocgsibility of re-
No.. - ‘Reactions aZi keall action occurring

‘Pcgsible

|00z ur3a

logcurs readily
'Does nat éccur
joccura

Doy ROt occur

O —

§b;04+ N2, $=2NasHs,

SHES ;4 2N5,55= Na SheSs

G 544-3Na,5—2NasSh3; o

| Sbi5i4-2NaDH—~N25bS, - NaSbSO+H,0
$b.54-4NaOH=NaSbO;-- Na ;5bSy-+-2H
SbaS et 6NaOH =Na SbOy ) NayShSy+3H,0
b0+ INA,S+ H,0= NaShS,+ Nasb0, +
+4NaQH . .
Sb,04--3Na,5=Na ;56854 NasSbQy

Shy0 - 5Na,5-4-3H,0=Na b3S ,+6NaOH
$h.0;-FBNayS4-3H 0= 2Na 4505 ¢-+-6NaOH

Sbi03+2N2DH=2Na5b0,+H,0
Shi0s--4NA0H=Na;5b0+ NaSbO,+2H,0-
Shi0;-+ 6NaOH=2N2,8b03+3H,0"
5b§g‘+,ma,s+m,o= NajShsy - Nag3hs, -+
BNaQH: . "

17,2
+imié
—2:8
+120,0
—256,8
—al,5
—1,4 Pos&ible

7.2 Doss not; occur
+335‘,65 . - L "
—60,0 Octurs readily

‘12, and 13 lead to
‘the formation of an-
timony compunds which
are not readily sol-
uble in water._ [10]), 11
and are thermodynam<
{cally impossible.
‘Reaction No. 1 can

Pogsible

Does not occur

loecurs Teadily
L -

Do =l Tk G D

.- Bince when there is a
surplus of. sodium. |
. 8ulfide, the following reaction. occurnsi

T N'aSng', + Nas = NE].ngSa. .

Dissolving antimony t¥ioxide in an zgueous solution of alkali i§s thermodynamically
possible only when producing sodium metaantimdhite.

In accordance with earlier research [1, 2] and calculations, leaching of: gold-antim-
ony raw material under industrial conditions was conducted with a 'surplus (250-300%)
‘°f sodium sulfide. The antimony cor entration in the solution Wwas dbout 40 g/1, with
8 freée sodium sulfidé dontent of 50-70 g/l, , o

Following medium crushing of -.coarse-lump ore (25-100 mm}, it wasygubiecteq to wet

' §7inding in a ball mill operating in.a ¢losed cycle with a classifier and yielding a
9Tist of =0,5 mm, TFor every ton of ore to be treated, _the mill was. supplied with 4
; ont 90-100 g/l sodium sulfide; and 20-30
$/1 caustic soda, ,

- Pulp with a solid-to-liquid ratio of 5 was leached for 2 hours at 96-97°C, using
o series connected reactors, 8ch with a 10 m® capacity. The reactors were heated

e

Rﬁ??qmic,agseafch on tha Behavior of Antimony When it is Being Produced Bydrometal-
i*¥¥gically. Abstract of a Candidate's Dissertation, Tashkent, 1968.

3
o V. N. Chazov. Determining the Iosbar Potentials of Antimonerpiocpmpounds and Ther-
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with\live steam and equipped with impeller mixers (operating at 150 rpm).

Frame filter presses were used to filter the pulp and the cake was .washed with water .

and steamed. A similar flowsheet made it possible to completely dissolve the sulfide
antimony and provide for its total extraction to solution (95%).
The cakes contained an average of 1.6% Sb, including 0.58% trioxide, 0.05% tetroxlde

0.41% pentoxide, and 0.67% water-soluble.
There were several distinctive features related to the kehavior of gold [11] under

industrial conditions.

It is well known [12] .that gold can dlssolve in sulfide-alkaline solutions., Only
a small amount {0.2-0.3 mg/l) will pass into solution during hydrometallurgical treat-
ment of gold-sulfide raw material; this leads to the content of about 2 g/t Au in the
cathode metal. In addition, 90% is extracted to cake.

Analysis from the aspect of the electrochemical possibility of of various oxidation
~reduction conditions shows that in the leaching process first of all one will find
that the sulfur compounds dissolve, followed by the antimony compounds, and then the
gold. Moreover, the concentration of other solution components is much higher than
of gold; this tends to reduce still further: any possibilities for the latter to oxi-
dize and dissolve in sulfide-alkaline solutioris which have a high reducibility.

In the industrial treatment of gold-antimony raw material, the largest gold par-
ticles are readily beaten and deposit in the mill, repulper, and reactor. This leads

to a drop in the gold content of the cakes in the filter presses and calls for clean- .

ing of the equipment.
The total gold extraction it the cakes was 93.42%. With respect to their chemical

composition, they are a hlgh~5111con product, containing ove: 90% SiDz2, and are suit-

able for use as quartz flux in lead plants.

Thus, hydrometallurgical treatment of gold-antimony co:rentrates with subsequent
treatment of the cakes at lead plants makes it possible to extract antimony to an
electrolytic metal, including 98-99% recycled, and 88-90% gold to a final product.

The higher grades antimony (SuO, Su0O0) or cathodic antimony 'will be produced as

an antimony product.
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156 FAULT AND JOINT DEVELOPMENT

report as they propagated. Thus, it may be inferred that when a
joint forms and spreads it releases energy which makes itself mani-
fest in the form of a shock wave. One may envisage, for example,
a shock wave generated by a joint developing in one bed and leav-
ing a trail of hackle-marks (see Plate 2), triggering-off failure in

- adjacent beds which had already begun to fail, possibly in fatigue,

as evidenced by the rib-marks.

Joints which develop in one bed may also propagate upward or
downward into adjacent rock units as a result of frictional drag
along the bedding planes between the units. It has been suggested
that this is one of the mechanisms which may give rise to jointing
in incompetent material.

In a sedimentary series containing rocks with different physical
properties and varying amounts of strain energy, it is clear that rocks
in different rock units may develop at different times. It is distinctly
possible that the elastic properties, etc., of the various rock types
are so different that the development of joints in the various rock
units may be separated by a very considerable period. In the time
which elapses following the formation of joints.in one rock unit
and before the joints form in adjacent rock units, it is possible that
the stress system in the unjointed rocks may undergo a slight
reorientation. As a result of this, the joints which subsequently
develop will have an orientation which is different from those which
developed earlier in adjacent competent units. In addition, of course,
variations in the orientation of shear joints from one rock unit to
another, may also be attributed to differences in the coefficient of
friction, in the various rock types, which will affect the angle of
shear.

JOINTING IN IGNEQOUS ROCKS

The development of primary structures in igneous rock, which
have been widely studied by Hans Cloost and his co-workers, can
sometimes be related to the mode of emplacement of an intrusive
mass. :

$ An excellent summary of the ideas and conclusions of Cloos et al. has
been given by Balk,
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iat when a Cooling and heénce crystallization of an igneous melt first takes
place at the walls and roof of the intrusive mass.. Continuéd move-
merit and intrusion of the still liquid core gives rise 10 the develop-
‘ment of primary fractures in the solid, but often still plastic, outer
shell of the intrusion.

Four main types of primary fractures are recoghized and defined
with respect to flow-lines, flow-planes and Schlieren which develop
during the movement of the vzscous hqmd melt durmg the process
of intrusion, These are cross ;omu (or Q “yoints™), ;’ongzmdma!
“toints™ (or S “oines™), dingorial “‘joints” aad flat-lying “joines”. The.
orientation. of thésé fractures with respect to How-lines, etc., is
represénted in Fig.-56. '

Fig. 56. Otiertation of primary joints relative fo-surface of intrugion
and intémnal structures (after Claos).

Cross. “joints” are among the earliest of fractures to develop in
the cooling tridss. Typically, they form perpendicular to the flow-
lines. In fact, in areas of an intrusion where flow-lines are absenr
cross “joints” cannot be identified with cértainty; for such “joirits™
can only be tentatively correlated with cross “joints” which develop
elsewhere in the intrusion where flow:lines are present. These
fractures are frequently occupied by aplite, or else-are almost in-
variably- coated with hydsothermal minérals. The fracture suifaces
! commonly exhibit shckenmdmg.,
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158 FAULT AND JOINT DEVELOPMENT

Cross “joints” are regarded as tension fractures which formed
when the outer portion of the intrusion had consolidated, as a
result of differential movement and drag of the liquid core against

. the walls and roof; and, possibly, as the result of continued expan-

sion of the intrusion.

Diagonal “joints” form at 45°, or more, to the trend of the flow-
lines. Displacement along the fractures indicates that they are shear
phenomena which resulted from compression normal to, and
extension in the direction of, flow-lines. These fractures are also
commonly filled with aplite or hydrothermal minerals.

Primary flat-lying “joints”, according to Balk, tend to develop
where the apex, or dome, of an intrusion is flat, or in flat sheets and
laccoliths. It is difficult to see how these structures can be inter-
preted on dynamic grounds. It has, however, been suggested that
they form when the centre of an intrusion shrinks due to cooling.
These structures are also filled with hydrothermal minerals, and
have been referred to as primary flat-lying *‘joints” so that they may
be distinguished from barren joints with a similar orientation, which
are frequently found in igneous masses and which are dealt with
later in this chapter.

Longitudinal “joints™ are steep planes which strike parallel to
flow-lines. The orientation of these fractures is little affected by
variations in pitch of the flow-lines. However, variations in trend of
the flow-lines are faithfully followed by changes in the strike of the
longitudinal joints. This type of joint is rarely filled with aplite or
“dyke” material, and the minerals are usially different from those
found in the other forms of primary fractures. Moreover, differential
movement of the joint surfaces is rarely observed.

It is suggested that these characteristics indicate that longitudinal
joints tend to form later than the other primary fractures. It seems
probable that these joints developed in response to tensile stresses
which were generated by cooling of the igneous mass, coupled with
uplift and lateral stretching.

It will be noted that, with the possible exception of longlmdmal
joints, primary fractures frequently exhibit evidence of considerable
shear movement. Moreover, it appears that the rock mass was in the

2>
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.

plastic state when these structures developed. Consequently, it
would probably be better to classify these structures as faults and
dykes rather than joints. It is for this reason that the present author
has used inverted commas when describing these primary struc-
tures, to differentiate them from true joints. :

However, the stress systems which gave rise to the primary 4
structures may have influenced the development of joints which
. formed during a later phase, when the intrusion was cooler, brittle, o
| and possibly undergoing slight lateral extension as a result of up-
lift. Such joints are likely to be barren, but may have an orientation
which is closely related to the primary structures.

In addition to primary structures and cooling joints, igneous
rocks are almost certain to contain joints which result from regional
tectonic compression. Such joints are best identified when they can .
be related to major faults and shear zones which cut through the e
igneou$ mass (Blyth and Firman).

As with the primary structures, it is inferred that in many of the :
; areas described, shearing has taken place while the igneous mass ‘
| and the country rock have been in the plastic state. The shears and i
i related structures have consequently been related, and likened, to i
 those formed during the classic experiments on wet clay conducted }
. by Reidel, rather than to the dynamic processes of brittle failure.

COLUMNAR JOINTS

The formation of primary structures may, in part, be attributed
to cooling of the igneous rock mass. However, columnar “joints”,
which are such common features of sills and some dykes, are wholly
related to the shrinkage of the rock mass during cooling. Typically,
the columns are hexagonal in section (although individual columns
may be bounded by four, five, seven or even eight joint planes) s
and have their long axes orientated perpendicular to the upper and
lower surfaces of the rock unit.

. It will be noted that a regular hexagonal prism is the geometrical
form with the greatest number of surfaces which may be placed in
juxtaposition with similar hexagonal prisms, so that there are no
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160 FAULT AND JOINT DEVELOPMENT

gaping voids between any of the adjacent columns. The other prism:
which are capable of such close packing are recrangular and triangu:
lar in section. Thus, it is conceivable that the tensile stresses gener:
ated by cooling (which will be equally developed in all direction:
parallel to the rock unit) could be released by two orthogonal set:
of joints, giving rise to rectangular columns, or by three inter
secting sets of joints, giving rise to columns with a triangula
section.

Other things being equal, it is clear that the quantity of strair
energy released from a single column by the development of the

« joints will be related to its cross-séctional area. A simple calculatior
will show that the total areas of the joint faces bounding column:
with square and equilateral triangular sections are respectively I(
and 20 per cent greater than the area of joint surface enclosing :
hexagonal column of comparable cross-sectional area. Hence, i
appears that the approximately regular pattern of joints delimitin;
the columns observed in the field is a manifestation of the principz
of least work. That is, the maximum amouint of strain energy i

< dissipated at the cost of the least amount of work utilized in th
formation and propagation of fracture planes.

It may be noted in passing that a similar mechanism will contr
the development of shrinkage cracks in mud, which are also con
monly hexagonal. In this instance, shrinkage is, of course, due 1
drying out of the sediments and not a result of cooling.

SHEET JOINTS

It has been noted that in addition to the primary flat-lying join
structures may subsequently develop which have a similar oriem
tion and result in a well developed sheering of the intrusion. Wh
such skeet joints are closely spaced they are sometimes termed mu
joints. A feature of sheeting is that in areas of pronounced top

i graphy, the sheet joints tend to develop parallel, or sub-paral
to the surface.

Chapman and Rioux carried out a survey of the joint systems
Arcadia National Park on Mount Desert Island off the coast
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Maine. They found that, in general, sheeting was well developed
throughout the area in which hornblende granite was exposed. They
observed that the frequency of sheet jointing was related to the
depth of cover. On the steep slopes of the U-shaped, glaciated
valleys, only one or two thick sheeting layers could be seen. On the
higher slopes and mountain tops, however, thin sheeting layers
were abundant. A typical relationship between the frequency of

' sheeting, and also the orientation of the sheeting planes with respect

to topography, is indicated in Fig. 57. It is suggested that the
relationship represented in this figure indicates that sheeting is
largely related to pre-glacial topography. In a few localities, how-
ever, sheeting has formed parallel to ice-cut surfaces and in these
instances are glacial, or post-glacial, in age.

Fic. 57. Sheet joints, their orientation and intensity in relacion to
topography (after Chapman and Rioux).

Hill suggests that where the sheeting reflects topography, it is
probably caused by a combination of factors, such as expansion of
the feldspars and ferromagnesian minerals on weathering, removal
of the load of superincumbent rock by erosion, and seasonal
variations in temperature affecting the rock near the surface.

It has already been noted that such joints sometimes develop
during quarrying and that they form suddenly, emitting a low
pitched report. Dale presents other evidence that some granites may
contain considerable residual strain energy. In areas of marked
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formed as a result of downhill sliding of the sheets in response to
the forces of gravity. The reason for the development of the diago-
nal joints is not readily understood, but it is tentatively suggested
that they may represent the opening of strongly impressed incipient
joint sets which are readily formed. Or, it is suggested, they may be
the result of uneven downhill sliding of the sheets due to some
local obstructions.

D SLOPE JOINTS ]
DIP
oF
SLOPE
CONTOUR
JOINTS
D-DIAGONAL
JOINTS

Fic. 58. Typical orientation of Dip, Diagonal and Contour joints
(after Chapman and Rioux).
It may be noted that contour joints are not restricted to igneous
rocks, for such structures have been reported in sedimentary rocks
by Harris et al.

JOINTS—BRITTLE FRACTURES

In geological literature the word “joint” is frequently treated
3s an omnibus term and has been used to describe structures which
Vary widely in character and which, in many instances, could better
be described as extension gashes, fissures, veins, dykes, minor faults
Or even cleavage. As a result, the reader is often left in considerable
f‘oubt as to the precise type of structure being described when
It is merely classified as an “unqualified” joint.
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As we have seen, this difficulty is not completely obviated even
if one adheres to the definition that systematic joints are fracture
planes, normal and parallel to which, movement has been negligibly
small. Consequently, it is suggested that genetic criterion be

v included in the definition of a joint; namely that the term joint be
restricted to structures which are the result of brittle fracture.

It is appreciated that the introduction of such a genetic criterion
into the classification of geological structures is always fraught with
danger. However, genetic criteria have already been introduced by
classifying joints on dynamic grounds as shear or tensile fractures,
Moreover, the possible errors incurred by the incorrect use of such
a genetic criterion can be minimized, for if there is any doubt in the
field as to whether a fracture is in fact the result of brittle failure,
this doubt can be noted and recorded.
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- of Ferrous lon in Sulphuric Acid Solutions*

G. THOMASt and T. R. INGRAHAM?

Abstract

& Air oxidation of acidic ferrous sulphate solutions is catalyzed by activated carbon.
. The oxidation rate during most of the reaction can be expressed by:

—d{Fe**)/dt = k-[O5}{C}f[H,50,){Fet+}/[Fet* + Fet++]

g For molar concentrations of each of the variables, the rate of oxidation ranges
i from 0.07 to 1.3 moles of ferrous ion oxidized per litre of solution per minute, for
O various types of 100-by-150-mesh activated carbon. The rate increases with in-
ereasing fineness of the carbon; it also increases almost linearly with increasing
salphuric acid concentration up to 2M, but thereafter decreases almost linearly to
B 10M H,S0,. The results are consistent with the hypothesis that the carbon surface
I b sparsely covered with adsorbed oxygen, ferrous ions, and ferric jons. The acti-

g Yation energy estimated for the process is 6 kilocalories per mole in the temperature
Bk fange | to 24°C. At higher temperatures the activation energy is negligibly small.
The activated carbon can be used repeatedly, with little loss in efficiency. Two
B types of apparatus were tested and found suitable for the continuous oxidation of

 Bowing solutions. :

N

INTRODUCTION

k' Many uranium ores processed by acid leaching require oxidation
& before their tetravalent uranium can be extracted. This is generally
. done by ferric ions and the resulting ferrous ions can be reused after
 reoxidation, For continued leaching, the concentration of ferric ion
g must be maintained.

& In industry, oxidation of ferrous ion for leaching may be done
K Vith chemical oxidants such as sodium chlorate or manganese

k- ¢ Contribution from the Extraction Metallurgy Division, Mines Branch, Depart-
J ment of Mines and Technical Surveys, Ottawa, Canada.

i, T Senior Scientific Officer. ’
b $ Head, Rescarch Section,
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effects of different variables on the rate of carbon-catalyzed air oxida-
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7
CARBON CATALYZED AIR OXIDATION OF FERROUS ION 69
dioxide.!-®* However, most of the oxidation is done by oxygen from ‘|

| ‘ g oxidized effluent was clear. For the batch experiments, the settling
dissolved air:

- tube was removed.

_A second type of apparatus used for some batch experiments con-
uste_d of a flat hollow stainless steel disc, 28 ¢cm in diameter and 1l cm

4 Fert 4+ O, + 4 H+ = 4 Fer+ + 2 H,0 (3
Oxidation can be accelerated in autoclaves with elevated temperature 3
and air pressure.! More rapid oxidation can also be obtained by the 3
use of a soluble catalyst such as the cupric ion,%® or a solid catalyst
such as activated carbon,5? At the Mines Branch, preliminary tests
have shown that the rate of oxidation of ferrous ion in 0.5 molar |
sulphuric acid is increased 14-fold by the use of copper sulphate, of
2400-fold by the use of activated carbon. .

In this paper, a description will be given of work done to resolve the

~e——OQUTLET WATER

tion of ferrous ion in sulphuric acid solutions. Commercially-available “~REMOVABLE CONDENSER

activated carbons were used in most experiments. To eliminate the |
effects of extraneous impurities on the oxidation rate, synthetic leach B
liquors prepared from reagent-grade chemicals were used. ;

—

INLET WATER ——— 5
<TAPERED GLASS JOINT

L

OXIDIZED EFFLUENT

. REACTION CYLINDER
APPARATUS AND PROCEDURE '

n [T

s

The apparatus used for most of the oxidation experiments is shown g
in Figure 1.

The Pyrex-glass reaction cylinder was 5.5 cm in diameter and 60 cm
in height. A 2-cm-diameter, porous Pyrex-glass frit was sealed into
the tapered base of the reaction cylinder to support the carbon slurry
and to disperse the air as fine bubbles. An air stream velocity of 200 I 1 - )
ml/min was suitable for suspending the carbon and maintaining oxyged N GAS BUBBLER
at its maximum solubility. To prevent plugging of the frit by tht
precipitation of salts, the incoming air was saturated with water. Fot
experiments at temperatures other than ambient room temperature, S
an ice bath or a heating coil was used to regulate the temperature it §
the reaction cylinder. A water-cooled condenser was used to preven
losses of solution by evaporation. '

In the continuous oxidation experiments, the Pyrex reaction cylindef
was used with the settling tube attached. Solution was admitted
continuously either at the top or, with inlet air, at the bottom of the
reaction cylinder. The apparatus was tilted slightly to prevent aif
bubbles from entering the settling tube. When baffles were used %
eliminate convection currents, and when the solution flow rate in the
settling tube was less than the settling velocity of the carbon, the §

Il

FEED SOLUTION——» =Jj) BAFFLE
HEATING TAPE

INLET AIR~—»

n
II

" le—SETTLING TUBE

ANNAN

FRIT

.

Fig. 1. Oxidation apparatus.

'{lhx.!k at its centre. 60-mesh screen was used to construct the disc,
g “hich contained 100 g of 28-by-48-mesh activated carbon. It was
g rotated vertically with about 40 per cent of its surface immersed in a
g NArTow rectangular lucite box containing the solution.

: A coarse-tipped pipet was used to withdraw samples of slurries
"hlch were filtered rapidly to separate the carbon and thus quench
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the oxidation. The extent of oxidation was determined by titratiod S

.

to the diphenylamine sulphonate end-point with a standard dichromate 3§

solution. 4

RESULTS §

In the first group of batch experiments done at room temperature f -

with aerated 0.5M sulphuric acid solutions, carbon samples from §
different sources and with different histories of activation were used t0 §
oxidize samples which were 0.018M in total iron and 1.1 in carbon.

TABLE 1
Effect of Type of Carbon on Relative Rate of Oxidation
(1.1M carbon, 0.018M total iron, 0.5M acid, room temperature)

Type of carbon Relative reaction rate |
Household wood charcoal 1.0 1
Activated wood carbon, brand A 1.0
Activated coconut carbon, brand B 4.4
Activated sugar carbons 6.9
Activated lignite carbon, brand A 8.4 "‘
Activated pecan carbon, brand C, grade 1 10.4 1
Activated coconut carbon, brand C 19.5 N |
Activated pecan carbon, brand C, grade 2 19.7 ‘

¢ Prepared from sugar, FeCly and urea.?

The results in Table I show that the carbon samples have a wide range |
of activity and that both the source material and the history of actlva-
tion are important in selecting the most effective catalyst. :

TABLE II

Effect of Particle Size of Carbon on Rate of Oxidation
(1.1M carbon, 0.018M total iron, 0.5M acid, room temperature)

Y

Mesh size 14-by-28 28-by-48 60-by-80 115-by-170
Relative particle size 8 4 2 1
Relative external area 1 2 4 8 ‘
Relative reaction rate 1.0 1.5 23 2.8 \

In Table II, the results of experiments using different sizes of carbon
partlcles show that the rate of oxidation increases with the state of
subdivision of the carbon but is not directly proportional to the screen
size of the particles. This lack of direct proportionality is probably
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> . €aused by the large internal surface area of the carbon, much of which

£ i3 available for adsorption.
The next group of batch experiments was done using 750 ml of
3 0 SM sulphuric acid containing carbon and iron in a variety of ratios.

B 20
B Q |
=t 8 0
. - .
E . €] [rer]  [c)/[Fed]
e O 200 1I-62 1:24
I 4 022 018 1-24
g o o 1 018 62
3 ® o1 ocolI8 62
D A I} 0:018 62
Q |6
7
W R 333 00I8 186
» &
)
. O
e
- |
- 44—
"
E | 1
.- 0 100 200 300
TIME  (MIN)
& Fig. 2. Effect of carbon/iron ratio on reaction rate.

'ﬂle results in Fig. 2 show that except for a brief initial period, the

¢ feaction is first order with respect to ferrous ion concentration and the

K nte is determined by the ratio of the concentrations of carbon to

g total iron, rather than by either concentration alone. The first order

feaction rate constant, kecp, was calculated by multiplying the slope
of the linear portion of the curves by —2.303.

% In the next group of experiments, the rate of oxidation was studied

R~
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as a function of acidity. The samples were 0.018 molar in total iros g
and 1.1 molar in carbon. The results are shown in Fig. 3 in which a#
adjusted reaction rate constant is plotted against the concentration ol

En.mrly with increasing acidity in the range 0.1 to 1 molar. The
oxidation rate reaches a maximum at about 2 molar, and then de-
| eases almost linearly from 3 to 10 molar acid.
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Fig. 3. Effect of acid concentration on reaction rate adjusted to 1 molar carbon and
1 molar total iron.

OXYGEN IN GAS PHASE ( VOLUME %)

“ ﬂ 4. Effect of oxygen concentration on reaction rate adjusted to 1 molar carbon
; and 1 molar total iron.

& In the next group of batch experiments, samples 0.9M in total iron
§8nd 1.1M in carbon were oxidized at room temperature using a 200
3 ml!min flow of oxygen-enriched air. Figure 4 shows that the rate of
g0xidation is directly proportional to the volume ‘percentage of oxygen
ifl the gas phase. Since, at constant temperature, oxygen solubility is

sulphuric acid. The adjusted rate constant, kexp({Fep)/[C], was calcu-
lated to express the first order rate constant, kexp, on the basis of one
mole of total iron and one mole of carbon per litre-of solution. Itisfs
evident from Fig: 3 that the adjusted reaction rate increases almod
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- proportional to its partial pressure in the gas phase, it follows that the 3
rate of oxidation is directly proportional to the amount of oxyged %
dissolved in the solution. -

In another group of experiments, the rate of oxidation reaction 3§
was studied as a function of solution temperature, using samples 3§

UNIT PROCESSES IN HYDROMETALLURGY
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& no detectable increase in rate with additional increases in temperature.
Experiments done with a variety of anions and cations as contami-
s hants have shown that the ferric, thiocyanate and chloride ions reduced
e the rate of oxidation. The sodium, calcium, magnesium, manganous,
B cupric, aluminum, uranyl and silicate ions did not influence the rate.

& [n the next group of experiments, a 2-gram sample of activated

# carbon was used repeatedly, over a 6-week period, to oxidize successive
mmPles of solution containing one mole per litre of total iron. The
E efficiency of the carbon as a catalyst for oxidation was ascertained
E: At the end of each test by determining the rate at which it was capable
‘9l' oxidizing fresh 150-m] samples of solution 0.018 molar in total
% tron. The decrease in activity of the carbon is shown in Fig. 6, in which
B the rate is plotted against the time in days. It is evident, that although
E the rate of deterioration of the catalyst is quite rapid for the first few
K days, after about five days the rate of decrease is very slow. The
R decrease in activity tends to a logarithmic form, so it would seem reason-
. able to predict that, after use for one year, the carbon would still have
3 about fifty per cent of its original activity.
- (?ontinuous oxidation tests were done with a 200-gram sample of
- activated carbon which was aerated in a reaction cylinder containing
;‘759 ml of solution. Feed solution was pumped into the reaction
B cylinder continuously, and clear oxidized solution was collected from
g the settling tube. Changes were made successively in the iron concen-

E results of these tests are given in Table I1I.
TABLE IIT

- Continuous Oxidation of Acidic Ferrous Sulphate Solutions
(22 molar carbon, varying iron concentrations)

2.0p=
\\*\
\\x
< i°C
\x\
\\\
|8 -l \\x\\
- : 24°C Sxo
+w : \‘x\
W
-l h
T .6l 90°C .
S 80°C
Q
o
w
* 4
2 71°C
3
9rer- 42°C
61°C
1-2 l !
0 100 200 30
TIME  (MIN)

0.018M in total iron and 1.1M in carbon, with 200 m}/min of air.’
Using the oxygen solubility versus temperature data of Seidell,® the
reaction rates were normalized to correspond with air-saturation al
24°C. The results in Fig. 5 show that the rate increases with increasing
temperature. The rate of increase is greatest at'the lower temperatures,
for which an activation energy of about 6 kilocalories per mole was
estimated between 1 and 24°C. At temperatures above 60°C, there is

Fig. 5. Effect of temperaturc on reaction rate.

Test number .
Test conditions (1) (¢} 6)] 4

: Feed solution, Fe++, (/) 25.5 8.64 25.6 19.9
g Feed solution flow rate, (ml/hr) 152 151 527 444
E- Reaction temperature, (°C) 25 25 25 63
e.Tcst duration, (days) ' 4 3 5 6
-y Rﬁ.ic.tion cylinder residence time, (hr) 417 4.20 12.0 14.3
Ondlzcc! overflow, Fet+, (g/l.) 14.2 1.59 5.95 2.37
g Fer+ oxidation, (%) - 444 81.6 76.8 88.1
R Fe** oxidation, (g/hr) ’ 1.7 1.1 1.0 0.8
E 108 Ky ;[ Fe,)/[C], (min-) 4.7 4.6 41 40
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Fig. 6. Effect of continuous use of carbon on reaction rate adjusted to 1 molar
carbon and 1 molar total iron.

From Table III it is evident that high percentage oxidations were
obtained by using slow flow rates or dilute feed solutions, whereas,
on a weight basis, more iron was oxidized when a faster solution flo¥
rate was used. The rate constant for 1 molar concentrations of carbos
and total iron, was similar for all tests.

To determine whether the results of batch experiments could be
used to predict the results of continuous experiments, a batch exper
ment was done with amounts of carbon and solution comparable wih

CARBON CATALYZED AIR OXIDATION OF FERROUS' ION 77

; ?:sse;;sed in test 2 in Table III. The time for 82 per cent oxidation
’ oy - hours in the batch test versus 4.2 hours in the continuous
\usefjlniin tecsl§. .Th;; agreement showed that batch tests should be
: predicting the amount of oxidati i i i
B cperiment g xidation obtainable in a continuous
: w(;l'(l)ddetermir?c the effectiveness of a simple apparatus design which
: meu be applxcable_ to large-scale, multi-unit equipment, batch experi-
“l'nts were done with a.stainless steel mesh disc containing granular
. activated carbon. The disc was partly immersed in solutions of 0.018

& molar total iron and was rotated at various speeds for 30-minute

TABLE 1V '

Effect of Disc Rotation Speed on Oxidati
ation Rate
(12.7 molar carbon, 0.018 molar total iron, 0.5M acid, room temperature) -

¥ Disc rotation s
peed, (rpm) 1.6 40
3 :’" cent of Fe*+ oxidized/30 min 36 70 % ?1(8) 33
0* kerplFer)/IC), (min=?) . 2.1 5.6 7.1 7.1 5§ 4

periods. The rates of oxidation for various speeds are given in Table IV

:};‘.c};‘ shows that there.is a wide range of rotation speeds at which
B 8 high degree of oxidation can be achieved. This type of apparatus

[ Wou i i
, ld be suitable for on-stream continuous oxidation of acidic ferrous

sulphate solutions

DISCUSSION AND CONCLUSIONS

K ofo:e foregoing experimer}ts have shown that the rate of oxidation
_ rrous ion in sulphuric acid solutions varies directly with the

¥ co . .
‘orn;ertl)tratlon of dissolved oxygen, the amount, fineness and activity
Ly tbon catalyst and the concentration of ferrous ion, and inversely

’:éit:mt:se bsutm of the concentrations of ferrous and ferric ions. At
Fincarly Witt:h wel;:n 0.1 _and .1 .molar, the reaction rate changes almost
e A mOIZ anties in acidity. However in the range of acidity from
S r,d the rate decreases .alm‘ost linearly with additional
St ina::}; ity. The rate gf oxidation has a small temperature
Foorc b he range 1 to 24°C. At temperatures between 40 and
‘ » the rate is almost unaffected by temperature changes

% Neglecting this small but complex influence of changes in tempera-

E tu i
R.ture, the rate of‘dnsappearance of ferrous ion by oxidation may be
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- 3. A. B. Lamb and L. W. Elder, Jr. J. Am. Chem. Soc. §3, 137 (1931).
E- 6. R. E. Huffman and N. Davidson. J. Am. Chem. Soc. 78, 4836 (1956).
® 1. A. M. Posner. Trans. Faraday Soc. 49, 389 (1953).
%2 8. A.Scidell. “Solubilities of Inorganic and Metal Organic Compounds.” Vol. 1,
EInd ed., D. Van Nostrand Co. New York, p. 1019 (1953).
Except for a difference in the acid dependency of the reaction rale g 9. K. J. Laidler. “Chemical Kinetics” McGraw-Hill Book Co. Inc., New York,

this equation is identical with the one postulated by Posner? for the S P '3(:6 (1950). . . ) o

catalytic oxidation of ferrous ion in aqueous hydrochloric acid sol g _10. K. J. Laidler. “Catalysis,” Vol. 1, P. H. Emmett, ed., Reinhold Publishing

s . i Corp. New York, p. 152 (1954).

tions in the presence of activated sugar charcoal. 50
Except for a brief initial reaction period, the experimental results §f

are consistent with the expected behavieur for a surface reaction in: 1

which the surface is sparsely covered with oxygen, acid, and ferrous g

expressed by the equation:

—d[Fe] _ k[O;}[Clf [H,SO}FeH]
dt [Fett + Fett+]

Discussion
o > A . . | H. Warren:* Have the authors considered the possible role of residual quinoid
and ferric jons.” It is assumed that ferrous ions are adsorbed in small WM sructures, remaining or present in the various carbon samples, in the oxidation
amounts on selected sites for which ferric ions compete equally. The gilllle process?
extent of ferrous ion adsorption is controlled by the fraction of total 388 G- Thomas and T. R. Ingraham: According to the literature, the surface of acti-
dissolved iron in the ferrous state. Hydrogen ions are adsorbed also, §f 3ted carbon has a variety of organic functional groups containing oxygen and
but re strongly than the other reactants. It is reasonable to expedt§ 8 bydrogen. The activated carbon has been described as a disordered agglomerate of
ut mo gy ¢ ats. A PSSR Byers of large polynuclear benzenoid hydrocarbons. It is also known that hydro-
that when the concentration of sulphuric acid exceeds some critical ¥ g quinone-type compounds are useful in the production of hydrogen peroxide, which,
value, the increased adsorption of acid decreases the adsorption of the Si i tum, can oxidize ferrous ion. Consequently, hydroquinone was added in con-
other reactants and, consequently, decreases the rate of oxidation. SEEEE centrations from 0.01 to 1 g/l. to aerated acidic ferrous sulphate solutions. Hydro-
The activity of the carbon as a catalyst is retained for long periods. S znl:lm,e by itself was of little use as a catalyst and it was found to interfere with the
. . . . N ytic action of activated carbon. .Further experiments to identify the exact
None of the substances occurring normally in uranium leach liquors :
acts as poison to the carbon activity. Oxygen, which is adsorbed in

t functional groups which may be responsible for the catalytic action of activated
: . Al 2rbon were considered to be outside the scope of the main investigation.
amounts proportional to the amount in solution, probably reacts as ZEE

electrical conductor, it is probably not essential that the electron
exchange occur at adjacent adsorption sites. ’
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KINETICS OF DECOMPOSING ALUMINATE SOLUTIONS IN INCREASED CONCENTRATIONS

upC 669.712.1

S. I. Kuznetsov and R. A. Abanin

‘8Y1 39N
INLiLs

in recent years, some alumina plants have increased the concentration of solutlons
directed to decomposition by 10-13%: at the UAZ, from 130 to 140 g/1 Al.O0s3 lc 1.67-
-1.72); at the BAZ, from 125 to 135 g/l (ue = 1.70-1.75). Corresponding increases
were made in the concentration of mother ligquors, while the amount of steam used to
vaporlze the mother liquors was reduced by about 10%. Slmultaneously with the increase
in aluminate-solution concentration there was a reduction in the degree of their de-
composition, a reduction in the caustic modulus of the mother and consequently of the
circulation solutions, and a resulting deterioration in the technological indices of
the bauxite-leaching indices. 1If one examines the positive and negative factors of
increasing the concentration of aluminate solutions being directed to decomposition,
then one would have to recognize that these measures are economically profitable.

any further increase in concentration will offer greater steam economies; however,
it will also strongl reduce the rate and degree of decomposition for solutions and the
yield of alumina during leaching. Overall, this approachk would be unprof;table.

One approach which we believe has potential is to 51multaneously increase the concen-
tration of solutions being directed to decomposition and increase their rate and degree
of decomposition or else keep them at the same level used when decomposing less concen-
trated solutions.

An‘earlier work [l] showed for kinetic decomposition curves of aluminate solutions
containing 124-130 g/1 Al203 «. = 1.55-1.6) with varying temperatures and seed ratiocs
there will always be an induction period which will decrease sharply after heating
and after an increase in the seed ratio. Consequently, the decomposition rate inc-
reases from zero to some maximum, and then dyops. The progressive increase in rate
during the initial period ingicates that the reaction products tends to accelerate the
decomposition process. Consequently, decomposition of the aluminate solution is first
autocatalytic, where the separated hydroxide serves as the catalyst. Similar, clearly
manifesting autocatalytic processes also occur in the kinetic system. According to an
earlier work [2], the decomposition rate for aluminate solutions of about the same
concentrations is only slightly affected by the mixing velocity, which also confirms
the occurrence of the process in a kinetic system,

With respect to the solutions of increased concentrations, containing over 160 g/1
Na 00, there has been little research done on the kinetics of their decomposition.
According to {1, 3], the viscosity of aluminate solutions containing up to 160 g/1
Raz0 at 30°C is similar to the viscosity of caustic soda solutions of the same concen-
tration. At higher temperatures, the viscosity ic lower. When the soluticn concent-
ration is over 160 g/l Na20, the viscosity increases several fold. This suggests
that when the concentration of solutions being directed to decomposition is raised to
ovei 160 g/1 Na20 that the kinetic system of the process can ke shifted to a diffusion
system.

In order to verify the

data we examined the. inf- ; 7

luence of mixing intensi- b j 1Fk;4 ¢ s J
ty on the rate of alumi- o = -
rate-solution decomposi- V’7 PZF »7’r L — b
tion. ‘(l/” 2 A 3;)?4’4

The starting solutions »

had the following compo-

Q\

"N
X

X

X

sltlon, g/l (see FPig.): 20 7 7,

-8 b ¢ ”
ﬁ@ M9.5 1681 181.5 % JB 4 . 12 % I i 7% B Ws
5" I T S T Kinetic decomposition curves for aluminate solutions,
% 1.74 1,77 177 containing the following amounts of Naz200 {(in g/1):

. a - 149.55; b - 168.14; c - 181.35, at varying mix-

£ Test conditions are as ing rates (rpm): )
‘gitizs- seed ratio 1 -22; 2 ~46; 2b - 54; 3 - 80; 3a - 90; A- decom-
s of Al.03in the position of aluminate solution, %; B - mixing period,
eed to the Al:03 in the in hours.

8olutlon) was constant
2.0); solutions with

€ seed were mixed for 48 hours at 50°C, and samples were selected after 6, 12, 24, 36,
and 48 hours. .

i
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Solution decomposition was performed in steel vessels, equipped with mechanical miyx-
ers. Mixing rates were 22, 46, 54, 80, and 90 rpm s.

It is evident from the Figure that the mixing rate has only a slight effect on the
decomposition kinetics of weak solutions (Fig. la). When decomposing more concentra- -
ted solutions (Fig. 1lb), there is an increase in the mixing rate from 22 to 46 rpm
and an increase of 3.5% in the decomposition rate in 12 hours, and of 2% in 47 hours,

When the mixing rate is increased to 80 rpm, the degree of solution decomposition
increases by 8% after 12 hours, while it increases by 6% after 48 hours -- as compared“
with a mixing rate of 22 rpm.

Approximately the same picture is noted when decomposing more concentrated solutions
(Fig. lc}. -

Thus, when the concentration of aluminate solutions is increased to over 160 g/1 =
NazOo one finds that their decomposition rate beglns to be affected by the mixing rate
which is determined by the diffusion rate.

In order to verify the accuracy of this conclusion, we examined the decomposition
rate of aluminate solutions containing the following amounts of Na20 (in g/1): 143- °
-146, 155.3-157.8, 165.3-167.2, 182.6-185.3, and 201.3-203.1 with a constant caustic
modulus of 1.75. The seed ratio was also constant, equal to 2 at constant temperatures
of 30, 40, 50, 60, and 70°C. Solutions were sampled for analysis after 6, 12, 24, and
48 hours. :

Using the obtained data, equations were drawn up describing the process rate at its -
initial stage. For the process overall, we were not able to obtain an equation for
the process rate which could more or less satisfactorily describe the complex inluence

oz 1<t

of the varying conditions. The constants for the rates at which the initial stages
of the process occurred (to 24 hr), determined from these equations, were almost fixed. !
Knowing these values and using the well-known Arrhenius equation, it is possible to de-
termine the activation energy values of a process.

Calculation results showed that when decomposing solutions containing less than 150-
-160 g/l Naa00 the activation enerqy of the process is about 8.1 kcal/mol (which con-~
forms to the data of Herrmann and Stipetic [4]); when decomposing solutions, containing
over 160 g/l Naa20o, the value of activation energy for the decomposition process is
much lower and does not exceed 3.5 kcal/mole.

The considerable drop in activation energy for the decomposition process occurring
when the original solution concentration increases to over 160 g/l Na200 also indicates
that when solutions of increased concentration are decomposed a decisive role is played
by diffusion.

It follows from this that the concentratlon of aluminate solutions can be increased
still further than has been done at the UAZ and the BAZ with increases in the mixing
rate. This makes it possible to reduce steam consumption when vaporizing solutions -
and to maintain a high degree of solution decomposition.

It is evident from comparisons of Fig. la and b that when solutions containing 168.13
g/l Na00 are decomposed, where there has been an increased mixing rate of 45 rpm af-
ter 48 hours one will attain the very same Al203 extraction as is obtained from solu-.
tions with 149.55 g/1 Na200 at a mixing rate of 22 rpm. When the mixing rate is inc-
reased to 80 rpm, the degree of decomposition for more concentrated solutions is high-
er than for the less concentrated solutions.

According to data given in the Figure, it is possible to increase the concentration
of the starting solution to 165-170 g/l Naz0¢: it is undesireable to increase the con-
centration any further, since the degree of solution decomposition will be lowered
even at high mixing rates.

When there is an increase in the mixing rate it.is possible to effect mechanical
mixing of the aluminum hydroxide, though in this work we have not noted this grinding
even at such high mixing rates as 80 and 90 rpm.

To some extent mechanical grinding can be useful, since it would contribute to an
increase in the seeding activity of the hydroxide. However, a strong grinding of the
hydroxide is not desireable since it can lead to increased losses of hydrate pulp with
thickener discharges. Therefore, one has to establish the optimum mixing rate for
enlarged-laboratory or pilot cyclical tests.

Increases in the mixing rate when decomposing solutions of increased concentrations
should be linked with some increase in the decomposition temperature. According to
experimental data obtained at the UAZ under production conditions, decomposition of
aluminate solutions with increased concentrations is more rapid and more thorough when
. the starting and final Process temperatures are higher. ' Thus, when the concentration
of the starting solution is increased from 145-147 to 155-161 g/l Na20¢ and there is
a simultaneous increase in the starting temperature from 54-55 to 59-60°C and in the '~
final temperature from 44-45 to 49-50°C, after 65-71.5 hours the degree of solution de-
composition will not change, remalnlng at 50.8-51%. When decomposing the same solu-

tion, but maintaining the startlng and final process temperatures, the degree of decom~
position was 0.8-1% lower. .
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Increasing the temperature of the decomposition process contributes to reductions
in the solution viscosity and consequently to increases in the diffusion rate. There-
fore, an increase in the starting and final temperatures increasesthe degree of decom-

sition for solutions of increased concentration.

when decomposing concentrated solutions, containing 165-170 g/1 Na20o, evidently one
requires even higher starting and final temperatures for the process. An optimgm tem-

rature schedule was not established for solutions of the indicated concentration.

As the concentration of the starting solution is increased to 165-170 g/1 Na2Oo
there is a deterioration in the precipitation and filtration of the aluminum hydroxide,
due to increases in the viscosity of the mother liquor. However, since the starting
and final temperatures of the pulp would be higher, the increased viscosity for the
pother liquor would be comparatively low. It is possible that in order to improve
precipitation and filtration of aluminum hydroxide one has to shift to adding small
amounts of flocculants, as for example polyacrylamide [5) or use other methods. This
question needs further study.

CONCLUSIONS

1. As solution concentrations increase to 160 g/l Naz00 and higher, the kinetic sys-
tem of the decomposition process shifts to a diffusion system

2. The possibility was shown of increasing the concentration of solutions directed
to decomposition to 165-170 g/1 Na200, while simultaneously increasing the mixing
rate, thus affording large steam savings.
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The liquidus diagnm of the BiCl, CaCl, -KC’l system

: SR UB&WEHSWY oF UMH
B G Korshunov, Yu G Podzolko, V Ya Kerzner and S A Krishtul (Moscow Institute of Steel and mn%ESE&M&MHSTITUTE
of General Chemistry)! o |

. disc method ).

.+ EARTH SCIENCE LAB. &

points adjacent to the KC1 corner have the highest melting
points, and these adjacent to the BiCly corner have the
lowest. The non-variant points of the system are given in

the table.
Loo - Nou-Tr
NCY SR

~ favourable temperatures and concentration characteristics

for the process. The low-temperature bismuth-containing
compositions are of interest for the pyro-electrometallurgy
of the element.

UDC 669, 33

Kinetics of the dissolution of copper oxides in hMchIorlc acid solutions
M L Episkoposyan, R G Shakhnazaryan, A A Babadzhan, B S Grigoryan and C M Grig'oryan (Armenian Sc!entiﬂc- ]

Research and Design Institute of Non~Ferrous Metals.

In spite of the common knowledge of the leaching of copper
oxides, there are no published data on investigation of the
kinetics of their dissolution in hydrochloric acid solutions.
The present article sets out the results from investigahons
into the kinetics of the dissolution of cupric oxide and
cuprous oxide in hydrochloric acid solutions by the rotating
Thé use of this method secures the
production of reproducible results and makes it possible to
carry out experiments under the hydrodynamic conditions of
the agitation of the solution amenable to calculation and,
which is particularly important, makes it possible to compare
the experimental data with the theoretical data and also to

* calculate the absolute values of the reaction rate constants.

A detalled description of the apparatus used for the investig-
ations is given in the literature "*),

The specific rate of dissolution was calculated from the
amount of copper passing into solution from 1cm? of the
disc surface in 1 sec. To define the order and character of
the process a series of experiments was set up with HC]
concentrations of 0,5, 1.0, and 1. 5mole/dm® in the solution

temperature of solution, 50°C; length of experiment, 15,
30, 45, and 60 min.

The lnear character of the curves in fig. a and b and the
constancy of the v/[HC1] ratios (where v is the specific
dissolution rate, mole/cm) show that both reactions are of
the first order. To determine the character of the dependence
of the dissolution rate of cupric oxide and cuprous oxide in
hydrochloric acid solutions on the disc rotation rate
experiments were set up under the following conditions : HCl
concentration 0, Smole /dm® ; temperature of solution 400C;
disc rotation rates 6, 8, 10, 12, and 14 rps. The rate of
both reactions (table) increases with increase in the disc .
rotation rate, i.e., in proportion to n¥?, where n is the disc
rotation rate, rps.

This relationship is consistent with diffusion theory of the
rotation of a disc. The average values of the reaction rate
constants at 30°C with an HCI concentration of 0, 5 mole/dm’,
calculated by means of the equation:

/// / . .. T St Pointsoilhe lnvarient equui:riain ﬂle BiCL-CaCl,-KClBthun
P g o
/ AR . Content - mole % --
Character of " [~ - N . Coexisting -~
- .points . | oc . BiCl, |CaCl; | KC1 phases . -~
 Published data ™) L. . . . ot
Butectic.. | 158 |.776.0 1. 7 |24:07| La2Bicy, « s, :
Dystectic” 174.5| "é6.7°7" 333 {‘Lers,
- Eutectic 158 - §9.2 =~ 40.8" }'L'R2S, ¢ S,
- Dystectic 207 50.0 - 50.0 | L&S,
Transitional | 411 38,0 - L10 LS &S,
Dystectic 580 25.0 - 75.0 'L.‘_’S
o Eutectic 550 23,0 - 770 | LE S. + KCl1 - i
e Published data 4 '
. Eutectic 640 ‘ 69,6 | 30.4 _L..CaCl, . s, o
b Dystectic 754 ,.50,0,]50.0 | L&S; -
.. Liquidus diagram of the BzCl,—CaClg Eutectic 600 24 0 ,,';76_-0 '.L“'S, . KCU SUBJ
i . KCl Bystem, oo L 3v.>,.,.' ) : A Expenmental dataw o ' MNG
. S tewratotoLte .0 Eutectic e Rp RTroperaiTs
Summary oL .:" R Ey " | :369 -10i0 " | 19.0. |'71.0¢ “Lo--KCl i S f KDCO
E 150 ar.1'-|. 7.9 ;51,0 |.L=S,. i
The meltlng ol the BiCl, -CaCl; system was invesugated‘ e: 160 43.7 6.8 j49.5 [ L=S, e s’ !
in connection wit.h the use of chloride fuming in the treat- E, . | 145 58.0 1.9 [40.1 L._s‘ . CaCL
ment of oxldlzed and oxysulphide bismuth-containing ores. Eg p 125 |- 7301 F 019 25,0 | LES, ¢ cacl, o BiQY,
Nine polythermlc sections were studied, and their directions E:‘e;‘}C‘ . I
were determmed by the position of the nonvariant points on po'i‘nte‘“""‘ “] - -
the binary side diagrams (fig.). The results from thermal e, | sss 16.1 | 19.2 647 | L2,
analysis are given in the figure and in the table.’ e, 160 a3.5 6.5 {50.0 | L s )
. e, 166 5.0 47.4 |47.6 L._S + CaCl
The results/from the sections investigated of the system R 174 69.3 | 1.7 [29.0 s: * CaClz 3
indicate the existence of crystallisation fields for KCl, Peritectic P | 369 11.7 {32.3 |56.0 s,,¢ L& S, §s
K, BiCla, KCL:CaCl,, KBiCL, CaCly, BiCls, KgBiCl., and =
KBi.Cly on the liquids surla.ce Mixtures with figurative The investigations make it pogsible to determine the most

s - “—

cer e

under the following conditions: disc surface area, 3.14cm®; K= Q 3. cm=2 sec Y2 rev-17
volume of solution,. 1dm®; disc rotation rate, 15, 16 rps; Srn¥? [HCl1] dm?- em™ sec™¥:rev !
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5. Possibility -of using electrolytie powders of titanium and its . alloys for the production of thin-walled sintered blanks

From the results from- determinahon of the equmbnum

® concent:ratmns of indium in the resin phzse and in the solution
* phase a relation was plotted between the capacity- of thé resin

- and the extraction of indium and- the ratio of the equilibrium

.. soncentration to the ifiitial {fig..1). The 1ntersectl.on of- the

& cmes corresponds to the.ratio of the volume.of'the solution

Radioactive Metals and Powder Metallurgy).

2% Summary

"'_f,;- The mechanical characterisitics obtained after the sinteking:
7 of compacted blanks and the pogsibility of making thin-walled

o

1.6'wt.% Al were-investigated. The electrolytic powders of
“titanjurn and the altloy.are Quite satistactory Afor the production
' ‘:'of thin-walled blarnks by the most widely iised technigue, of-

5~ Metallurgical Plants:

At the present time the planning of plant running: COsts;.
like othet costs, is realised from the attained level of the
3. ‘previous_year with allowatice for the introduction of organis—
| 3¢ ation and technical measures directed towards the reducnon
‘? ‘of these costs. An increase in the degree of scientific
"-soundness.of the plans can bé obtained with the use of
-~mathematical -statistical methods. Thus, for planming the -
’plant operaﬂng costs it is’ possihle to use the method of

& a-‘lntegrahon of the correlation reldtionship between the

¢ ~above-mentioned costs and the volume of production with
. allowa.nce for. its variation with tinje,

Let us illustrate this calculation for the case of one of the
nluminium plants. From the plant data, using the méthiod
-of least squares, we determined the laws governing the
- varjation ui the pla.nt operatmg costs ag a-function of- the
increase in the volume of production and the, dynamics .of

TR

* this increase for 1971-1973 *™¥), The relationships for
52-the variation in the volume of production with time, ex-
~pressed in the form of: regréssion equations, are shown.in
*?“rable L

blanks from: electrolync powders.of titanium dnd its dlloys with

to the volume of the résin wheré the greatest fapacity of the

.resin with the greatest extraction of indium frem the sclution

under ethbrium conditions is pbtained. This ratia amounts
to.40:1. The kinetics of thé sorption of ingium from the
solution with this ratio were studied.-

UDC 621. 762:546, 821

5 Kiparisov, O A NiKiforov and V P Luk'yanov (Moscow Institute of Steel and Alloys - Department of Rare and

‘powder metallurgy; counsisting of compaction of the inilia}
powder in-a Steel mould followed by vacium sintering:

Far thin-walled-blanks the wall thickness should hot be: Jéess
than 3-4mm.

UDC 658. 51:519..2

" 81'Tsetsarkina (Urals Polytechnic Institute - Department of Economics and Organisation of Non-Ferrous

The high values for the correlation. coefficient and Student
criterion ind:cate -a-close and reliable relationship; since
the Student criterion considerably-exceeds’ the tabular
values *)..

The dynamics of the variation in the production of
alumina areé given by the equation %= 215662, 8 + 2014, 2t..
The- output of alumina in 1974 amounted to:

Ix = f (215662, 8-+-2014, 2 t) at-= 975446 tons, and the
1%
output in 1875 amointed to 1.008 000 tons.

The dependéence of the var ariation in the plant operating
costs on the growth in the vélume of production is shown
in Table 2. The plant operating costs show a stable and
fmrly close relationshiip with the growth-in cutput, since
the Student criterion is greater than 2. 58 (i.e., this
Telationship 1s significant with 99% probabxlity), and the
correlation coefficient varies within the limits of
0.6:0.8.

Table I Variation of the production volume by quarters 11;_"1.311-‘1,9‘13

Form of Stident's | Correldtion
product Regression equation triterion | cosfficient
Alumina t = 215662,8 + 2014.2¢t 130.87 0.9868.
Electrode a) tg x = 40357 +20.036213 ¢ 61.66 0.9723
mass. t b) x = 27123, 44 2418.6 1g v 57.79 6.9704;
Silicon>t = 5758.5 + 96.9¢. 16.26 0:8991
Ingots t X - 19075 + o836 6.36 0.8018!

Table 2: Variation of the pla.nt Operaﬁng costs vnth the product oulput

Form of . ) Student Correlation
product Regression equation criterion coeff: c1ent£
Alumina t. a) ¥ = - 109.94 + 0:007x 6.83 0.777%

B) ¥ = - 2.54 + 1.075 10g x 7.08 0. 7541
Electrode. T
mass ‘t y.= 1.524 + 0.00x 4.4% G. 6859\.
Silicon t y'= - 54,8] ﬂ 011x 3.a 0.6056
\Iarketao‘ i
l"roducnon ’
000's_Roubles | y = - 0.258 « 0.68 '10g. % 2.92 0.6268
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The Kinetics of the Dissolution of Crystalline
Quartz in Water at High Temperatures ;
and High Pressures : k-

H. SIEBERT®*, W. V. YOUDELISt, J. LEJA} and E. O. LILGE§

Department of Mining and Metallurgy
University of Alberta,
Edmonton, Alberta, December 1, 1962

. Abstract

Dissolution of quartz discs {cut parallel to basal (0001) face) in distilled water,
at 205°C-345°C and 3,000 psi, was found to proceed as a zero order reaction,
involving an activation energy of 18.8 kcal/mole; i.e. of the same magnitude as for
the dissolution of quartz in alkaline media. The molybdate determinations of
dissolved silica suggest that monomeric form of silicic acid is formed in solution,
Siouquurtz) +2H 0 = Si(OH)usoluuony-

INTRODUCTION

The decreased market value of uranium concentrates has necessitated
re-evaluation of the carbonate leaching process in order to reduce the
cost of their production. Material balance of the carbonate leaching
circuits in the Eldorado-Beaverlodge mill has revealed that a consump-
tion of 3 to 5 pounds of reagents per ton of ore cannot be accounted
for.! Since the bulk of the ore is made up of silica and silicates, it was
thought that part of the loss could be attributed to dissolution of these

variables affecting the solubility and dissolution rates of silica and
silicates in alkaline leach liquors.2:3

* Research Associate.

t Assistant Professor.

1 Associate Professor.

§ Professor and Head, all of Dept: of Mining and Metallurgy, University of
Alberta, Edmonton, Alberta.
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The kinetics of the quartz-water system has been investigated since
it forms a basis for a study of the quartz-sodium hydroxide* system and
quartz-sodium carbonate and sodium-bicarbonate system.

REVIEW OF LITERATURE

Although there are abundant thermodynamic data for the quartz-.
water system,5~? very few kinetic data exist for this system.!°=?? The
work of Hooley!! is mainly concerned with dissolution of silica glass
and quartz by hydroxides of Group I at temperatures below 100°C,
while that of Greenberg and O’Connor'? is primarily concerned with

- amorphous silica in water at temperatures below 100°C. Kitahara'® has

carried out some rate studies on pure crystalline quartz under super-
critical conditions (i.e. 400-480°C and specific volumes of water varying
from 1.6 to 3.0 ml/g) and found diffusion to be the rate controlling step
in his experiments.

(i) The Mechanism of Quartz Dissolution

Hooley!! proposes that the dissolution of quartz in hydroxide
solutions is a two step mechanism:

(SiOp)yq + 2 H,0 = SiOy2 HOy, (1)
Si0,2 H,0,,, + 2 OH~ = Si(OH)¢? in solution @)

The first step is an adsorption of water followed by reaction with the
hydroxyl ion to produce soluble products. Hooley states that if only
water (and no additional hydroxyl ion) is present, as in NaCl solutions,
no attack of crystalline quartz will take place. Iler*? considers that the
dissolution of solid silica in water involves a simultaneous hydration
and depolymerization:

(Si0y), + 2n(H,0) = n Si(OH),

When silica passes into solution, there must be a chemical reaction on
the surface of the solid phase with water, whereby the surface layer of
SiO, is hydrated; then, as each silicon atom with its surrounding oxygen
atoms is detached from the surface, further reaction with the water
occurs and soluble monosilicic acid is formed. ’
According to Franck,® the solution of quartz in pure water may be
represented by the reaction Q + n'H,0 = SiO,nH,0 where Q repre-
sents solid, crystalline quartz. In a thermodynamic treatment of the

'
3
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solubility data of Kennedy,® Mosebach!® and Franck'® have both 3

deduced the association value n as equal to 2.

Finally, experiments on freezing point lowering show that silica &

dissolves predominantly in the form of monosilicic acid, probably
Hdsi04. “

Y

(if) The Effect of Surface Treatments on Crystalline Quartz

The existence of a high solubility layer on the surface of ground -
quartz particles has been firmly established by various workers,’
though the nature of this layer is still in doubt. This layer is thoug.hl -
to be either a Beilby-type layer consisting only of mechanically “dis-
turbed”” amorphous silica, or an incomplete monolayer or multilayer

e
IS

of silicic acid. - Evidence of Holt and King* and infrared spectroscopy B

studies on retention of HyO and OH groups at high temperature '

indicate that the second supposition is correct. -

-

A
o+ B

(iii) The Effect of Crystallographic Orientation on the Rate
of Dissolution

Work by Laudise? shows that in quartz crystallization the order of v;.

growth rates is under all conditions arranged in the following sequence: .
basal (0001) face > (0111) face > (1011) face > prism (1010) face.
The order of the dissolution rates is also the same and, according to
data referred to by Kennedy® is nearly 100 times greater for basal
(0001) face.

EXPERIMENTAL
(A) Equipment

An electrically heated autoclave of I litre capacity manufactured by ;
Autoclave Engineers, Inc. was used for the series of experiments. A

© “Sym-ply-trol” controller (Assembly Products Inc.) was used to control ‘

the temperature of the solution within the autoclave to +2°C. '1th
pressure was maintained at the desired value by a gas compression
pump (Model ‘HG-30). Some modifications to the autoclave were
made, viz:
(a) The balanced oil lubrication system was removed and lubrication
of the stirring shaft was effected by periodically coating the teflon-
asbestos packing with molybdenum disulfide grease.

-4 3

DISSOLUTION OF CRYSTALLINE QUARTZ IN WATER 287

(b) A 6" pencil thermocouple was installed immediately below the
threads on the autoclave beaker and was bent into an inverted
L-shape inside the beaker so that the temperature of the liquid
was measured at the point 2 inches above the bottom of the
stirring shaft. A Honeywell Brown Electronik recorder was used
in conjunction with this thermocouple to continuously record
temperature during an experiment.

(c) Measurements of pressure were made on a 4} "Bourdon-Type
Ashcroft laboratory test gauge (7,500 psi range) attached to the
autoclave by an isolation valve. The Bourdon tube of the gauge
and the adjoining pressure tubing were vacuum filled with dis-
tilled water to eliminate trapped air bubbles, and the isolation
valve closed before attachment to the rest of the assembly. The
compressibility of water in the Bourbon tube was considered
negligible under the test conditions.

{(B) The Solution Used

The dissolution tests were carried out in doubly distilled water, the

|+ second distillation being from a very dilute potassium permanganate
solution. To remove any dissolved carbon dioxide or oxygen, nitrogen
¢ Was bubbled through the water for one hour immediately before its use
- in a dissolution test.

(C) Preparation and Mounting of the Quartz Sample

The quartz plates used in this experiment were cut from large crystals

R obtained from the Murray-American Corporation. These crystals
: were optically clear and very pure and were sufficiently large to yield
' plates 3 inches in diameter from any crystallographic plane.

The steps used in the preparation of a sample were as follows: ’

(1) A 6 mm thick plate was cut perpendicularly to the c-axis to yield
a plate whose surface was parallel to the (0001) basal plane.

(2) The plate was then rounded to a disc of 2.550 inches in diameter.

(3) The surfaces of the disc were ground flat and polished using 600
R.A. size of silicon tetracarbide grinding powder.

(4) After thorough rinsing the disc was treated with hot 50% HCI
solution for one hour to remove any iron and was again rinsed
with distilled water.
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(5) The acid-treated disc was then held at 400°C in a furnace for one-
half hour to remove any adsorbed organic matter and water, 4
cooled in a desiccator and weighed. .
Steps (4) and (5) were repeated on the disc following the compl.euon .
of a reaction (traces of iron oxide were deposited from the stainless

stainless steel). ‘
Tn order to study the rate of dissolution of a single crystallogrgphw
plane at a time and in order to avoid the high surface free energies of

CASE
Pt. O—RING

— J————QUARTZ PLATE

7 t:___.-m.us

_A{ 4-40 SCREWS
- /

g E  AUTOCLAVE BEAKER

% )
.

NUT

Fig. 1. Exploded view of the stainless steel holder and its disposition
in the autoclave.

the prepared plate. The quartz disc mounted in its holder was placed

. I
I
OIS TP T T BRI o g D xa
[

autoclave.

)] Préparation of the Autoclave for an Experiment

np s AF

et it L o

X
R 4 HL

. steel holder onto the disc, presumably due to galvanic action of Pt- ] ' ‘b

edges, a special stainless steel holder (Fig. 1) was constructed to hold §

, : directly beneath the autoclave stirrer and was fastened to the bottomof - ' 4
f ‘ the autoclave beaker by means of a bolt through the bottom of the g

[} .

Once the sample was placed in the autoclave and the autoclave as-
sembled, the whole system was flushed with nitrogen and subs.equently ;
evacuated with a vacuum pump. The flushing and evacuation werc [

i
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repeated three times with evacuation as the final step. Distilled water

= previously purged from CO, was then siphoned into the autoclave

}hrough the sampling assembly, and the pressure within the autoclave
increased to 500-900 psi using N,. The autoclave heaters were then
turned on and upon reaching equilibrium conditions at the desired

- working temperature, the pressure was brought up to 3,000 psi using

the gas compression pump, the required overpressure being supplied by
compressed nitrogen gas. Following the removal of each sample, the
pressure was readjusted to 3,000 psi. On completion of an experiment
the autoclave was quenched from working temperature to room tem-
perature in a bucket of water, the time for quenching being of the order
of twenty minutes.

(E) Sampling Procedure

A sampling apparatus (Fig. 2) was designed so that liquid samples
could be taken from the interior of the autoclave at working temperatures
of 205-344°C and quenched to room temperature for determinations
of volume and silica content. A capillary tube (a) which extended well
below the liquid level in the autoclave was connected to a three-way
valve (b) on the exterior of the autoclave. To take a sample, beaker (c),
quenched in liquid nitrogen, was screwed to the 3-way valve at (d) and
evacuated with a vacuum pump through (e). After the beaker had been
evacuated, valve (f) was closed and valve (g) opened to admit a sample,
then closed after the beaker had filled. Valve (f) was then opened and
the sample was forced out by the residual pressure into a flask for

weighing and analysis. Two samples of five millilitres each were taken,

the first one being a blank sample to draw off the stagnant liquid from
the tubing of the sampling system.
Validity of this method was checked three times by removal and

B analysis of two consecutive samples after discarding a blank. Concen-

trations of SiO, on these were found to agree within 1%,.

(F) Analytical Technique

Three methods of analysis were used in this work:

(a) Weight loss of quartz disc.

(b) The molybdate colorimetric method for silica determination.

(¢) The evaporation of the sample, after treatment with a sodium
hydroxide solution, followed by fusion and redissolution of the
melt in doubly distilled water. This sample was then analysed by
the colorimetric method.

20
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c. BEAKER ——

34" % 114" NUT FOR
RECEIVING BEAKER

b. THREE WAY VALVE

" ASSEMBLY
. A e )
L ‘L—J
: Ve §. VALVE
g. VAL

e. SAMPLING AND VACUUM

0. SAMPLING TUBE
LINE CONNECTION

\i

Fig. 2. Sampling apparatus.

The colorimetric method, outlined by Alexander, Heston and Iler** |

is useful for determining the monomeric dissolved silicic acid and the
" amounts of monosilicate and disilicate ions in solution. Alexander”

has reported that monosilicic acid forms a yellow silico.moly'b'd.a%c
complex with molybdic acid within 75 seconds (at 20°C) while disilicic §

acid requires 10 minutes.

The colorimetric method is based on the reaction of silica with

: i7%_
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- ammonium molybdate at a pH of 1.5% to form the yellow silicomolyb-

dic acid. The ratio of molybdic acid to silica should be such that an
optical density not greater than 0.5 is obtained. If the ratio is smaller

f.. then insufficient molybdic acid is present to react with all of the silica.

The color intensity of the silicomolybdate complex was measured

" with Bausch and Lomb Spectronic 20 colorimeter at 400 mu. The
g readings were taken two, five and ten minutes after the sample aliquot
f had been added to the molybdate reagent.

Method (b) outlined above is useful for determining the concentra-
tions of monosilicic acid disilicic acid while method (c) is useful for
determining any polymerized and colloidal silica as well after conversion

& to a sodium monosilicate.

Deviations between methods (a) and (b) were found to be less than

EXPERIMENTAL RESULTS

The temperatures and the pressure for this series of experiments,
205-344°C and 3,000 psi, were chosen so that neither the critical
conditions for water nor the maximum solubility of quartz in water were
exceeded.® All parameters other than temperature and stirring rate
were kept constant. :

It was of interest to know the effect of stirring on the rate of disso-
lution. Too high a speed would have created a vortex thus reducing the
surface area of quartz/solution interface and creating quartz/vapor

§ interface, while too low a stirring speed might allow diffusion from the

bulk of the solution to become rate controlling, thus masking the

¥ kinetics of the surface reactions. Fig. 3 shows the effect of 3 stirring

speeds: 247 rpm, 512 rpm, and 666 rpm, for 3,000 psi pressure and

g. 248-250°C. The concentration versus time curves remain straight lines

for all three stirring speeds, the small variation in slope being mainly

¥ due to slight differences in temperature for the reactions.

Figure 4 illustrates the effect of temperature on the rate of dissolution

¥ of crystalline quartz in water. The data were obtained at the tem-
I peratures of 250°, 247°, 269°, 291°, 315° and 332° Centigrade, 3,000

Psi, 247 rpm stirring speed for all but one test.
Table I shows the results of the two analytical techniques F (b) and

E F (c) used on identical samples; i.e. the reaction of molybdic acid with
- silicic acid in solution and the reaction of molybdic acid with converted

sodium monosilicate, Although the comparison appears to be quite

. satisfactory, indicating absence of polymerized and colloidal silica in
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- —"‘1 - solutions, the method F (c) probably involves larger errors due to its
$Rpo TeupcuTIRe MessR complicated treatment procedure.
ol O SaREM e et - Silicic acid is known to adsorb quite strongly on practically anything
@ 247RPM, 208%C  3000R8L g and it was expected that considerably more SiO, would adsorb on the
< ol . walls of the autoclave than actually did. The amount of silica adsorbed
z
s / TABLE [
= S0r
z mg/l SiO, mg/l SiO,
g sl Sample  Method F (b) Method F (c)
z
'g b | 149 154
o 2 181 186
3 186 188
20l 4 169 166
5 148 139
o - 6 476 433
L . 1 1 L j. _zl?’—J“ . . . ..
ol L o . w " on the stainless steel of the autoclave was determined by desorbing it in
. two consecutive runs with 10~2M/ NaOH after the completion of each
Fig. 3. The effect of stirring on the rate of dissolution, X ?xperiment. Care had to be taken to keep the temperature below 100°C
- in these two desorption tests, because above this temperature NaOH
S TABLE II
,” o 230° Cc, S2ReM, SiO, deposited  Total SiO, Length  Deposited
b o by v ' B on the walls  in solution of Run Sio,
Y amec, rRen b " Run # mg mg Temp. °C hrs % total
© 8% ¢, MTARM 4K
oo} O ot WTRA 1 22 70.5 250 x 1.5 72.0 31
3 1.3 70.4 269 £ 1.5 48.6 1.8
ol 4 . 0.9 40.0 291 + 1.0 13.5 23
i -1 2.5 92.5 290 4 1.5 24.0 27
2 b 1.0 71.0 5 £25 12.0 1.3
"‘°" 6 1.6 64.8 332 £ 25 7.0 25
F
2 T s vigorously attacked the stainless steel itself. Following these- two
R o E desorption runs a third blank run with pure water had to be carried out
¥ B 10 remove all traces of hydroxide; this also served as a final desorption
ol B 10 remove any traces of silica. Generally, no silica was detected in the-
j: water from the third run. .

24
TIME —HOURS

32

Fig, 4. The effect of temperature on the rate of dissolution,

Table II tabulates the amounts of adsorbed silica for all the runs.
A constant check was kept on the amount of iron in solution.
;~Table 1T gives a compilation of the analyses of iron for each run.
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TABLE III
Length
Dissolved Fe . of Run
Run # mg/l Temp. °C hrs
1 0.40 250 72.0
3 0.17 269 48.3
4 2.38 291 13.5
5 0.15 315 I2.0
6 Nil 132 7.0

<)

Microscopic examination of the disc surfaces before and after disso- g3l
lution tests brought out rather startling differences in their appearance, 3§
Figs. 5 (a), (b) and (c). The heavily fissured surface Fig. 5 (c) was g
obtained on two occasions, while all other specimens showed the sur-
face to be etched nonuniformly as seen in Fig. 5 (b) but without any evi- 38
dence of fissures. The dissolution rates appeared to be not affected by
the appearance of fissures—the results falling in line with those whea Fi
no fissures were formed. :
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. Fig. 5(a). Quartz surface after polishing, before dissolution. 380x
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" DISCUSSION

Although the quartz-water system appears to be a simple one, many =
uncertainties exist as to the mechanism involved in dissolution and the
state of dissolved species. Frederickson and Cox*® consider that the
dissolution of quartz involves disintegration of mosaic elements (ce: .

mented together by weaker O—O bonds than Si—O bonds within the . Jer
mosaic) to give a suspension of colloidal particles, the average sizz .8
of which they calculate to be of the order of 800 A. They argue that i

v

the dissolved species exists as a large polyelectrolyte (and not as 3
simple ion) which titrates with molybdate ions stoichiometrically, i0 -

good agreement with gravimetric determinations of Si0,;. Work by ;2 .4

O'Connor® confirms that polysilicic acids develop full color with 3
molybdic acid in less than 5 minutes if the polysilicic acids are non 3}
cyclic. The fact that after 2 minutes no increase in optical density was -
noted during determinations of solutions obtained in this series of tests

would suggest that monosilicic acid was the only species. Yet, despite

the apparent confirmation of the determination results by the semi-
gravimetric method (Table I) there is no assurance that the polyelec-

trolyte species is definitely not present. It would be necessary to cary oy

out light scattering determinations on the dissolution samples in order

to establish whether the nature of the dissolved species is colloidal poly- "J¥* -

electrolyte or monomeric silicic acid.
The curves of rate of dissolution versus time, for all temperatures -

investigated, are represented by straight lines (Figs. 3 and 4) suggesting 3

a zero order reaction between quartz and water:
. . dc
Dissolution rate = i k

during the initial time period before equilibrium and saturation of
water with SiO, is reached.

. A plot of log k vs 1/T (Fig. 6) gives the activation energy E, = 188
kcal/mole, the magnitude of which suggests a surface reaction as the
controlling step in the dissolution:

(Sio?.)(qunrtz) +2 Hzo = Si(OH)4(in solution)

although diffusion through a polymerized layer of silicic acid at the ;\5_

surface of quartz cannot be excluded.
Comparison with activation energies obtained by other investigators

on dissolution of quartz in alkali media, Table IV, seems to imply thy |
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|
10°xk [CMg Si0, DISSALVED CMY/SEC T

I 1 1

+e3 L7s 185 195
(103 7)™ ’

Fig. 6. Arrhenius plot for activation energy.

in all cases a surface reaction is the rate controlling step, although the
actual rates of dissolution are very much higher in alkali media.

In solutions of high pH the dissolution reaction involves OH- ions
and the formation of some ionized species like SiO %~ or Si(OH)g*".

TABLE 1V

Temp. © Solvent ** Si0, Species E sctivation Reference
205-344°C Water Crystalline Quartz 18.8 kcal/mole

150-170°C  1.0N NaOH Quartz Sand 17.5 kcal/mole ‘(4)
125-160°C 75N NaOH  Quartz Sand 22.6 kealfmole - 4)

70-50°C 2.73-10.3N  Quartz Cubes 18-25 kcal/mole an

NaOH
30-60°C Dilute Alkaii Sp. Bulky Silica 21 kcal/mole (12)
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Additional work is required to find out whether Si(OH), species pro-
duced in distilled water is monomeric or polymerized, and ionized or
unionized.

Acknowledgement °

Grants from Eldorado Mining and Refining Co., which enabled this

and related work to be carried out, are gratefully acknowledged.

References

1. Woodward, J., Internal report on the solution balances of Eldorado-Beaver-
lodge mill. (Presented at the Conference of Metallurgists, Hamilton, September,
1962.)

2. Johnson, H. E., Leja, J., Lilge, E. O., Dissolution of Non-Metallic Minerals
in Alkaline Leach Liquors, Progress Report #1!. Dept. Mining and Metallurgy,
University of Alberta, August 1961.

3. Schulz, K. F., Siebert, H., Meimaroglou, H., Leja, J., Lilge, E. O., Progress
Report #2, Dept. Mining and Metallurgy, University of Alberta, February, 1962.

4. Burkin, A. R., Proceedings of the International Mineral Processing Congress,

6-9 April, 1960, Ins. Min. & Metallurgy.

" 5. Kitahara, S., Rev. Phys. Chem. Japan, 30, 122 (1960).
6. Ibid., 30, 109 (1960).
7. Laudise, R. A, J. Phys. Chem., 65, 1396 (1961).
8. Wood, J. A,, Jr., Am. J. Sci., 256, 40 (1958). ~
9. Kennedy, G. C., Econom. Geol., 45, 629 (1950).
10. Kitahara, S., Rev. Phys. Chem. Japan, 30, 122 (1960).
11. Hooley, J. G., Can. J. Chem., 39, 1221 (1961). '
12. Greenberg, S. A., 62, 1195 (1958).

13. Tler, R. K., The Colloid Chemistry of Silica and Silicates, pp. 13-14, Cornell '1 e
W: Yanations of the volume have been ta
" results,

University Press, 1955. )
14, Kitahara, S., Rev. Phys. Chem., Japan, 30, 115 (1960).
15. Mosebach, R., Neues Jahrbuch Mineralog. Abb., 87, 351 (1955).
16. Franck, E. U., Z. Physik, Chem., 6, 345 (1956).
17. Brintzinger, H., Z. Anorg. allgem Chem., 196, 44 (1931).
18. Kitto, P. H., and Patterson, H. S., J. Ind. Hyg. Toxicol, 24, 59 (1942).
19. Dempster, P. B., and Ritchie, P. D., J. Appl. Chem., 3, 182 (1953).
20. Dempster, P. B., and Ritchie, P. D., Nature, 169, 538 (1952).
21. Clelland, D. W., Cumming, W. W, and Ritchie, P. D., J. 4ppl. Chem., b 8
31 (1952).
22. Cleliand, D. W. and Ritchie, P. D., J. Appl. Chem., 2, 42 (1952).

23. Gibb, J. G., Ritchie, P. D., and Sharpe, J. W., J. Appl. Chem., 3, 213 (1953} |

24. Hoit, P. F., and King, D. T., J. Chem. Soc., 733 (1955).
25. Laudise, R. A., J. Am. Chem. Soc., 81, 562 (1959).

26. Alexander, G. B., Heston, W. M., and ller, R. K., J. Phys. Chem., 58, 453 :

(1954). ’

e L A Vs R progpgy

B Burkin that the order of the reaction with respect to
E 210 but more likely first order reaction,

DISSOLUTION OF CRYSTALLINE QUARTZ IN WATER 299

27. Alexander, G. B, J. Am. Chem. Soc., 75, 5655 (1953). )
;g I(:'..‘vo;ett, G. J. S., Anal. Chim. Acta, 25, 69 (1961)
+ Frederickson, A. F., Cox, J. E., American Mineralopi.
[ , ,J. E., ogist, 39, 886
0.0 Connor, T. L,/ Phys. Chem., 65, 1 (1961). . s (159

Discussion

Fi;‘s. ’:‘.aggxgag;ivtv;‘ dI-Iave any corrections been made to the data recorded in
. ¢ decrease in aqueous solutj isi i
of the solution through campiing? q ution volume arising from depletion

In order to obtain a mor i
' ¢ meaningful rate constant than th i
authors, I think a rate equation of the form 7 derived by the

V /dc k
s(d_r) -

asa i
fesult of stresses and strains or even phase transformations to high temperature

phases 1.e. trid mite, on ﬂle Sul‘lace a]ls"lg “‘()lll ]he Cllt“llg operation (Illllllg
] y » ]
p

bai; O.CL;lge, J. Leja, H. Siebert, and W, V., Youdelis: The data recorded in Fi 3
not been corrected for the changes in volume due to sampling, since only%he

the data in Fig. 4 have been
) L -4h corrected, the curves having been lotted
Sl% dissolved, which includes that $iO, removed througgh'sampﬁinge for the tos!
¢ agree with Dr. Romankiw that the rate equation should involve variables:

< volu
me, V, and surface area, S. We chose, however, not to include them explicitly

‘u‘ . .
the rate equation since the surface area remained substantially constant and the
ken care of by the manner of plotting the

A. R. . . . .
R. Burkin:t The reaction rates were studied under experimental conditions

< wher i
¢ the surface area of quartz remained Substantially constant. Thus there is

0o evidence as to the order of th i i
. € reaction with respect to solid surface
fore; the statement that the order is zero seems dug?ccwus. area. There

E. O. Lilge, J. Leja, H. Siebert, and W. V., Youdelis: We stand corrected by Dr
the solid surface area is not

* L. T. Romankiw, Th
City, New York. " omas J. Watson Research Center of IB.M., New York

t A. R. Burkin, Royal School of Mines, London, England.
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KINETICS OF DISSOLUTION OF INDIUM SULFIDE IN A FERRISULFATE SOLUTION

UDC 669.872

G. E. Avakyan, I. F. Khudyakov, and E. I. Eliseev
. Y

The kinetic characteristics of indium sulfide dissolution have been investigated by '
the rotating disc method, to study the behavior of indium sulfide during the salt
leaching of zinc-bearing sulfide materials, "

A massive specimen of sulfide was prepared by the earlier described method [l], by
dissolving metallic indium in hydrochloric acid, precipitating the sulfide with arse-
nic-free hydrogen sulfide, pressing the vacuum-dried residue to form tablets 25 mm in
diameter, and firing these in a vacuum at 350°C. The product had the following comp-
osition (%): 70.4 In, 29,2 S (theoretical composition: 70.47% In and 29.53% S). g

The method described in [2] was used for the experiments. The sulfide disk was
glued to a plastic rod with epoxy resin. The working surface of the specimen was :
ground and polished with felt before each experiment. The rod and the disk (except ...
for the working surface) were covered with chemically stable lacquer.

Ferrisulfate solution with an iron concentration ranging from 4-22 g/liter was used
as the solvent, The temperature of the solution in the experiments varied within 60~
90°C, and the mixing speed 3-16 rps; the experiment lasted for three hours. The zero
sample was taken when the prescribed temperature had been reached, subsequent samples
being taken every 15 min during the first hour and then after one hour. The solution
samples were analyzed for indium photometrically, with determination of indium in the
form of rhodamine bromindate, and for bi- 5
valent iron by the volumetric bichormate . . ol
method.

The initial speed of dissplution was !
calculated by the formula: ! {///

gL
‘ g
Q (dC) . W / s /
Vo= As dt fiLo ! ) ‘
\ T jt~0 0 ‘ ;/ 1 ’

where (@ is the initial volume of the so- J/( 1 //
. § @

lution, dm?; A - the atomic weight of the ¥

3 , Sur a0 5
C - the concentration of indium, g/dm?; jé;}/, I A(
and T - the time, sec. o w a<;ﬁ -

element; S - the specimen surface, cm?;
The value of (ﬂil was obtained by 1 b
‘df Jt=0 N . a
t)

4 qln’

graphical differentiation (See'Fig. a). R e 7 7 Thr -
It was established that the ratio of "
bivalent iron concentration in the solu- ! ) -

tion to the indium concentration fluctu-
ated within 1.57-1.43 in all of the ex-
periments; this corresponds fairly well

to the stoichiometric ratio of thise ele-
ments in the reaction products (1.46):

InySy 4+ 3Fc,(SO y— 6FeSO, + Ing(SO Py + 3S,.

O
=
e

-7
~

%107, g-ion/cm?.gec
o~y K
LS
~ (=3

A film of elemental sulfur was observed 9 -74
on the disk surfaces after the experiment _ c a \'
was over. . a3 -7

It follows from Fig. b that the amount an o1’ g2 Q3§ 60 5 i
of dissolved indium is proportion to the Cg 1+, 9-ion/dn’ )
leaching time in the degree of 1/2, which Relationships:

is the principal characteristic of a pro-
cess in the internal diffusion region.
However, the Pilling-Bedworth ratio in
this case is K = 3M5/dS:MInzs,3/dImS3 =

a - indium concentration in solution to
leaching time; 1-4 ~ at t = 90°C and
[Fe3*] concentration of 0.8, 0.125,
0.19, and 0.25 g-ion/dm?, respectively?

= 0.7, i.e., less than unity; this indic-. 5, 6 - t = 60 and 70°C and ([Felt] =
ates formation of a loose, porous shell = 0.19 g-ion/dm3; b ~ ditto (t = 90°C
of solid reaction product, and this provi- (Fe *] = 0.125 g-ion/dm3, n = 1l rpsli
ded the opportunity for finding the ki- c - initial rate of inzs, dissolution
netic characteristics of indium sulfide . to Fe?t concentration (t = 90°C, n =
dissolution by the rotating disk method. 11 rps); & - its logarithm to recipro-

The process rate is governed by the ki- cal temperature ([Fe’3+) = (.19 g-io
netics of interaction between the react- dm?*, n = 11 rps).

i
i
'
I

[T

-

Tre—

ndi
slusid
rencrd
sametl
s ions
a2 as

should
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.inq substances only during the initial period of the experiment; subsequently, the pro-
cess makes the transition to a diffusion routine, due to formation of elemental sulfur.

Test results showed that the initial speed of dissolution was independent of the
rate of solution mixing.

The trivalent iron concentration affects the rate of indium sulfide dissolution only
gp to a value of 0.5 g-ion/dm?® (see Fig., c). This is apparently due- to saturation
of the double diffusion layer by ferri-ions when the concentration of the latter in the
solution is greater than 0,25 g-ion/dm?®.
ated by . analagous data on the effect of the trivalent iron concentration upon dissolution

alt speed were obtained by A. S. Yaroslavtsev for zinc sulfide [3] and by the authors of
{4) for chalcopyrite. :

ravis ein - ey

L], by The time and concentration orders of the reaction (n; = 2.2, n¢ = 0.75) were found
1 arse- by the Van't Hoff method for the concentration regions Fe3+ < 0,25 g-ion/dm®. It fol-
5 mm in jows from the relationship n_ > n¢ that certain reaction products retard the process,
J comp- obviously, elemental sulfur.ls such a product.

. The average speed constant of the reaction of In:S; dissolution in ferrisulfate so-

vas iution for the range of Fe3t concentrations from 0.08 to 0.25 g-ion/dm® was calculated;
vas it is 1.95 x 10-6 dm3/cm?2.sec. Thus, the amount of the dissolved element can be com-
tcept puted from the equation q = 1.95 x 10-%SC_,.

. The results of experiments on the effect of temperature upon the dissolution rate are
s used shown in Fig. a in the form of the Arrhenius graph. An apparent activation énergy of
1in 60- . 1p.5 kcal/mole was obtained for the reaction of indium sulfide dissolution in ferri-
e zerc sulfate. In terms of apparent activation energy, indium sulfide is intermediate be-
samples tveen sphalerite (E = 7.5 kcal/mole [3]) and chalcopyrite (E = 17+3 kcal/mole [4]).
solutic: The following reaction speed-temperature equation was obtained:
in the 10500

_ Igv=— 7575 —6,27.

Indium behaves like zinc sulfide in leaching with ferrisulfate solution. This con-
clusion is of practical importance pecause indium is extracted mostly from zinc con-
centrates, in which it is present in the form of an isomorphic impurity in sphalerite,
sometimes in chalcopyte [5]. A comparison of the activation energies for the reac-
tions of sphalerite and indium sulfide dissolution by ferrisulfate solutions leads to

- the assumption that the presence of indium as an isomorphic impurity in sphalerite
should not prevent indium extraction into the solution,

REFERENCES

‘L. N. A, Khvorostukhina, Proceedings of the Irkutsk Polytechnical Institute (Metall-
_urgical Series], Irkutsk, Polytechnical Institute, 1963, No. 13, pp. 145-155,

2. I. A, Kakovskii and Yu. M. Potashnikov, Kinetics of Dissolution Processes, Moscow,
Metallurgiya, 1975, 219 pp., ill, .

3. A.'S, Yaroslavtsev and V. M. Piskuniv, New Developments in Mining and Processing
lead-zinc Materials, Alma-Ata, Nauka, 1975 .(VNIItsvetmet, No. 25), pp. 255-259.

I. E, Dutrizaz, R. I. C. MacDonald, and 7. R, Ingraham, Trans. Met. Soc. AIME,

1968, 245, No. 5, 955-959,.

S. V. Bleshinskii and V. F. Abramova, The Chemistry of Indium, Frunze, Izd. Akad.
Nauk Kirgiz SSR, 1958, 372 pp., ill.

ution - ‘
°Cc and LR
.125, .
ectivelr '
3+] =
.= 90°C.
11 rpsl:
olutio®
c, n=
rec@prc’
g-ion



Lh.'zn, N X .
v the VR . ) .
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aupo- s Summary
- it Mty -
iclly 4% o Accurate thermal-calculations on new technological
the ' . ' processes and operations in the production of magnesium SUBJ
syr-' g from the chlorides requires a knowledge of the thermo- - MG
an ;':‘ dynamic chardcteristics of the interaction of the compo- 1 KDMT
vorj. nenls in the sodium, potassium and magnesium chloride i
' ternary system. The standard enthalpies of formation of !
the binary and ternary alloys of the chlorides were deter- |
A - mined for various compositions in.the system. The results
were used lo calculate thie isolines of the enthalpies of
¥il mixing for the binary chlorides in the whole composition
[ triangle of the system, given in the figure.
crad, o
: AW A AAWAWAWAWA The enthalpies of mixing were also calculated analytic-
-t Y (7] . * ’ _-' Tt ally and the calculated data were compared with the ex-
. perimental. The agreement between the calculated and
isolines for the molar enthalpy of mixing (kcal/mole) experimental data is considered satisfactory in the light
at 1073°K for binary chlorides of vodium, potassium of the experimental errors.
and magnesium. g‘&ﬂf /v
.92 - Now-Te.. UDC 669.273'2834549.5124532,73
‘ 1926 »4 ¥ V
i .
j: Kinetics of the dissolution of molybdenum and tungsten trioxides in ammonia solution
3 YUV V Stetsik, M V Mokhosoev, O 1 Kovalevskii and A A Kosogov (Donetsk State University - Department of Inorganic
-1, Chemistry)
{ For the hydrometallurgy and technology of the production of ~  tures above that which we used the obtaiqed samples were
¢ - mure compounds of molybdenum and tungsten it is of consider- dark, which indicates partial deco!npqsihon of the MoQ,,
.- - W "ableinterest to study the kinetics of the dissolution of MoO, and at low temperatures the porosity mcx;’eased; The open
[ . . and WO; in alkaline solutions. The kinetics of the dissolu- porosily of the sample amounted to 2.5-3%, and the total
4. 4K tion of inolybdenum calcine, the main component of which porosity was §—6%. The reaction surface was the Surface
e ~ %% 18 molybdic anhydride, in ammonia solution were studied in of the melt which had been machined on a lathe and polished.
- %% Y); the kinetics of the dissolution of tungstic anhydride mostly »
2. inalkaline solutions were studied in®)?). The purpose of the . During the experiment four samples were taken the moly-
b *.§ .’ present work was to study the kinetics of the dissolution of bdenum was determined by photometry with pyrocatechol,
. § ., mre molybdenum and tungsten trioxides in ammonia solutions. and the tungsten was determined by the thiocyanate method.
¢ & . The dissolution kinetics were investigated experimentally by =~ The kinetic curves had strictly linear character, and the
o : the rotating disc method. The apparatus and the experimental dissolution rate was determined by graphical differentiation.
wot . % delalls were similar to those used in 7). Samples as non- £ . )
b ) ffect of the ammonia con_centratl.on. The
"‘m' ST ) etics of dissolution by the method of an equally accessible effect of the concentration of ammonia on the dissolution rate

UDC 541.114+661.424

k ./ surface.
Compact samples of WO, were prepared by compression

of the powder followed by sintering, the optimum conditions

for which were determined by special tests, The initial WO, .

powder (of chemical purity for luminophors) was compressed

" « atapressure of 4.8 ton/cm?® with 5% of a binder and roasted
.* in tablets at 1000°C for 3h. These tablets were thoroughly

- ground by a dry method, compressed at 4.8 ton/cm? with
1,0-3.2% of binder (an 8% solution of polyvinyl alcohol in

v water), and sintered at 1200°C for 3.5h. The open (2.5%)

->@ . and total (5%) porosity were determined by measuring the

absorption of water and by hydrostatic weighing®).

o ; } porous as possible are required for investigation of the Kin-
;
-
L

S

;.

- Anattempt to obtain compact samples of MoO, by compres-
. sion followed by sintering did not.give satisfactory results,
Contractions were not observed during sintering of the com-
pact. During sintering of molybdenum trioxide migration of
the substance through the gas phase is evidently realised

* §  onaccount of its high volatility. It is known?®) that contrac-

" tion does not occur during sintering in such cases. The
fnitial samples were prepared by cutting up polycrystailine
bars of MoO, (analytical grade), obtained in quartz tibes
at normal air pressure by directional crystallisation. The
temperature in the zone was 930-960°C, and the rate of
movement owas 0.28 mm/min, At crystallisation tempera-

was investigated in the region of 0.01-14.2 M for MoQO, and
1.7-107% 3.2 M for WO, (fig.1). It is seen that with an ammo-
nium concentration up to approximately 0.01 M (WQ,) and
0.02 M (MoO,) the reaction is of first order in ammonia, but
with increase in the concentration the observed order in
both cases becomes zero. The rate constants for the disso-
lution of molybdenum trioxide are. 1.04-10-¢ (25°C) and
4.46- 1077 1/cm? - sec (109C) in the region of first order (k)
and 2.67-1077 (25°C) and 1,17 107 g-ion/cm?- sec (10°C)

in the region of zero order (k'). For tungsten trioxide at
259C the rate constant is 1.58- 1072 in the region of first
order and 3.10-107!% in the region of zero order. The errors
in the determination of the dissolution rate constants from
four isoparamelric experiments (at 25°C, 3 rps, ammonia
concentrations 0.1 M for MoQ, and. 0.01 M for WO,) were 9
and 12% respectively with reliability 0.95. We note that dis-
solution in water can in this case be neglected, since the
rate of dissolution 6f MoQ, in water at 25°C is 5,6-1071°

and that of WO, is 1.10-'?g-jon/cm®- sec; the error in the
determination of these rates amounts to about 20%.

Effect of temperature, The effect of temperature
in the range of 10-65°C on the dissolution rate of MoO, was
investigated with ammonia concentrations of 0.016 M (the
region of first order) and 10 M (the region of zero order)
with disc rotation rates between 1.2 and 7.4 rps (fig.2). At

g

4 1
"

o %

A

"

b

W

.

2

"'s.



ig v

low tempétatures the rate constant is practica lly Jindépen-.
dent of the-intengity of .agitilion with n>1.2 rps {the. common
part:of the curve} and .¢hn be caleculated by means of the
equation

lik - 047_1920 R

and 'the experimental actvalicn energy for theége:tdnditions
{0.016:M) ;s 8.8 kml/mole With incresse in tempemture

Ahe activation energy {forn = 1.2, 3.0, and 7.4 lpb] decreases
to approximately the same e oI 4 kcal mole, It can be
supposeéd. that the regime changes subsmnmlly ‘with tempera-

. lure,

agh

Elg.l. The dependence of th{. dlssomtgon

d rate of MoOy a€ 25%C and Juf (al, ]:J [y
and 7. deps. (b}, and of WOs at 25%C and
e irps (c] on the’mplar concontration of
: L ammonia.
4 e 28 g & g €
Yo K
i S
by X 138,
-4 {44
::.j _?z v soeadonce of the'
-&7 YL el the rate amd
£ate r:‘onstcm;f of rht.so-
T Iucmn . Ll wr:'inrgcai
-¢s fuemperatirn Lol tj‘r)(‘:v3 iy
-8 JuIb fa.br.chr
ar L Wy (e
8 Tiyw ‘003 in M0 {y
g8 che disc mLaLmn rate
1-g8 (rus): 4ol 3 ‘i F,
g s 1.2 ie. 2}
1-42 .

27 30 3 37 43 1% )7 10%kec

With a high concéntration of ammonia (10 M) in the region
of low temperatures the rate constant is also {ridépendent of
the intensity of agitation for n>1,2 rps-{the common part of
the curve) and can be caleulnted by means 0_{ the equation

2370
T

‘and the expenmental activation energy i8.10.8 keal/mple..
With.increase in temper'lture as-at thé lower concentration,
the constant begins o depenthon the 1nten51t}' of agitation,
and the activation enebgy. décreases: (It is Qifficult to studv
the process at higher temperatures on account of the decrease
in the solubility of ammonia).

gk = 1.41 -

Somer difference in the vales of the'activation energy at
dow and hlgh toncentrations of Animonia (%.8-and 10.8%cal/
mole) cdn be explained by the fact that at Iow edncenirations

under the abgve-mentoned condluons theTe is-an mtermudxate

regime appronuung a kinglic regimie, Under, pur ely kinetic.
conditing the process is eh it

"of 10.8 kcal/mole,

For the: W, dissolution profess inthe.rangé of tempera-
tures 20-550C (0.3, -3 rps) the dependence of the rate
constant.on témpérature if:deseribed by the equation

gk = - 0.64 - __-_2539

.and the experimental activation energy % 12 keal /mole, For

the dissolution.of MoQ, in waier the dependence of the dis-
solution rate-{g-ion/cm?- sed) on temperatyré.for 3 rps is

détermined by the equation

Igv--ﬂﬂlﬁ--l-z,l-z_-g
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waler (1.10° "L ¥gjon /emi? - cm) makes it possiyie to reach

Aeterised by an aetivation enecgy

Elifect of the disc roL'xtmn rate, Theeﬁecid ‘
the disc rotation rate in the r'mge of 0.42-28 rps on the dieg,

and-10M and at lempmamres ‘between 25 and 55°C (ﬁgﬂ
Al both animonia concentrations the dependence of the diss
solution rate gn the disc rotation rate becomes appreciabh
Stronger with increase in temperature. At:55°C {0,016 M)
the dzsscluhon rate-depends.on the rotation rate raised to}
a i)ower”o'l 0.30, and &t.359C toa power of 0.17, Under ids
tical conditions in the case of the high mncentraﬂun the,
digsolution-rate depends an the rotatibn rate to a lessar’
degree,

g v a :
b — ‘
-84 ‘"

] e

a - fon, 45%¢; b - mn, 25°¢; & -
T.0l6N, 55:C; .- U.016M, 359
e - i0,0164, 25°C.

K thlg ™

Dulmg du‘-sulubon af W0, in ammpnia tie rhte doesn
depend ‘on the.intensity of agnlnuon n>1.2 rps, 0,3 M, 25°
The tate of dissolution af Mo©, in water at 259C with n'—"l.’
.ps.also does it dépend dn the intensity of agﬂatmn The; ;
dependeice of the dissglution faté of WO, in*water ‘on the i
tensity of agitation was not invesiigated ex;:enmenhlly, b.tl By
lhe absence af -;uLh a deuendeme is. ok sub;ecl tu doubt uu

abnut the regqms of- the dl‘,‘s‘:DlUUOl] proceqses The disso
tipn of tungstic-anhydride’in water and ammonia 5plutions
under the ¢ondilions investigated takes plate under kinetf
cogtrol, This is shown by the nori- dependence of the. dxssa-'
wtion rate in ammonia o thé mtensdy of ag:tatlcn and is -
“confirmed by the ‘rugh value.of the actvatidn energy (12.0
keal,/ mole), and the low value of thé dissolution rate ip

a conclusion abidut kinetic control }\nthnut further investips:
tions. The:dissolution’ol $0Q, in water also takes place
under kinetic control, {The chsmluuon rate does not depend
on the intensity of agitation, ‘and the activation-energy’ 151
keal/niolé and does not vary with temperature]

The reginie 6! the dissolution of. milybdic anhydride in '(}
ammgnia solution varies dépending onthe conditions. Ata: 4
ix:mpenhne not higher than 259C- and with.agitation at not:
less than 7.4’ rps the process 1ppr0x:mates th Kinetic ton-v
trol dver the whole range of concentrations, but-at high o
centritions there is puré: kinetic contrgl, At tow con(‘entra’
tions of pnunonia the process approximates to diffusion L
,(r:-ntlol with increase in femperatire, and this is derhon-

strated by the., sonsidérable.dependence of the dissolution
rate-on the dise rofation rate (the exponent at-the rotation vy
rale rehches a valee of 0, 30), and {$ confirmed by the low -
vadue (4.0 keal/mole) of the activaiion enérgy at high tem- ui
pemture A Righ.concentratibn of aibménia promates. tran-
sitipn to-kinetic contrpl over the, whole range of agitation ..
intensi ties and femperatures, Rt

The dependence of the dissolution rate of MDOQ and WG, ‘a‘
on the.ammonia’ concentrfmon in the kinetic region (fig:1b, 4
c) in accordance with the concepts of L.angmulr kiretics
makes it possible to suppose that the sjowest stage.at the "
surface of.the solid phase in both cases is a reaction naving,
first order in the surface ccmcentranon of the dissolved .
subsiance, it

In?) for the dissélution of WO, in a sclution of sodium
hydrumde ‘tt was.shown that the -¢onstant {1.75 - 10°2) obialned
in Ahe hrst~arder ‘région {in ¥aOH) can. ta a firstapproxi-'
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g ymaten be related to the concentration of hydroxide ions.
$10n the supposition that the dissolution of'WQ, ina dilute
nlut.':on of ammania only takes place on account of hydroxide
¥lons the dissolution rates were éaleulated for 259C and’
¥ammonia concentrations of 1. 1074 . 1,1073 M. The daléulated
les were found io be an order mf magnitde lowér thdn the
perimental valoes, from which itfollows that dissolution
hakes place predommantly on account of ammaoniurm hydmx-

¥4t can be imagined that during the dissolutidn of niplybdénum
i "l.ﬂd tungsten trioxides gver the whole range of ammonia con-

! tenu-abons slow rate-mntrolhng processes take place at

! lst surface .

i, MO; + OH™ = KMO;

Bretic control give reason to propose similar mechanisms
azdor the dissolution of these’ compoinds in ammoniacal solu-

i L?ﬁ r!ﬂ’ T.:me m.ln

D leons:e {1 2) dnd the sinter (3‘ 4} ae 20°C in rutuc
TR Y 1 Emd 3 - ﬂﬁ, 2 and $ ~.30.

FES4) 2 ¢

T =z = &
e 4 ™

‘Extraction of Zrdz %

~
=3

¢ i 4 57 El
‘Concentrati'on of BHNO3 %

'Ulth m:rm ac,u:i’ at 90’::‘ Reactxon tame l - ;2 - 65,
4~ 78; 5= 80; €~ l0; %~ 120 min.

: Hwa with the dme: ence that molybdenum trioxide has greater

redclivity. A similar:mechanism was'proposed earlier for the
dissolution of WO, in sodium hydroxide solition 3, We note
also thal the saturation concentrations in the d‘lSSOlthOl’) of
WQ; in ammonia’and sodium hydroxide solutions *); coincide,
while the concentration for the dissolution of ‘Mo, in ammoma
solulidn is.an arder ‘of mapnitude higher.

Conclusions.

1. The dissolution of tungsien trioxide in waler and allaline
:solutions and of molydenum tripxide in water takes place.

under kinetic control, The regime for the dissélufion of moly-
bdenum trioxide in ammonia solution under the investigated
-.conditions varies from kinetic to diffusion control, and the
'deparh:re from kinetic control-is realised more easnl.y at low

conceatrations of ammonia.
2. Mechanisms of the same type ‘can be praposed far the
dissolution processes of molybdenum and tungsten trioxides

in ammonia and of tungsten triexide in sodium. hydroxide.
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Fig.3} Kinetics of the decompas-

v ition of zircon sinter by vari-

b ous acids at H0°C: aj) RCl'%:

T l-20; 2~ 15 3-230; 4 - 5
b). M2S0% %: 1 - 30; 2 = 20;

3 - 10; 4~ 5; #cioy %: 5=

305 6 - 10, )

=

wnoowrow

fSummary

The sintering of Zircon wlth calclum carbonate in the
presence ‘of calcium chloride gives ‘compléx zircone.
silicates in additicivto calmum zirconate and silicate,
The behaviour of the Zifconium during digsalution of the

calcium zirconate on subseguent leachmg is. camplicated
by the presence of the calgium zirconosilicates and vari-
pus impurities. The effer:t of the iature of the mireral
acid-on the decompnsumn of the sinter was invéstigated on
materia) dbtatned by Ssintering, zircon with calclum carbon-
ate iv a revolving furnace at’ 1100-1200°C and alsd on
synﬂ'lellc calcium zirconate,

The kineties of the decomposition of the sinter and the

caléiuim urcon'lle are illustrated in the figures: The de-~
compomhon rate of the zircon sinter is.determined npt
anly by the hydrogen ion concentration in the .system and
the temperature but also by the nature of the-acid groups.
The decomposition rate is:highest in acids where the anion
- tends io form complexes with 2irconium.
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‘i; Kinetics of the dissolution of antimony in polysulphide solution . e

SUBJ
MNG
' KDO
ve1o® | |
mole/cm* 4

s V S Shestitko, A S Titova and A I Levin (Krasnoyarsk Institute of Non-Ferrous Metals - Department of the
Metallurgy of Light Metals and Alumina Production)

The behaviour of antimony in aqueous solutions of sodium
polysulphide has been studied extremely inadequately. It is

~

R
-

known only®) that Na,S; possesses the highest corrosion
activity (of all the components of the sulphide-alkali elec-
trolyte) in relation to electrodeposited antimony. It seemed
of interest to investigate the kinetics of the dissolution of
antimony in an aqueous solution of Na,S;, since the occur-
rence of this process under industrial conditions may have
an effect on the current efficiency.

The experiments were carried out on special apparatus
with a rotating disc electrode. At the centre of an ebonite
disc (14mm in diameter) an opening was drilled to a depth
of Tmm with a diameter of 10mm under an antimony (Su000)
disc, which was attached by BF-2 adhesive, The free end
surface of the sample was taken as the surface area of the
rotating disc. The samples were thoroughly cleaned and
weighed on an AVD-200 analytical balance with an accuracy
of +0.1mg.

The rotation rate was varied by means of pulleys. The
supply voltage was stabilised: the disc rotation rate was
determined by means of an ST-5 stroboscopic tachometer.
The sodium sulphide was {irst recrystallised. Sodium
polysulphide was obtained by dissolving the calculated
amount of elementa] sulphur of chemical purity ip a solu-
tion of Na,S with heat. The reaction vessel with a working
capacity of 1 litre was thermostated.

The rate of dissolution from unit surface area was calcul-
ated from the difference in the weight of the sample dis-
solved before the experiment and after rotation in the solu-
tion for time 7. Having fixed a Reynolds number (Re =
«r?/v) equal to 10* for r = 0.Tcm and a kinematic viscos-
ity of 0.0155t, we determined the maximum disc rotation
rate, It was found to be equal to 2920rpm.

To determine the controlling stage of the investigated
process we investigated the effect of the disc rotation on
the dissolution rate of antimony. From the experimental
data it was concluded that the reaction rate hardly depends
on the disc rotation rate at all. The kinetic relationship has
the form of a straijght line (fig. 1) passing through the origin
of the.co-ordinates, The dissolution rate (the tangent of the
gradient of the straight line) remains constant. The repro-
ducibility of the dissolution rate for various reaction times
is satisfactory; the points deviate little from the straight
line. The non-dependence of the dissolution rate of antimony
in Na,S, on the time and the rotation rate of the disc is a
characteristic feature of a process occurring under kinetic

a2

on the dzssolutzon rate.
n = 400rpm, t = 25°C,
=1 h.

10 Y
aé 5 (a5, mole/1

rateon the Na,S; concentration (fig. 2) is close to linear, t.e ;
the process takes place according to the laws of a second-

order reaction, In this case the amount of dissolved meta} =<
can be calculated by means of the following equation?):

Am
V=kes= ’S—T'—

A check on the applicability of this equation to the case
being investigated showed (table) that the rate constant re- €
mained constant for various concentrations. The constancy i
of the rate constant of a heterogeneous reaction with varia- 3
tion in the concentration of the main reagent is a character- fé

istic feature of a first-order reaction?®). ol

The effect of temperature on the rate of chemical reacuonl
is one of the main problems in chemical kinetics. Tempen-“
ture must be regarded as the most important factor for the &
intensification of chemical processes. In order to establish ‘3
an analytical relationship between the reaction rate constanu‘
and temperature experiments were carried out with the fol--
lowing parameters: n = 700rpm; Cy,,s, =100g/1; t=20- ¥
50°C. The modified Arrhenius equation’is usually employed-&
for determination of the controlling stage of the reaction. Asg
follows from the experimental data (fig. 3), against the co- ;
ordinates of this equation we obtained a straight line, the 4&?
gradient of which to the abscissa axis made it possible to %
determine the effective activation energy: ;

Egfr = -2.3RT tga = 9.15kcal/mole

The value of Ey¢¢ provides additional evidence for the fact.
that the investigated process takes place under kinetic contro
From the Arrhenius graph we obtained an equation for the rel-«
ationbetween the logarithm of the rate constant and the tem- »‘-_,‘
perature:

S3Y .

HSHIRINN

=
35
= - -
QA
0=
98 = o2
= z._x&
T L] -
m= -
P -y

i
o "':i

control, lg K=-1.03 - 20%) .;.
Am-10° o
g/cm? Intermediate products formed asaresult of reaction be- 00

tween the ions of the reagent of the surface of the solxdphaSC-r
play an important part in heterogeneous reactions, As a rulé-
such intermediate products arise as the result of activated %
adsorption of the ions (e.g.52°") at the interface. ’l‘hermodY";
namic evaluation of the probability of direct occurrence of ‘
the reaction: .

Fig.l The effect of the reaction
z time on the specific change
in the weight of the disc.

n = 735rpm, CNazSz = 100g/1,
' t = 25°C.

Sb + Sbg*" ~ SbS;

AR S
[ ! 2 Th

gives a LG value of -20.85kcal/mole. From this it follows

By investigating the effect of the sodium polysulphide con
centration on the dissolution rate it was possible to deter-
mine the reaction order. The dependence of the dissolution

12 _ Cov /Lémw%’g

that the dissolution reaction must take place relatively
readily and irreversibly. Nevertheless, the experimental
data indicate the presence of kinetic limitations,

2
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! It can be supposed;that the formation ‘of:such a film has a
al- smmhmm effect on the rate of the dlssolutmn reaction. We
i, note that a passive oxide film is.not formed on the surface of
'mnmon\ if"sotutions vmh pH=T, 84 )
3. The: Sulphlde ions formed.as arésult gf diSproportmna-
69.75 Fig.3 The effect of 'tﬂérripé{%'itufe tign:
on the dissoluf:zon rate.
Cyaysy = 100g/1, © = 700 {-5-5-)% 5438
rpm; T = 1h.
give rise (with increasein, their concentratlon} to accelerated,
) - dis¥oliition of the* filni
MR . B .
SbsS5 +8% ~ 28b8.
“Table: The dependence of the Speclfu: rate and of the rate 4. In &oluticns of sodium - pol\sulphlde the’ most character-
vonstant of the réaction on.the sddium polysuiphide istic valency of antiniony is +5:
conceatration
3 um : . ] ShE, + 855 » BbS,5”
ation s Cyas; AR R .
te. U male/ litre mole/cm"' z litré/ cim>- Sec. Th15 reaction always takes place- in 5u1ph1de—alkall electro- -
. " l\ts
0,364 ) l,.(l_'? ' 0:29
0:546 1.48 : 0,27 -
0.727 I 0.25 Conclusicns .
0.910 233 0.25 - ) ) .
- 1. The kineti¢s of the dissolition 8f antimony i sodium:
r,'L.e. polysulpliide ‘solution were inv estxgated
sond- ‘. h 2. It was: eslabhshedzlhat e process takes place with
netal _;.; ‘The following mechiantsii for the: investigated process is kinetic-contro] according to the relationghips characteristic
¥ -proposed as @ working hypothesis: of first-order reactions, -
-3+ The effective’ activation €nergy was determined.
: c:mlﬁ::vated adsorptmn with th? !'urmation of an activated 4. An opinion is expressed 3bout the meghanism of the
; process.
e | Bt aSEA Sb[Sf’]gdg - [Sb/ |]
nre- : References”
dlancy S _
vario- o 2., Decomposmon of* lhe acmrated complex: with the Jorma- 1} N V Ishchenko et alia: Zashehifa Metallov 1967, {4), 502.
ragier- © tipn ofhydrated complex ions: and the formatmn &f'a sulphide 2) 1a Kal\ovsku a.nd Yau M Potashnikov: Kinetics oi’ dis -
e lilm on the surface of the antimony: _ solution processes: Metailurgiya, Moscow 1975, .24,
3} N M Knorre and D G Emanuel: Course of chemwal Kifi-
pactions [Sb .] LSbésasoliH-pll +8bSS +mH, 0 eties: Vysshava Shkela, Moscow 1969,
mpera- T ) . 4) Z A Solgvieva-and L N S@lodkova: Adtances -6f Beience
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(1) and semi-
dependence of
cefficient,
3.2: [ARl1203) =

tiffusion co-
] =5wt.%

n?/sec
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coefficient

ot give a

‘om linearity

'ms contain-

ns the excess

wut move freely
a "relay”

nic conductiv-
ranslationnl

"the subions

t increases.

ance for the
At the same

™ ?;‘ =
( time, the activation energy for the 'relay’ mechanism must ke | E (/] E
be higher than that for the normal mechanism. Since the g-eq/cm ' e g o
proportion of reaction (2) increases with increase in tem- ; =5 %
perature %), the role of the 'relay' mechanism of diffusion 18 & éﬂ% 7]
increases and the activation energy increases. 2 o = m
[ -2
. 74 iAd) %‘-"} =<
Table 2: The dependence of the diffusion coéfficient on = @3 =]
the concentration of alumina. Cryolite ratio 3.2; %,?;1 ] ==
= 1060°C L ) % 2 % mm = !::Q g
c1n% C(yeslE . 104 Fig.2 The dependence cf the overall con- e @
Al;0s C. 10 3 (i7 I.;) ala D; 10 ¢ centra‘t’jon of aluminium and sodium €3 =4 %
wt. % g-€q cm A-cm™* sec cm®/sec subions on the distance to the sur- ©
face of the mclten aluminium. Cryo~
1 2.927 0.867 11,95 lite ratio 3.2; [Al203] = 5 wt.%;
2 2.906 0.847 11,64 t = 1060°C, iz an atmosphere of
4 2.850 0.831 11.75 argon (1) ané carbon dioxide (2).
6 2.713 0.790 11.50
8 2.661 0.716 10.000 The distance from the indicator electrode to the surface
9 2.620 0.576 6.68 of the molten aluminium was varied between 2 and 23-28mir
11 2.581 0.348 2.51 with the total height of the melt at 30mm. When the exper-

The investigations of the effect of the alumina content of
the melt on the diffusion coefficients are given in table 2.
From the data in 1able 2 it follows that the diffusion co-
efficient varies little up to an alumina content of 6.0wt, %,
The diffusion coefficient then decreases significantly with
increase in the alumina content. At the same time, in-
crease in the alumina concentration in the melt with an
unchanged cryolite ratio and unchanged temperature leads
to a decrease in the concentration of Na* ions in the melt
and, consequently, to a decrease in their activity, The de-
crease in the activity of sodium ions in the melt leads to
a decrease in the proportion of reaction (2) and the pro-
portion of the 'relay' mechanism of diffusion. At the same
time, the viscosity of the melt increases with increase in
the alumina content, and this Jeads to a decrease in the
proportion of the translational mechanism of transfer of
the reaction products.

The results from determination of the overall concen-

tration of aluminium and sodium subions in the height of
the melt are shown in fig. 2.

M' M-—’R.-
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iments were carried out in an atmosphere of argon, the
variations in the concentration of the subions along the
height were insignificant (fig. 2, curve 1) and were due to
the preferential evaporation of aluminium and sodium sub-
fluorides, In an atmosphere of carbon dioxide the concen-
tration of the subions decreases sharply, and this is due 10
their oxidation by the carbon dioxide dissolved in the elec-
trolyte.

The chronopotentiometric method can be used to study
the distribution of the metal in the depth of the electirolyte
in industrial electrolytic reduction cells, This is impor-
tant for establishing the mechanism of the losses of the
metal,
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Kinetics of the desiliconising of aluminate golutions in continucusly operating reactors

L P Ni, I G Grinman, B B Buribaev and L V Olenina (Institute of Metallurgy and Concentration - Academy

of Sciences of the Kazkh SSR)

It is known that the reaction of silica with aluminate solu-
tions is complex?). The desiliconising process is regar-

“. ded as a combination of several elementary stages with

the formation of intermediate products?®), for the descrip-
tion of which a set of differential equations is employed.
To describe a continuous technological scheme it is more

the measured and controlled parameters, required for the
formulation of an algorithm for automatic control.

Desiliconising of aluminate solutions occurs in series-
Connected reactors, in which reliable agitation is pro-

in a continuous cascade of reactors.

For n series-connected reactors the distribution function
of the residence time for identical volumes Vp and con-
sumption rate P is described by the equation I

n
| convenient to express the kinetics in explicit form, which alt) =__’;_. ™1 exp (- P (1)
- makes it possible with a sufficient degree of accuracy to n - 1:\’: Ve
-7 establish the relation between the desired functions and

With a known dependence of the concentration of a sub-
stance on time C(t) the concentration of the substance Co
at the outlet from the reactor will be given by:

i A .
i .- vided. As a result of agitation the aluminate solution has Co = f 6 (1)C (t)dt (2)
.. auniform composition, and the reactor can be considered

- anideal mixer. The average time for which the particles 0

are present is often used in calculations for an ideal mixer.

However, it is difficuit to obtain a real picture of chemical

To determine the function C(t) we used a series of 14

L
I
M '

pairs of parallel experiments, representing the periodig
process of the digestion of bauxite in a closed system, in
an isothermal gradient-free reactor. Here a portion of
ground bauxite was flooded with a specific volume of the
alkali-aluminate solution, the agitator was placed in 2

transformations from the average residence time on
account of the complexity of the processes occurring in
continugusly operating reactors. It is therefore necessary
to consider the distribution function of the residence time
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thermostat at the specified temperature, it was heated for
some time, and the mechanical stirrer was then switched
on, realising intense agitation. The moment when the
stirrer was started was taken as the beginning of the
experiment. After specific intervals of time samples
were taken. The pulp was filtered to separate the liquid
phase from the solid. The liquid phase was analysed for
sodium hydroaluminosilicate (SHAS), the concentration of
which is an indicator of the occurrence of the process.

After analysis of the emerime'ﬁ'tal results we proposed
the following semi-empirical equation describing the con-
centration of silica at any moment of time:

C(t) = V—(E—_K—) [exp (- K, t¥2) - exp (- Ko t¥2 )] (3)
where: K, =a(T -65)(1+0.2a¢):
bq (T - 65)
K: = =%,

q is the amount of SiQ; in the bauxites; V is the volume of
the alkali-aluminate solution; T is temperature °C; a is
the caustic ratio of the solution: C, is the concentration of
Al,0; in the solution; t is time; a and b are constants,

Equation (3) satisfactorily describes all the laboratory
experiments (196 measurements); the constants a and b
were determined on a Mir-2 computer, and it was found
that a = 0.003 and b = 0.08. These values can be used in
the transition to continuous processes by means of the
equation (2), since they were determined in the range of
temperatures, caustic ratios and Al,0; concentrations in
the solution corresponding to the industrial desiliconising
regime with T = 70-105°C, o = 2.4-4.4 and C, = 90,/195¢/1.
The index t in equation (3) makes it possible to see that the
desiliconising reaction can be assigned approximately to
second-order reactions.

Table: The results from treatment of the experimént on the
determination of the SiQ, concentration for the fol-
lowing parameters: q = 3.3g; V = 0.09 litre; C,
92.8g/1; T =-105°C; o, = 2.4

t min C,g/l |C, g/l C. g/l D, D,
H] 1.2 1.2 1,659 0 0.459
* 10 1.25 1.0 1.944 0.25 0.819
15 1.85 1.15 2.061 0.7 0.561
30 1.75 2.10 2,107 -0.35 0.182
60 1.55 1.70 1.885 -0.15 0.260
120 1.15 1.30 1.399 -0.15 0.174
180 1.0 1.10 1.048 -0.10 | -0.001

A typical experiment is given as an example in the table,
which contains the results from parallel measurements
of C, and C,, the values of the 8i0, concentration calcul-
ated by means of equation (3), C_, and the differences in
concentration between parallel measurements D, =C, -C,
and between C. and the average value of the parallel data
D, =C. -(C, +C;)/2. The mean-square errors from D,
and D, are respectxvely equal to &, = (1/7) ( L p? )

i=l - el

and 6, = (1/7) ( z D} )‘/2; for the case given in the table

=0.122 and 6_ = 0.164,

To determine the accuracy the mean-square errors were
also determined for all 14 experiments:

L ¥ s
4 i1 ' 0.154
= = =0.11

TRV

The mean-square error of the theoretical curve according
to equation (3) will be:

-6‘ = 0.18
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We will now determine the concentration at the outlet from &

successive reactors by means of equation (2) and the dls- .
tribution function of the residence time.

In the case of a continuous technological scheme the con-

centration of silica in unit volume of the reactor C,, isused
in equatlon (3) instead of the ratio q,'V:

C..K: ¥
Co = [ xs K. {exp (- K:t¥%) - exp (- Kat¥2 )]

pata-! Pt
—_——— eX -~ = }dt
n- l vvn P ( ‘:p ) . (4)

The integral in equation (4) cannot be evaluated 'malytwally
" and integration was therefore performed by a numerical

method on a Mir-2 computer.

In the figure the numbers of the series-connected reactors
are given on the abscissa axis, and the concentrations of
silica Cg at the outlets are given on the ordinate axis. For
convenience the points corresponding to the concentrations
at the outlet for identical conditions are connected by dotted
lines. A diagram of the series-connected reactors is given
at the top right corner of the figure.
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ecs from series-
a2) Zor Ca = 100g/1,
*: and various Qo

values: 1 - 2,5, 2 L3, 3~ 4.5; b)

for Cgq = 90g/1, <g-- 29/1, g ® 2.5 - e - ool —
and various T °C: 35,2-85, 3 -

95, 2

105°C, ag o 4, and -
trations of SiG; :In
reactor Cgy g/1: 2 =3, 2 =10, 3 - 14,
4 - 18.

The curves in fig.a correspond to various caustic ratios
@, those in fig.b correspond to the temperatures T, and
those in fig. ¢ correspond to the concentrations of SiQ, in
unit volume of the reactor C,.

The Si0, concentration decreases with increase in a.

and the higher the temperature the better the bauxite dls-
solves and the more effective the desiliconising process.

Conclusion

The described method of modelling by mean-s of the dis-
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tribution function of the residence time makes it possible
to plan the desiliconising process and can be used for the
automation of continuously operating technological schemes.
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Formation and growth of aluminium hydroxide particles during mass crystallisation in a cascade of mixing units

R L Dubrovinskii and V V Zhukovetskii (North-Caucasian Mining-Metallurgical Institute - Department of Light, Noble,

and Rare Metals)

Mass crystallisation from solutions is characteristic of
many industrial separating processes. The questions of
crystallisation theory are touched upon in numerous arti-
cles from the standpoints of thermodynamic?®), molecular-
kinetic®), and kinetic theory. However, the proposed meth-
ods of calculation are specific and in some cases start
from indefinite ideas about the metastable zone?),

In the Kinetic method examined below the following assump-
tions are made:

1. The quantity determining the formation rate of the par-
ticles v' (particles/g-h) and the linear growth rate V {cm/h)
is the given removal rate 11 (g/1-h) or the rate of transfer
of the crystallising substance from the solution into the
solid phase under the given hydrodynamic conditions.

2, The formation and growth of the particles occur with
any non-zero removal rate,

3. Particles which can be detected quantitatively by the
normal methods of dispersion analysis (sedimentation and
crystal-optical, i.e., greater than lu) are considered.

For this reason the terms “nucleus” and "nucleation’ are
not used.

4. The form of the growing particles is spherical on account
of the isotropicity of the concentration field around them;
the mass transfer is intensive and levels out the difference
in the growth rates of the crystal faces.

Initial data, A specific removal rate, to which the
v; and v; values correspond, is maintained in each of the
cascade units having equal volume (decrease or increase
in temperature, salting out, evaporation, dilution, neutral-
isation). The length of the process in the unit is 7; the mass
of the released substance is m. In each unit the crystalli~
sed substance separates in two ways, i.e., on previously
formed particles m; ; and in the form of new growth par-
particles mj,1 (the result from homogeneous and hetero-
geneous nucleations - as a consequence of point 2 above),
If there is no seed in the first unit, the substance which
crystallises in it separates with the formation of new par-
ticles (mj,) ). The number of particles formed in a given
unit N' is determined by ‘the length of the process 7; and by
the formation rate of the particles v;.

MR AR
Ni=v{-7

Each particle which forms grows during the time from
the moment of its appearance to the moment of its release
from the unit. Particles with various ages and, consequently,
sizes are present in the unit. Since the number of particles
and the frequency of their appearance in a given unit are
determined by the removal rate {1 maintained in it, a whole
set of n, particles at the outlet from the unit corresponds
to each first particle formed from the solution at the moment
of its entry into the mixing unit. The particle of greatest
Bize in the set has the diameter*):

p:2Vof (2)

The smallest size is determined by the procedural possi-
bilities, and they are close to 1u®). The distribution func-

tion of the masses of the particles according to size in the

set may differ and for the general case is taken in the follow-
ing form:

dm/dp = {(p) . 3)

The mass of one set m, will be determined by the sum of
the masses of all the particles entering it, i.e.,

2Vt
m, =_[ f(p)dp @)

The number of sets formed in the unit is equal to

N=N'"/ng =v} -1/n, : (5)
or
N=v.r (6)

whereV =v'/n, is the formation rate of the set of particles.‘

The mass of precipitate released in the first unit of the
cascade (without a seed) is equal to
2V, 37,

f f(p)dp )

[+
For convenience of calculation the lower limit of integra-
tion (unity) is replaced by zero.

my 1 =myNy=v, .7

In the cascade units from 0 to i we have:
1.m=m,1;

2, my=m, ¢ +My 15 M+ My=m,,1 +Ms + My,

dmy=mys vmy,1; My s My Mmy=my +My,g +

+my y +m*° +my;
s 3 2
Lomi =mjs+my1; Bmy=mj,; +Emjs+Im.

The amount of substance separated on the solid phase in
the second unit will be determined by the distribution func~
tion of the seed (the output of the first unit) and by the linear
growth rate V,, determined by the value of the removal
rate Il,

27(V12V2)
my, s=V,-71 j
VT

In Eq.(8) the integration limits are determined by the mini-
mum and maximum sjzes of the particles in the set.

f(p)dp - m, (8)

Y.

The amount of precipitate which separates on account of
the formation of new particles at I, will amount to:

2V,T
my 1 =V,eT f(p)dp 9)

In all, the amount of solid phase which separates in the
second unit {Eqs. (7), (8) and (9)] is:
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current déensity- {This conclusion mustnotbe. extenided in
any way to the statistical-méan- dimensions of ‘the bubbles
-situated over the whale area.of the bottom of the anode).

If ¢an be supposed that the dimensions of the gaseous
inclusions emerging from the edge ot the hortzontal and
for coalescence ad the bubbles and by their ﬁynamm inter-
-~~tion with each other, Atthe present time the mechanism

I.hese processes has niot been investigated.

\

Fclusions

[t was established that the frequency of the ejection of
H bubbles in-electrolysis with horizonta] electrodes’is

proportional to. the . current density. The range of bubblé
sizes becomes narrower with increase’ in:the anodic cur-
rent. dens:ty

2. It'was shown that the dimensions of the gaseous inclu-
sions em Ejﬁgg from the edge of the anode during electro-

Lysi:l with @@Smo gd@mﬁpend on the current
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Kinetics of the dissglution of Bb,S and sodium antimonate-in ap agaecus-sohition of Na.,,S

,V S Shestitko, AS Titova, A-M Sedova. afid AT Levin (Krasnoyarsk Institute of Non-ferrous Metals = Urals Polytechnical

I.'nstttute

In inddstridl production practice the leaching- of ahtimony
ore matenal represented nainly by 5.8,1), and the inter-
mediate product Sodium arntimonate32) is realised with
solutions.of sodium sulphide, Determination of the reaction
mechanism and of the facloré which acceleraté the disso-
lntion process helps o mtena:iy the.production process,

We riote, that the dissolution rate of the pure thiosalt of
Na,SbO, in agueous solutions of sodiiim sulphide has-been
investigateds), but there are no data on the kineties of

the dissolition of the intermediate product sodiom antim-
onate. As-far as §b.8, is concerned there is enjy one paper
devoted to this problem ). By the rotating disc method:it
was establisfied that the d1ssoluhon of Sba,S.a in:Na,S is eon-
trolled by diffusion, -

During investigation of the-solubility of 8b,8, in Na Sitwas
shown®?) that it is determined by the concentration of Na,$
-in the solution. Howevér, We note that- data on the equilibriuin
constants of the dissolution reactions are_omewhat contra-
dictory: 8.0%); 507); 1.0+ 10-25); This is evidently due to
differences in the. sto:chlometry of the. reaction and in the
vwws concerning the nature of the obtained complexes &S, %,

8b,52"7), and SbS3"°).

The dissolution of 8b,S,in solutions of NaOH and KOH has
alko.been investigated 9%°). However; as was demmpnstrated
earlier®}, the solubility of antimony (III) sulptude in sodiam
hydroxide sclutions is much lower-than' the.solubility in
sodium:sulp!ude soluticns. In addltmn, -Bodium hydroxide-
is vot a primary industrial solvent,

‘The method of investigation corresponded to that descnbed
in-the literature ®). The antimony content of the salution

* was determined by a volumetric bromate methad?=). Recrys--

tallised sodium sulphide and. anhmony sulphide of chenucally
pure grades were used to prepare the sohitions. Before the

| . - experiment the sodium antimonate (49.5%Sh) was ground to a
%, uniform ffactional composition.

The solubility of Sb,S, in water {5 extremely small, 2;10°5%
%), ‘The solubility of’ the oxygen compounds Na, b0, and ’

‘NaSbQ, {in the form of which the. anhmony is: present in
. sod:um antimonate) in water is als0 small), The process

of their dissolution in Na_S'involves replacement of the oxy-
gen in the Sb0OZ" and SbO ions by sulphur from the sodium

" gulphide to form water-soluhle compounds according to the

reacﬁons
N&,Sbo + 3Nz _8 + IH 0-—*Na ShS, +6NaOH '

NaSbO +3Na_5 +3H,0 —+NaSb8, + 6NaOH

- The passage-of antimony into Solution from Sy S s deter-

minéd by a chemical reactmn with the $- ions and is accom-
panied by the: fqrmauon of complexes:

§b,S,+ mSe == 2Sbs¢,;m,,a (1)

It.is clear that both the: reactmn rate-and the magnitude of
the ‘equilibrium concentration of-antimony-in the Soluhcn
must be determined largely by the initial concentration of
sodiuim sylphide.

As-follows from the kinetic curves (fig.1); tHe antimony
conterit:of ‘the Solution is determined unambiguously by the
initizl concentration and by the fime. The eqiiilibrium con-
centration of anfimony, attamed after 1¢, 15, and 30 min
reéspeetiyely for Sb,S, and-sodium anhmonate does not
change for 24 h and ircreased with increase in the Na,8
concentration (fig. 2)..

':'Sb a .é
/1 -
; A
& -
2 .
! Fig,l
' Kingtic ‘curves. far the dis-
L . L - < M
i BT {5‘ T mim S‘Olut:_loﬂ of 52:2 afg} am

sod';urn antzmnate {5} -inm
Va2.5 at .25°F wi th da 55
concentrations gty d -
5, 2 - i@, 5 --15; 4 - 3o,
5 - 25;

169 C5h-g-lon/l

CR— - . IS

07 tog cgl- gfion il

Fig. .2 Dependence of the equ:}:.brjum concentratmn of-ant imany
in the sclutién on the concentration-of S2 ions for.
Sb =5y 1) ahd sod;um antimonate. {2} at 252¢C.
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It'is known1e) that for the initial stage of the isothermal
dissolution of a solid the dissolution rate can be expressed

in terms of the equation:
Vin =K C° @

where C is the initial concentration of the solvent, Kis the
rate constant, S is the magnitude of the reacting surface,

V is the volume of the solution, and o is the reaction order.
Taking logarithms of Eq.(2), we obtain the equation

1g Viy =1gKt+a 1gC -

from which it follows that with a linear relation between
log Vin and the logarithm of the concentration of S~ ions
it becomes possible to determine the order of the reaction:

g}EgVin

2 =1gg=o

The initial rates of the dissolution process were determined
by drawing tangents to the beginning of the kinetic curves,
In accordance with the foregoing, the reaction rate increases
in direct proportion to the Na_S concentration. The relations
between log Vi, and log C sz~ fit satisfactorily onto straight
lines {fig.3). The experimental orders of the reactions were
found to be close to unity: a = 1,18 (Sb,Sy); «= 0.98 (sodium
antimonate). This fact1®) and also the strong etfect of the
hydrodynamic conditions on the process rate (fig.4) give
reason to suppose that the dissolution process in both prod-
ucts is controlled by diffusion limitations,

5
[
-0 /
~ )
@
3 2
g L Fig.3 Dependence of the initial
S5 _ dissolution rate on the concen-
> tration of §®- ions for 5b253
by (1) and sodium antimonate (2)
- at 25°C.
.;_a[_: e - 5
12 10 -98 G6log Cg
mole/l
.: 5 1
g
~
N4
c
=y
>y
Fig.d Dependence of the dissolution
‘rate on the stirrer rotation rate at
H r . 25°C: 1 - Sb2§3;+2- sodium antimonate
' [
7 7 ¢

T Lpm

On the basis of the possibility of the formation of mono-
nuclear complexes during dissolution of Sb,S, in NaS41719)
by means of Eq.(l) we determine the coordination number of

the complex which predominates under equilibrium conditions.

We write the equilibrium constant of reaction (1) as follows

K= {Sbsn!;* N z
[Sb,S,l (52"
Since Sb,S, is present in the form of the bottom phase, the’
concentration of Sb,S, in the solution is constant. Assuming
that practically all the antimony present in the solution is

combined into a complex ®), we can consider that SbSA .
is equal to the concentration of antimony Csp. Then,

Csp, = const [s217/2
The equilibrium concentration of antimony in the solution
is proportional to the concentration of $ ions raised to the
power of m /2, If a graph is plofted against the coordinates
of the equation

1gCgsy, = lgconst + ? 1gC g2-

the desired value of tan g can be obtained from the gradient

240

of the straight line (fig.2).
dlgCsp _ _m
digCse-~ 8A= 1 :

The tan’g value was found to be 0.7, and m = 1.4. In such 5

case it can be supposed that a complex ion with a coordiny.
tion of 2 (SbS;) predominates in the solution,

The effect of temperature on the solubilities of the two
products shows up to a lesser degree than the effect of the
Na_S concentration, Thus, with increase of 10° in the tem.
perature (for Sb,S,) the equilibrium concentration of antim.
ony increases by only 0.4 g/1. The effective activation energy
was determined from the graphical relationship against the
coordinates of the Arrhenius equation (fig.5). It amounted tp
4 kcal/mole (for Sb,S,) and 3.3 kcal/mole (for sodium an-
timonate). The temperature coefficient of the reaction rate
for Sb,S, and sodium antimonate amounted to 1.15 and 1,32
respectively. The presented values confirm conclusively
that the dissolution of both products in NaS takes place in 2
the diffusion region. e

3
g 09
- 0s Fig.5 Temperature dependence of
> 5 q the dissolution rate against the
:Wh co-ordinates of the Arrhenius :
Tost ] equation: 1 - Sb3Sy; 2 - sodium .
- antimonate. ' -7
a5t T
S .
04t 2
i2 37 bk
1
1
Conclusion

The kinetics of the dissolution of the intermediate product
{sodium antimonate) and of Sb,S, in aquecus solutions of
Na S were investigated. It was established that the process
takes place in the diffusion region. The order of the reac-
tion, the temperature coefficient of the reaction rate, and )
the effective activation energy were determined. !
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Dehydration of magnesium chloride dihydrate in a mixture with potassium and sodium chlorides in a fluidized bed

Al Orekhova, E I Savinkova and R P Lelekova (Urals Polytechnical Institute - Department of the Technology of

Inorganic Materials).

Summary

The possibility of the reaction of crystalline potassium and
sodium chlorides with magnesium chloride dihydrate in a
fluidized bed to form carnallite and solid solutions of sodium
chloride in carnallite and magnesium chloride was demon-
strated.

During the dehydration of magnesium chloride dihydrate in

Rate of reaction of steam with hydrolyzed molten carnallite

the mixture with spent electrolyte carnallite and solid
solutions of sodium chloride in carnallite and magnesium
chloride are formed simultaneously. The degree of de~
hydration and hydrolysis of synthetic carnallite is approxi-
mately identical with the degree of dehydration and hydrolysis
of artificial carnallite obtained by recrystallisation of natural
carnallite.

UDC 661. 424, 05

E I Savinkova, R P Lelekova, V A Rudakovand L G Sarapul'tseva (Urals Polytechnical Institute and Kalush Chemical-

Metallurgical Combine).

Dezendence of the partial
-prassure of HCl in the
gas phase on the concen-
tration of MgCl, in the
melt at temperatures °C
aj} 540; b) 500; c) 460,
Steam flow rates -/min:
O - equilibrium; 1 -
1.69- 2 - 3,44, 3 - 5.40,
4 - 7.75. The dotted
line represents the

' degree of hydrolysis

of ¥gCl, %.

Table
Steam flow P81 o pCuIT o Digference Amount of
rate 1/min H20 H20 pLUIT ptd liCL formed
H,0 H,0 :
g/min
1.69 84.6 85,5 0.9 0.300
3.44 84.6 89.0 4.4 0.580
5.40 84.6 89.6 5.0 0.855
7.75 84,6 91.2 6.6 1,110

The aim of the work was to study the effect of the rate of
passage of steam through molten carnallite on the degree of
its hydrolysis at temperature close to the melting point of
carnallite. The results were used to plot the dependence of
the partial pressures of hydrogen chloride in the gas phase
on the magnesium chloride content of the melt and on the
rate of passage of the steam at 460, 500, and 540°C. The
figure shows the-variation in the degree of hydrolysis of
magnesium chloride in the melt, calculated according lo the
equation for the hydrolysis reaction.

By reducing the difference between the current and equili-
brium values for the partial pressure of H,O, e.g., by the
introduction of hydrogen chloride into the gas phase, itis
possible to reduce the hydrolysis of magnesium chloride
during the dehydration of carnallite,

UDC 669.2

Investigation of conditions for extraction of germanium from sublimates by simplex design of experiments

E Bekyarova, V Angelova and St Stoynov (Peoples Republic of Bulgaria)

The fine dusts obtained during the combustion of germanium-~
containing coals are rich in germanium and are used for its
extraction. It has been established that the germanium pass-
ing into the gas phase is distribution in the form of GeO,
GeO,, germanates, silicogermanates and solid solutions of
GeO; in SiO, in various ratios, depending on the combustion

conditions and on the composition of the fuel?). The sublim-
ates containing relatively high concentrations of germanium
are treated with HC1, with a mixture of HC] and H; PO, , and
with H,SO, or are decomposed with a solution of alkali in
autoclaves ™). When poorly soluble germanium compounds
are present, pyrometallurgical methods are employed.
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Kinetics of the dissolution of zinc oxide in aqueous solutions of sulphuric aciEAﬁFﬁ g'«(&f&ﬁs@? Pie
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£ UDC 669.536.22

I A Kakovskii and B D Khalezov (Urals Polytechnical Institute. Depariment of the Metallurgy of Noble Metals)

Since this reaction is of great interest for practical purposes,
it has been studied by a series of authors?® 9). In ) the rota~'
ting disc method was used and it was concluded that the

- reaction iakes place under diffusion control. In*), however,

the authors came to tne conclusion that it lakes place accor-
ding to mixed kinetics. Let us consider lhe problem of the
methods of establishing the reaction regime in greater detail.
The following criteria have been proposed?®) for this purpose:
a) The dependence of the dissolution rate on the intensity of

agitation of the solution (the number of 1evolutlons of the disc); '

b) the numerical value of the activation energy of the reaction;
c¢) the presence of characteristic etch figures on the surface
of the disc; d) comparison of the experimental dissolution
reaction rate constant with the theoretical value. It should be
noted that not all the criteria give an unambiguous solution to
the problem during the investigation of reactions in which
films of intermediate products are formed on the surface of
the disc. Cases are known where the experimental activation
energies of reactions taking place under diffusion and kinetic
control are practically identical®) (p.111,196); the reason
for the appearance of etch figures on an equally accessible
suriace is not quite clear®) (p.48); during the formation of
films on the reaction surface (additionnl diffusion resistance)
the experimental reaction rate constanl is often less than
the theoretical value. There consequently remains one most
reliable criterion for the character of the process, i.e.,the
dependence of the individual reduced reaction rate (v'=Q/87C)
on the intensity of agitation of the solution (according to theory,
on the number of revolutions of the disc raised to the power
of 1/ the construction of graphs for the funclion

l’e") Here the following functional relationships are
possxble {fig.1, curves a-f). The relationship characteristic

v a Vs b v <

v W /1
vy d v e v £

v E i

Fig.1 Variants of the v' = £(n}).

of a reaction taking place under diffusion control in the whole
region of laminar flow over the surface of the disc (up to

Re = 10*-10%) is given infig.la. A relationship of tvpe 1bis
characteristic of purely kinetic controt, and type le is charac-
teristic of mixed kinetics. Figs.ld-[ correspond to transitions
of the process from diffusion control to kinetic control with
increase in the number of revolutions of the disc: 1d, clearly
defined; le, a gradual smooth lransition; 1f with strongly
defined passivation of the surface. In the literature there are
very many examples illustrating these relationships. We will
only give some of the mosl characleristic relationships:

1b, dissolution of mercury in cyanide solutions?); le¢, reduc-
tion of chlorine?®); 1d, jonisation of hydrogen?®); 1f, dissolulion
of gold in cyanide solutions with oxygen blown through them

8) (p.45). The relationship of type la (a purely diffusion pro-~
cess) can be illustrated by numerous examples®) and in
papers by a series of other authors.

We now turn to the reactioi we investigaled. (The experi-
mental conditions were set oul in detail elsewhere!?), and
some of the data have been supplemented and recalculated).
Fig.2 shows the dependence of the specific dissolution rate
of discs of zinc oxide on the square root of the number of
revolutions of the disc per second at 25°C. As follows from
these data, the required relationship is observed for both
sulphuric acid concentrations, i.e., according to theory the
process takes placé under diffusion control. For a weakly

46

cm? - see

ve10®
- o

v.0? Fig.2
mole Dependence of the
wmlisec dissolution rate of ;
zinc oxide on the
square root of the
number of revolutjons,?
! of the disc per sec-
‘ond. Curves 1-5,
g/l 0,50, ; curve 2,
[ ' I R £ps 100 ¢/1 1,50,.

v.10?
mofe |

& 2

acidic solution (5g/l) this is additionally confirmed by the
agreement of the experimental reaction rate constant (see
below) and the theoretical value. Our opinion about the char- :
acter of the process differs somewhat from the conclusions §
in%). The reason for this is the fact that in®)*) the reaction ' &
rate was studied over a comparatively narrow range of sul- :§
phuric acid concentrations (from 14.5 to 41 g/1), while the
dissolution of zinc oxide in acids is characterised by one
feature which is of specific theoretical interst; the diffusion
coefficients of the rengent-solvent and the reaction product
(sulphuric acid and zinc sulphate) differ greatly. In infinitely
dilute solutions at 25°C they are 2.65 and 0.78-10-fcm?/
sec'®). This is the reason for one of the complications in the |
process investigated. °

Using the diffusion coefficient of sulphuric acid, we obtain }!
the numerical value of the reaction rate constant (ref.s){p.52; §

6.18-107¢ (2m)/2(2.65-10-5)% -

k= 0893 T0-7 Ve

=3.0-10"% (1/cm?- sec*®.
- rev'?

We studied the dissolution rate of zinc oxide discs over a wid-¥.
range of sulphuric acid concentrations (from 0.5 to 805 g/1) §
at 259C and 10 vps, and this made it possible ta detect the

complex character of the reaction (fig.3). From the data of

vern?

mole
caegee

0

3

G we w0 w0 ww SO 6w Cu,so., gll

Fig.3 The dependence of the dissolution rate of zinc oxide
on the sulphuric acid concentration (25°C, 10 rps).

this series of experiments we calculated the v' /o2 ratios,
the numerical values of which decrease with increase in the #'.
sulphuric acid concentration (fig.4). By extrapolation to C=0 8§

rig.d
Dependence of the v/

:
2 \ ¢-nd ratio on the sul-
o

plwric acid concentration, '§.'

I 14 20 C",SO,‘ g“
we obtain the reaction rate constant for its occurrence withod -
complications, which is also approximately equal to 3.0-107 @
in view of the facl that the reproducibility of the experimen-
tal data in experiments on the dissolution of zinc oxide-discs, 3§ .
(particularly in very dilute solutions of the acid) is some- = @K
what lower than inthe dissolution of metallic discs, With
increase in the sulphuric acid concentration to 30 g/1 the
numerical value of ¥'/n decreases, but this is not-merely
due lo decrease in the diffusion coefficient and increase in
the viscosity of the solution®®) (p.186). In the region of
increased sulphuric acid concentrations a secound factor (the
difference between the diffusion coefficient and the concen- |
tration gradients of sulphuric acid and zinc sulphate) begins *
to have an effect. This shows up particularly clearly in the
region of sulphuric acid concentrations between 30-40 and



ZDDg/l, in which the disstlution fate is’ pragtienlly indépen~
dent of the ncid conceniration {fig; 3) Such a, relationship

s typicnl 8l processes r‘onimlled by diffusion of lhe reac-

" Bon products (ziric sulplnte in the preuent (‘,'lbe} The diffugion
character of this process 1s conlirmed by {he propor lleS
relationship.between the rate of passage of zine inlo solution
U and the-squiire root 6f the nEanker of revblutions of the

;| disc {i:g 2, curve 2. Attention musl be paid'to ane further |
h cnmphmhon since-more sulphuric acid .1{)1)10'1cheb the

- surfacit of .the disc than zinc sulphiaté gasses intg selulivn
! (1}_.188} a'lilm-of ziné sulphate na turally forms on the

. surface of the disc, and this can be regarded ns an ndchtmml
- diflusign 1951‘5&'1[1(. In g -:tcndy slnle this [ilm le;’IChD‘;

a thickness where a dvmnuc eqmllhnum is-eslablished fe-
tween Lhe amount of zinc sulphate []'l‘:bll'lg into solution and

. the.amount of sulphun(, it mtemLtmq with the Supfice of
lhe dise, As-a result of this the:{low of solution Lrom H¢

v surface of the disc carrigs nol only the zine splphale but

\ f‘xf' ‘alse unreacted sulphur I.aud Here equ'lllty g establishéd
between.the [lows:

Cq D = (C,- €)D"
where C, = the cohceitration of the saturaled sdlulion of
) zing sulphale ak the surface of the dl:‘:(‘
i""-q C,and C. - = the concentritions of sulphuric acid i the
L volume of the selution and al the surface ol
- the disé
' D,andDy = the diffusion coeflicieits of zinc sulphate and
Y sulphuric acid in this solulion.
- With a knowledge. of the rate.dl passage of Zinic inlo solution
-and of :the amount of eulphul i¢ acid approaching the swrface
of the disc it is possible to c‘ll[.ul'li.e the'degree of ils utjli-
sationin the reaction, {An ex"tmple of sucha c.!lcuhtlon
< was given in the literature (ref.1?) {p.188). The zinc-sulphate
A films havé an effset in the regmn of snlphuric acid cpncen-
- trations up o 30 g/, since the transition from control in
" sulphuric acid: g control in zing sulphate takes place gr wdu-
* - allyas the filnis on the' vedclion '-“,ulf'lce Jorm and. become
"thicker, These films gradunily increase the zine sulphate
' roncentnlmn gradient and reduce that [or sulphurie acid,
a8 2 résult.of which tie réactibn rate de’ FI(}H‘:QH to thc v'llue
at which it is-delermined only. by the. diffusion of zinc sul-
phate (it acid concentrations higher than 30 g’l) However,
ilis nét posmble to attfibute all these (omphmtaons o
_mixed kinetics, They do not change-the character of the
_Process ocgurzing under diffusion control both:in.the regmn
“ol Sulphuric.dcid. concenn aliohs [mm 0 th 'iUp,r‘i and.ih Uve
* region trom 30'to 200'g/l, The difference is only ‘in-its slow
- stage zin the first region or rfoncentrations il i's delermined
by the diffusion 6F $ulphu rit acid to the surfade of. the disg
* and in the:second by the diffusion of zinc su Iphale from the.
" girlace ol the disé into the volume of the sohition,
The decrease’inthe’ dl'ssoluhon Fate in the' region ol more
‘ran entrated solutions {above:—?ﬂog/l sulphuric acid} is ex=
plained by the.laige decrense in the solubility of zine &ul-
. PhALE in the solutions{ref;13) (,150) and, LDIISequEIIUV by the
+ deerease inthe zinc sulphate toncentralion gmdlent In this
ronnectlon il is interesting to discuss the numerical-valugs
of he dctivation enei gies "ﬂ‘ll-::h wé dhtnined (3.0 IGI Sl
sulphuric acid and 7. 7 keal/ mole For 100 1), Whereas the
firsiglance not quite lyplml of a dl[[umon process. Howmel
. thigis explaihed by the fact that w1[]1 a sulphuric
centration of 100 g/l the. slow linkis'lhe dillusidn’ 'zmt
‘sulphale, the diffugion cocfficient-of whielr in. these solutions.
is small ang therefore, adcordingto he I g,rnlm cieffi
- {ref .13) (p 95[}}, the lemperature coefficiont (1.45) ani:
.. energy gl diffusion (6.5 ke 11/ mole} are v ge. 1n 'lckln‘.mn
the s6hubility of zinc sulphatednd, consequent]y, its con-
©eentralion gradlent increaze with increase in temperature,
- ‘Both these Tactdrs securea squlmenLIy high_activalicon
 ENEFEY: 15 the ‘overall process: I wé caleulité the-dithusion
voefficient of zinc sulphale from lhe reaciion rate constant
for Lhis region of mllphul“lt atid eoncenliations (5.8- 1077
mole/ em? «se ¢ rey”?) with allowance for the. viseysity
"ol the solution (ref. ®) (p.201);-we obtain a value of 0: 24 -10%
cm“fhec which agrees wéll- with published data**)..

. The decrease ol the dissclution rate in more concentrated

is.expressed in mole/cm?.

stlutions (abové 200 ¢/l sulphuiie atid) isigkplained by &

Large decreasesin the solubilily of zine sulphaie in these
solutions (ref, 17} {(p. 1901}
*.the zine sulpihie-concertin
.the kinetic equalidn has the [ollowing [orhi

v, cm‘lscquﬂnllv, Ly a decrease in
Hon r:ndmnt Fm this; regitn

v - 'Sc%: =k (Cy - C},“”a

bui it is better lo use the ]c:g"u‘i'Lhm'i‘c-equation {ref s p.25):

Ci kSn'®
[gm ='pT, where p = TEGIT

Thig dissplution rade af lhe zine oxnr!e disc af. 25°C ean be
calenlated Trony the [ollowmg equdtwns a¥Iln the regigin 6f
sulphuric acid concenirations between 0 and 30 g/1, v ="
(3.0 - 3.4C). 10% C * ™ {wilh allowatice for the decrease
in the (|ISS|}1UIJOI] rite with inécensé in ihe ‘Sulphufic-acid
(Uncen[ntlon) Iy in (he-region between30-and 200 g/ 1

=058 1078 N“"’ In theserequations the sulphuric '1c1d
curmputr"tf.mn is. E\pre'a'%ecl in moles/lltle and’the.rate
-sec. Forother Lempemtures

thia’ dlssoluh(m rate gan. he Lcaledlated bv using the. activa-

" -lion energies given in the Articlé (ref ) (p. 77). In the region of

1centrations between 30 and 200 g!l which
E: £] f6T the hydrometallurgy of zing, the dis-
solution rate.ol zinc oXide is practically mclependent ‘of thé
'1(,1rlaly of the initial solution, ‘and il i consequently possible
ta’ 1I'|l€|'lElf\-' the' 1)10[.655 m"unl\;r through inlensive agilation
of the pulp and to some degrcc through incréase-in tempera-
ture (in confrast lg more dilute .solutions). In conclusion it

sulphu rie '15'1(? con

&hould be notgd lh'lt it has Been possmle o inv estipate the

uniquae charactel of the readtion between zinc oxide &nd
aqueous-solutions of sulphuric acid by investigaling it on

a luily aéedssible: surfacg-and by using the proposed crlter-
ion of v =1{in ""‘ for thé process éonditions.

Conclusions

1. By usé of thic'relatignshipv' = {{i%™) a4 h criteiion of lhe '
praocess: condition it was possible-to esiatilish thal the. reac-
tign hetween zmc oxide and quiphux icracid soluhona takes
place aceording to tlie laws of diffusion kinetics at all the
acid concentralions:

Z.Investigation of the reaction rale.gyer & wide: range of
sulphiric dcid conentrations showed it e charketer &f
(he.slow link in the process depends. on.the concentration. of
the splvent (sulphuric acid); “in the regign of more dilute
solutions it is dilfugion of thé acid.to the réaction surfat.e
and in the region:ol nove concentrated solulions it is dlffu~
sion of he reaction products (zine, Sulphite} from.the surface
Linto e wlume of the solufion: The umque character of the
process is due lo the sharply differi lng dlffusmn rates of these
two &fimpounds.
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= There has to be a discharge velocity at least equal to the settling velocity of the SERARGH E%ST‘TUTE KDZS

e biggest particle and the coarsest particles in the vertical channel in order for them WE- -
not to accumulate in the bottom of the tank.
An air lift is one way to achieve some additional suspension action in this vertical §

FARTH SCIENCE LAG. o

- channel. .. . . S . .
p Kinetics of Dissolution of Zinc Sulfide

“r in Aqueous Sulfuric Acid

et

S, 4

MR

‘L"‘:i L. T. ROMANKIW* and P. L. DE BRUYN{t

'[ W ’

I

'y

Abstract

. The rate of reaction of crystailine zinc sulfide with aqueous sulfuric acid was
. ftudied in the concentration range 0.25N to 17.5N and over a temperature range of
> 0.6°C to 65°C. The progress of the reaction was followed by a continuous recording
. ©f the pressure increase due to H,S evolution. If care is taken to eliminate dxffusnon
:oontrol of the reaction, the overall dissolution rate in the concentration range 1N
:_ . 10 10N H,SO, may be expressed by the relation

Sty TS
MENEARE
st AN

- d{Zn™*]
dt

= Ay(k [H*) — kg[Zn++]t/ Pill:s)

3.

. An activation energy of 11.1 & 1 Kcal is determined for the dissolution reaction
and of 7.8 & 1 Kcal for the reverse reaction. A qualitative picture of the reaction
mechanism is presented based on rate studies and etching tests with smgle crystals.
Studies with natural sphalerite containing iron substituted for zinc in the lattice
show an increasing dissolution rate and the presence of elemental sulfur as a reaction

- product.

INTRODUCTION

' During the last thirty years considerable attention has been given
.- 10 the leaching of sulfide ores by aqueous sulfuric acid at elevated
temperatures and oxygen pressures. In the published literature eight
: separate investigations of the dissolution of zinc sulfide by aqueous
- sulluric acid have been reported 18 With the exception of the study
by Tronev and Bondin? zinc ores or concentrates constituted the solid
-; phase in these investigations. In view of the chemical complexity of

* L. T. Romankiw, formerly graduate student at Massachusetts Institute of Tech-
. ology, is presently associated with Thomas J. Watson Research Center, .B.M.,
" 7. Yorktown Heights, New York.
v+~ 1 P. L. de Bruyn is Professor of Metallurgy, M.L.T., Cambridge, Massachusetts.
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46 UNIT PROCESSES IN HYDROMETALLURGY

these systems and the emphasis placed on the engineering aspects of
the leaching problem no attempts were made to unravel the kinetics
of the dissolution process. ‘

The main conclusion to be drawn from these studies is that in the
treatment of ZnS with sulfuric acid at temperatures varying from 25°C
to 200°C, the sulfide sulfur may be converted to H,S gas, elemental
sulfur, or sulfate. The oxidation state of the converted sulfur as well
as the rate at which the reaction proceeds depends in a complex way
on the oxidizing conditions, concentration of sulfuric acid, and chemi-
cal impurities such as Cd, Mn, and Fe in the solid zinc sulfide. These
qualitative observations are also in agreement with similar studies on
sulfuric acid leaching of other metallic sulfides.®-4

In the absence of oxidizing conditions the dissolution of ZnS by
sulfuric acid may be represented by the stoichiometric reaction

ZnS(s) + H;S0,(aq) = ZnSO,(aq) + H,S(g) )

The reaction products are Zn++ and H,S. Since zinc exists in solution
in only one oxidation state, its concentration can readily be deter-
mined. If the reaction is carried out in a closed system its progress
may also be followed by recording the increase in total pressure due
to evolution of H,S. Furthermore, since it is known that concentrated
H,SO, (36.5N) will oxidize H,S* according to the reaction

H,S0, + H,S(g) = H,SO3 + H,0 + S 2

the oxidizing nature of strong aqueous solutions of sulfuric acid should
not be overlooked. This paper deals with a kinetic study of the dis-
solution reaction (1) and reports on the effect of the degree of agitation,
sulfuric acid concentration, temperature, surface area, impurities (iron
and manganese), and mechanical deformation of ZnS on the dissolution
rate.

MATERIALS
Zinc Sulfide

A coarsened zinc sulfide precipitate was used in the majority of the
experiments. This pigment-grade material, designated as Cryptone
ZS-800, was obtained through the courtesy of the New Jersey Zinc
Company. It is prepared by precipitation from a slightly basic zinc
sulfate solution with hydrogen sulfide gas. The precipitate is then
filtered, washed, dried and coarsened at 800°C in an inert atmosphere.
A chemical analysis of the final product is given in Table I. X-ray

- desire
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analyse.s of the powder showed it to be crystalline and to contain
8pproximately 75%, of the cubic variety (sphalerite) and 25%, of the
hcx.agonal variety (wurtzite). The presence of wurtzite may be ex-
plained by the coarsening treatment at 800°C since it is the stable form
above 750°C. Both crystal modifications consist of a regular tetra-
. hedral arrangement of zinc and sulfur atoms; differences in structure
show up when the second nearest neighbors are considered. Based
on seven independent BET Krypton adsorption measurements, the
8verage specific surface of this material is 5.54 m®/g. Electron m’icro~
graphs o.f the powder indicate that the particle size lies in the range 0.1
t0 0.3 micron with a root mean square diameter of 0.18 micron.
In addition to ZS-800, three different samples of natural sphalerite
were usc?d in the investigation of the role of chemical impurities on the
dissolution rate. Chemical analyses of these materials are given in

TABLE I
Chemical Analyses of ZnS Samples Used in Rate Studies

. Analysis (weight per cent)

Sample
Zn S Fe Mn Cd Ca Cl Insol
Z35-300 66.45 323  0.00
Netual 006 <0.002 <0.0001 0.13
sphalerite (1) 63.83 31.28 0.38 <0.01
. . . <0.005 — 2.28
(2 6471 3224 078 <0.01 <0.005 — 1.31
] (3) 5207 32.84 9.69 1.82 <0.005 — 1 '53
Single crystals  67.0  32.8 — — — — o002

. Theoretical 672 328

T:fble. I. Fine powder‘s of these mineral samples were prepared by
» grinding for 24.hours in methyl alcohol to prevent oxidation of the
: m;faci and caking during drying in an inert atmosphere.
Ingle crystals of artificially grown cubic zinc sulfide were ki
. indl
supplied by Dr. H. Samelson of General Telephone and Electronici‘l

B Laboratories, Bayside, New York. These crystals were used in etching

studies and a chemical analysis is included in Table I.

Reagents

Distilled, de-

o ionized water of average specific conductivity 6.5 x

mho/cm was psed in all experiments. Sulfuric acid solutions of
d concentration were prepared by dilution of acculute standard




" Shaker, the bulbs of these flasks were completely immersed in-a con- &

" to those used in the leaching:tests. A single crystal was mounted in &
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- .cell filled with the desired solution. Prior to mounting, the. crystals

- Were treated by different methods; some were used as grown from the
Yapor phase, others were polished, scratched or strained by Hheating

2. 10 2 nitrogen atmosphere at 450°C and quenched in liquid nitrogen.

g After several hours of etching, the crystals were washed with water to

~Femove sulfuric: acid and with petroleum ether to .remove paraffin.

: The extent of the chemical attack was evaluated by microscopic
- observation.

reagents were of analytical grade.

EXPERIMENTAL METHODS
Dissolution Rate Study

Analytical- Methods

pated pressure either a water or mercury-under-water manometer was 3

The concentration of zinc in solution was determined by titratii

h e , 1CET T 1T 1 itration
‘ : Wrist-Action B i " MR : _ y :
used. Four flasks were mounted on the arm of a Burrel Wrist-Action @& ity sodium-ethylene- diamine tetra-acetate’® and eriochrome black T

§ + 10 B s indicator. The pH of the solution was adj : -1
stant temperature bath with the temperature controlled to within 0.1°C S gqq:e:o of an a n-IIJmoniurn chloride ammmjl];j:;dht;ﬂgiige&blfﬁ?
+ ELral S T Meto_tey o .,_ X 1L LUV e ; . .
at 25°Cand 0.3°Caat 65°C by a Merc-to-Merc mercury contro}lelemenBL’; R “This analytical technique gave accurate and highly reproducible results
Agitation was accomplished by a rapid up-and-down motion. By @-for sinc i the concentration range 10~ to 1‘mole per liter. Iron, if
tusning a dial the speed of the motion could be adjusted to give 3 BB precent, did not interfere with the analysis. R
;naxam‘um agitation of ‘about 300 ¢pm and an amplitude of about B An analysis for both ferrous and ferric ifon was obtained by direct
cm. _ v | titration with ethylene diamine fetra-acstic acid at'pH 2 in the preser
. i . ; N B AER , : , bt resence
- Exactly 50 ml of aqueous sulfuric acid of desired concentration was @ ' of sodium salicilate, as indicator. The ferric iron .lzvas titratedpa‘t‘pH.Z
'ad‘ded to two of the four ﬂaskg, theﬁother two ﬂasks_serw‘tvlgias ad'dltlﬂﬂﬂlj k. in the presence of sodium salicilate, upon.;reachin'g' the end Soint the
agitators for the constant temperature bfath. This acid solupon was B ferrous iron was oxitlized by ad dition of ammonium persulfate and the
then deaerated by passing prepurified nitrogen gas for at least ont B gitrarion was continued. The presence of zinc did not interfere with
hour through it, then 3 grams of zine sulfide was added to one of the B the titration since zine does not form complexes with ethylene diamine
two reactors. The second flask-acted as a dummy and was connected B ‘tetra_acetate until the pH is raised to about eight o
to a water manometer which registered the pressure changes due to B T';fo methods v o o
Al - ‘ e * ; ) _ thods were used for sulfate. 1515, U
variation in barometric pressure. The reaction was allowed to proceed | : r sulfate analysis. The standard barium

7 - g Sulfate precipitation technigue!” was used and. Tesi i
for 60 minutes to ensure attainment of equilibrium. while pressure §ge o, precip ‘ cenmqu N d gave excelient results if
_ tainim “© Pt X ¢t was taken to eliminate co-precipitation of zinc:. In the second
readings were taken at set time intervals. In most experiments no @@ o4 oo an ion exchange technique,t® a dilute samplé of the. sulfat
changes occurred after 10 to 20.minutes. At completion of the reaction g ' q P ¢-sullate

; solution was passed. through a column of a cation exch Tesin i
ids fine _fri ] . B : : 8 S B R . A1 “Xchange resin 1n
,the 5?1](15 werc,ﬁltered on a fine glass-frit and the solution was analyzed § the hydrogen form. The metallic cations in solution were exchanged
for zinc.and-sulfate. ; n W

% for hydrogen jons on the resin, the free sulfuric acid thus formed in

solution was then titrated with sodium hydroxide.

g The presence of elemental sulfur in the leach residue was detected

N . » o ) ] g by extraction with cafbon disulfide.?” The sulfur analysis was carried
In an attempt to understand the mechanism of the dissolution re- Bg out in a Soxkilet Extractor and it was possible to detect.as little as

action, single crystals of sphalerite were etched under conditions similar 3 x 10— gram of elemental sulfﬁl; in two to three grarﬁs "of résidue

| 0 388" Sulfur amounts in excess of a milligram could be determined with high
paraffin at the end of a glass rod which was then inserted in-a glass B ‘accuracy and reproducibility. & ‘ 1o g

Etching of Single Crystals of Sphalerite.




. dissolution of zinc sulfide. Most experiments were done in duplicate.
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EXPERIMENTAL RESULTS

A major part of this study is concerned with the evaluation of 3
variables, temperature and.sulfuric acid concentration, on the rate of 1

gr & Material balance on the products of reaction shows that per liter of

E sotution,

_ 1 2

) = *"Hﬁ(fc_p + 77) = PasCo )
and a large number qf tests were repeated many times. Since a cop
tinuous recording of H,S pressure during the progress of the reactiof §

bere €, is a constant of dimensions, moles per liter-atmosphere, and
could be readily obtained, pressure measurements were relied.upon to

18 the ratio of the volume of gas to vilume of solution at the specified
i mperature. The major assumptiofn made in the application of Equa-
.ﬁqn 3 to 'this kinetic study is that the equilibrium distribution of HZS
g between the gas and fiquid phase is obtained at all times. This assump-
l? appears to be well substantiated in this investigation. The distri-
h_uon constant K; was obtained experimentally at different sulfuric
#cid concentrations.1®
The agreement ‘be;ween the two rate curves.is very good especially
- since the analysis of zinc must be preceded by a filtration step which
i #ormally consumes about two minutes.. '

)

-
T
L
s

Effect of Agitation

=8 Ha5 pregsare -
megsuremants

Zn " eoncuntration {moles, par liter & i0%)

E- ‘In the absence of agitation the dissolution reaction proceeds very
4 lhw‘l)' and appears to be controlled by diffusion. A series of tests min
k2t different dial settings showed that as soon’ as the solids were sus-
b !!cnded in the liquid the rate of dissolution increased markedly and with
, Increasing agitation reéached a steady state. To eliminate diffusion as a
| all experitents were run at maximum setting (amplitude of
I¥* vibration 2 cm). Under these conditions of agitation equilibrium was

reached within approximately eight minutes at 25°C. At higher
W emperatures equilibrium was reached within 2 to 5 minutes. '

EX
—# 20" onalyses Jia

1 ] L | 1 | A i
2 4 B 12 15 20 30 LL]
Reogchion tima (minutes) 9

'Fig. 1. Comparison of rate-of dissolution of ZnS-as measured by zine analyses #ibb
rate of H,S gas evolution in 1N HSO, and at'25°C,

furnish kinetic data. Zinc analyses were made at completion of the |8
test. A series of tests was made in which the progress of the reactiop |
was followed by analyzing the solution for zinc at predetermined timt
intervals. In Fig, 1 the Kinetic results of this series are compared with
similar data obtained from H,S pressure measurements. The ordinait
axis on the left hand side of this figure gives the concentration of Zn%

Dependence of Rate of Dissolution on Surface Area

The dependence of the rate of reaction on the amount of total surface
. . . : : L was evaluated at two sulfuric acid concentration s(/¥ and 3N).
in solution at time ¢ and the ordinate axis on the right gives the Hi g =Changes in total surface area were obtained by increasing the we’iglft

pressure at time . - Per cent of solids in the reactor. The exact de " the. initi
o . s s . “ . endence of the initial

q to H,S predsure and reverst) : o , ract tep . '
Conversion from zinc jon concentration to H,S p § "Action rate on surface area was determined by plotting the logarithm

|
g of the initial slopes of the rate curves-against the logatithm of the initial

is obtained as follows: Assuming ideal behavior of H,S gas and 3
utilizing the distribution coefficient for H,S between the solution and S surfuce areq (or log weight of ZnS). These plots showed that the initial
vapor phase - BRE Traction rate at constant sulfuric acid concentration is proportional to

Kp = pu,sfiH.S],, (atmosphere-liters per mole), the first power of the total surface area.
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Effect of Sulfuric Acid Conc,entrat:ion and Temperature

At 25°C the concentration of sulfuric acid was varied from 0.IN
to 17.5N; at 35°C, 45°C.and 65°C the concentrations of H,SO; in-
vestigated were 0.25N, 0.5N, LN, 2N, 3N, 5N, and 10N. Table i |

TABLE II
Eq'tiiiibljium Pressure and Zinc Jon Concentration at 25°C

Sulfuric Acid ; Partial Pressure
Concentration [Zn*#) of Hy8 fy3
(moles/iiter) (molesfliter) {atmosphéres)  (minutes)

0.375 0.017 0.036 0.61
105 0.021 0.051 0.84
10,75 0.030 0.079 0.90

0.875 0.035 0:094 0.88

1.0 0.040 0.109 0.84

1.25 0.048 0.137 © 092

1.5 0.057 0.173 098

1.78 0.066 0.204 0.95

2.0 0.073 0.236 0.87

2.5 0:091 0318 0.91

4.0 0.139 0.509 0.86

5.0 0.170 0.650 . 0.86

gives the equilibrium H,S pressure and zinc concentration attained for
twelve sulfuric acid solutions at 25°C: In addition, the time in minutes |

for which one half of the. equilibrium pressure was reached is also

included in Table II. Itis interesting to note that at constant terpera- ="
ture thé time (#;,,), at which the reaction is 50 per cent completed is $&.
nearly constant for all initial suifuric. acid concentrations except for S
concentrations below 0.5M. This observation suggests that the reac- |

tion is first order with respect to the suifuric acid concentration.

A logarithmic plot of the initial slopes of the rate curves against the
initial hydrogen ion concentration, [Hg'], in moles per liter is given in 8
Fig. 2. An analysis of thermodynamic data of aqueous suifuric acid §#
solutions'® reveals that in' the acid concentration range. covered by |
these tests the following relation exists between the concentration of |

sulfuric acid aa‘nd hydrogen ion,

[H;S0,] = 0.8[H*] ‘ )
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% Within a hydrogen ion concentration range of 0.65 to 12.5M (1IN to
- 2QN sulfuric acid) the slope of the straight line in Fig, 2 is equal to
4 1.23. If the partial pressure of H,S is converted to Zn*+ concentration
;j:y means of Equation 3,.and if the logarithm of the initial change in

1000
I 1 T ‘I ! 1 1 ) T ' T T3 I I
- .
L e
.y - 2 & ]
.= J
2 -
- £
E
L
- —
3 -
.9
.l
z
£ 10D~
5. © B i
0 : =
: ‘:|: B . -
-
- -
~0— fram direct megsurement
- - of slope ]
~&— from polynamial T
equational’
o~
10 /lll«lll [ | I-I-]rlli H
| 10

Hydrogen i6n concentration {mdles per 1iter)

Fig. 2. Effect of acid concentration on the initial reaction rate.

| N 1on concentration is plotted against log [H+], a straight line with
5. &lope of unity is-obtained in the same concentration range. Such plots
re. AL lempei-atures;25°c?_45°C and 65°C are 'shown in Fig._3 and it its
g Secn that for all three temperatures the initial reaction rate is first order
W‘lth.‘respe_:ct to acid and free'hydrogen ion concéntfﬁtion. o

- A_nccurate measurements of the initial slope of the rate curves dre. not.
IR casily obtained. In some tests thé reaction was as much as 30%
o Sompleted before it was possible to take the first pressure reading: Th/iué
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-3 Polynomial expression of the form
at hlgher temperatures At concentrations below 1N the reverse re S s Prs=a-+ b+t +df* +.
action already occurred at a finite rate within five seconds of the 208
; ihere the constant b determines the. initial slope,

- At high concentrations, the deviation from the straight line shown
% in Fig. 2-is probably due to formation of ¢élemental sulfur according to
g Equation 2. At sulfuric acid concentrations of 17.5N and higher the

.. presence of elemental sulfur in the leach. residues has been positively
- detected, Under such oxidizifig conditions the H,S pressure no longer.

Effect of Impurities in ZoS on Iis Dissolution Rate

= The results of a series of leaching tests with ZS-800 and three differ-
. ent samples of sphalerite containing varying amounts of Fe and Mn

in moles per liter - minute
o

O =

Ifgn contant af Zn8 [wil %) -1
—o— 0:008 (z5-800)
—7— 0.38 Holurgl 1
—e— 0,78 Naturol 2
—f{— 9.59 Natural 3

i I | | L i 1§
10! [ 1o
. H¥ concentration {moles per liter}

1 | 1 [ 1 1 I [ 1 I L
20 40 60 BO [e]4) 120
Time {minutes}

Fig. 4. Dissolution rate-as a function of chemical ipurities-in sphalerite.

Fig. 3. Ei:fect of acid.concentration on initial rate of dissolition at 25°% 45 D3 o ) ‘
and 65°C. k. (see Table I) are summarized in Fig. 4 and in Table III. These tests

‘ were cartied out in 0 5N HQSO, solutions at 25°C. In all tests the
initiation of the- Teaction. To obtain the straight lines shown in Figs.

2 and 3, the initial slopes of the rate curves were measured directly-and |
were evaluated also by first fitting, the experimental rate. .data, to 2 -'
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B
n

in iron content leads to an increasing dissolution rate and a highet SE* etch more rapjc '
vt s . . S ) X ! pidly than the untreated crystals, Yome P
equilibrium Zn*+ concentration. The rate curves obtained wilh - dl.nnges on the untreated crystals theryctchsinngegrf?;ielilcte Egélcteab;e
n 1 samples (2} and (3) cannot be compared directly with 1he S i Forr e X : > : wtdt 0 be
atura ples (2) @ c e y g continued for two to three weeks while the effects of chemical attack

former two curves because of the presence of elemental sulfur as 00t (S were observed aft ; .
: ) - : - - €r one Or two days on the
of the reaction products. In the two latter curves the variation i 3gee- ‘ Y strained crystal surfaces.

._ 7““011 zing {111} faces the surface sératches efched into long narrow
. llgh§ bounded by relatively unattacked surfaces whereas the sulfur
§ ;:; ctched more uniformly. In general the chemical attack may be
g~ bed as a pitting rather than a uniform attack of exposed surfaces.

TABLE III
Analyses of Redction Products Formed by Leaching. ZnS of Different
Amounts of Chemical Impurities

Impurities

v Reaction Products {moles/liter) DIS ‘
Material . %) & .. DISCUSSION
Fe Mn Zn Fe: Mn H,S(total) 5 ° !E:&Iuat:dz -I?lbsenf:e ;)f %xldlzmg conditions the dissolution reaction,

' , - — B .17, may also be represented by the heterogeneous. chemical

z§-800 10006 <0.001 0.016 0.017 W Feaction gene

Natural ZnS(1)  0.38  <0.01 0.040  0.01 0.041 000 ZuS(s) + 2 HHaq) = ZatHaa) L -

Natural Zn§:(2) 078 <001 0.052  0.01 0.029 0008 Z08(s) + 2 HHaq) = Zn*+(aq) + H,S(g) (5)

Natural Zn§ (3 9.69 1.82 0.4¢ 002 002 0047 0.047 ]

" H,S pressure is no longer a measure of the rate of dissolution of the

. - [ZHH]P 3 J ’ ]1‘ -
ZnS§, but represents in a complex. way the rate of formation of Hs o K= —[w_]THE ﬁ—f%ﬂ = KD (6)
and its oxidation to elemental sulfur. The oxidation of hydrogsd SR gp. . ‘ |5
sulfide to sulfur starts early in the dissolution reaction and appears to Q. . [ZoH], THH — ) _
be -directly related to the presence of Fe and Mn. The negative pres Jil 3 P] - ;iﬁ:lb‘;;z::sga;?ﬁ ;f Zut+.and H+ in solution
) = "HgS vapor

sures obtained with the natural sphalerite sample (3) cannot be readily -

explained. -.zf'fﬂzf*).f(m, = activity coefficients of Zn*++, H+ which may be re-

lated to the-mean jonic activity coefficients of the
electrolytes, ZnSO, and H,S0, ‘
X, = mass.action constant
Values of X, were determined experimentally as-a function of tem-
perature _and sulfuric acid concentrations for prec’ipitéted ZnS(ZS-SOO)'
e best value for the equilibrium constant was obtained by plottirié

Results of Etching Studies in Absence of Oxidizing' Agents

The single. crystafs of Zn$ used in these tests had well developed
{111} faces which are characterized atomically by the presence of onlf
one kind of atom, either Zn or.S. To identify the polarity of thes
crystél faces, a special etching method developed by Warekois, Laving, i
Marino. and Gatos?® was followed. Later on it was possible to identily g
the polarity of the crystals without subjecting them to a special chemi- :
cal treatment. It was noted that the crystals. were grown in such a waj]
that the zinc-bedring {III} face tended to exterminate itself. ‘

Etching tests were carried out in 4¥ and 10N sulfuric acid solution

K, a$ a function of ionic strength ‘and extrapolating to zero ionic
g srength. The results of this extrapolation -at 25°, 45° and 65°C are

’;l'rotp Standard free energy data at 25°C.
Since the dissolution of Zn§ proceeded at constant volure, the

E eaction rate. per unit.vol_‘ume'may be writteh as

a3 i

at.40°C,- The crystals that were strained either by polishing or by hiezl § d[Zn+) | 4
treatment followed by quenching in liquid nitrogen were observed t] 7 [Ao]™ (e p[HY]™ — kpfZnt+]ep7) 7
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‘no direct experimental justification of assumption (c) was ‘possible it

DISSOLUTION OF ZINC SULFIDE IN AQUEOUS SULFURIC ACID 59
S ';here n is a positive quantity and is numerically equal to one-half in
2 ew of the first power dependence of the dissolution rate on the
> I‘yd_rogen ion concentration,

. Since the progress of the dissolution process was followed by Te-

5 i ; i : ¢ording changes in H,S pressure whereas H* and Zn** concentrations
{a) the dissolution of ZnS is not diffusion-controlled, f-Wwere only known at zero time and at equilibrium, -t is desirable to

(b) the surface.area of the solids remains esseiitially constant during g express the reaction rate in terms of the partial pressure of H,S. This
the reaction, i & transformation is readily made with the aid ofEQuation 3 and Equation

‘ b

#

where
[4,] = initial surface area of solids per liter of solution
kp, kp = forward and reverse reaction rate constants
m, n, g, r = empirical constants. )
In arriving at Equation 7 the following assumptions were made:

(c) the rate with which equilibrium is. established between H,S in S 8 now assumes the form
solution and in the gaseous phase is rapid, 3

(d) both the forward and the reverse reaction are surface reactions. 3
Assumptions-(a) ahd (b) have been verified experimentally. Although ®

d, .
Cozp = leg{He* — 2Cop) = keg?y/ Gy ()

here Hy* is the initial Hiydrogen ion concentration.

is believed that this postulate is in agreement with the observed resulls. , e el
, / At equilibrium Equation 11 reduces to the relation

Regarding -assumption (d), experimental results showed that the. for-§ »
ward reaction is a surface reaction but no direct evidence was obtained -}

to prove that a surface reaction also describes the reverse process. S"
However, as will be.shown from an analysis of the kinetic data and a
comparison with the observed equilibrium constaats, this assumption |

Ho’i' - Zcu‘P,ea kg

: kp and kp are independent of concentration’ then a plot of the
is consistent with all' experimental and derived results. It should be S logarithm of the term En the left hand-side of EquationPI‘Z against

noted that the reverse step in. the dissolution reaction may not Reces 3 Yog p,. should give a straight line with unit slope, Excellent straight
sarily be-equated to a crystal growth reaction for which the dependence S lines with unit slope are obtained if the experimental data at 25%, 45°
on surface area may not hold or may be-of a complicated nature. S and 65°C in the concentration range 1 to 10N ate plotted as su gge;ted
Fiom the expefimental results it was established that the dissolution S This observation <suggests that the activity éoéﬂ'—‘lcient quofient D Of-
rate in the sulfuric acid concentration range, IN to 10¥; is directly S¥ Equation 6 is approximately constant’in this concentration range
proportional to the initial surface area and to the hydrogen ion con Jgle ' The magnitudes. of Kyt and kgt may be evaluated by notin .thaf'
centration. Equation 7 may, therefore, be teplaced by the expression S according to Equation 11 ' ' o ’

d[Zn++
di

R | G (b
= k(Y] — kglZnTp o 7= g (2. a3

o

where

kgl = kypdq . By C?mbining‘ Equations 12 and 13 the value of k! (also k) may be
kgt = kAo obtained. If Equation 11 is differentiated with respect to pressure then.
In writing Equation 7 the activity coefficients of the ionic species were £ ddp}dt) . o1
included in‘the rate constants, these. quantities are, therefore, functions ‘ : d_ = - (2kF1 + \/E__ ) (14)
of temperature and concentration. If we may assume that kp 2nd kp i P Co ‘

or the modified constants, kg'-and kpl, are independent of concentrz- g At fixed sulfuric acid concentration and. temperature, a plot of dp/d
tion then it follows that | - : 2 ipial

) K P N against p should give.a straight line with slope equal to the right hand
. kp _ k' _ g | (10) ; $ide of Equation 14. In combination with Equation ‘12, Equation 14
kp kgt . : ik May be used instead of Equation 13 to solve for k,* and k5l Table:
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‘However, according to Table 1V the ratio (kz!/kgh)? agrees with the J&
observed values of K. It is this agreement between K and the quotient ‘
(kz*fkp"? that may be cited as evidence that the reverse reaction is -
also a surface reaction and that the. overall dissolution rate may be. &
expressed by Equation 7.

Figure 5 gives Arrhenius plots of the kinetic data included in Table 3
IV. For the reverse reaction the values plotted in this ﬁgurc are ‘o
actually thHe modified constant k5! divided by the constant 4, (3m 1 ;

m?liter). This does not effect the slope of the Arrhenius plot; The &
activation energies of the forward and reverse reactions as determined @+  The actual dissolution process for Zn$ may be: represented by the
from Fig. 5 are 11.1 & 1 Kcal/mole and 7.8 & 1 Kcal/mole respec- - Teactions
tively. Usually the activation energies. for diffusion range between WE ‘
3 Kcal and 6 Kcal, therefore, the observed values, especially for the & $(5) = $=(ag)
forward redction thay be regarded as additional proof that the dis &
solution process is not diffusion controlled. i The zinc dissolution reaction includes the effects due to hiydration and

For this system the heat, of reaction (AH) is-approximately related - the sulfide dissolution-is, of course, complicated by thé formation of
to the difference in activation energies (AE,) by the relation, _ HgS Accordmg to these reactions the dissolution process proper must

’ . be preceded by rupture 'of the covalent bond-and a transfer of electrons
to yield the ions, Znt+ and §=. Although predominantly covalent in
- character,, the Zn-S bond has some ionic character because of the
difference. in' electronegativity. of thezinc and sulfur atoms. A rough
. calculation based on the Paulmg approach® suggests that the Zn-§
bond is about 20% ionic in character. The more ionic in pature the,
;‘bond is, the more soluble the solid should be. The observed increasing’
R ‘rate of dissolution of natural sphalerite may be explained qualitatively
‘ ; by the substitution of Fe.and Mn for Zn in the lattice. Iron is more-
" electropositive than Zn thus the. more ionic:-character of the Fe-S bond
ﬂmuld aid the dissolution; MnS is an example of an essentially ionic
- sulfide.2?
Increasing dissolution rates also tesult from defects other than those
due to chemical substitution, The etching studies showed that dis:
-locations -and strain effects also lead to faster chemijcal attack, At
:, constant total surface (but not constant particle size) the dissolution

reaction rate constant, kg, - ‘therefore, may be.expressed as the- product
- of two terms,

-a

will depend on the crystallographic orientation of the surface plane.
 Structural considerations, therefore, suggest that the chemical re-
_activity and thus the rate of dissolution of zinc biende should decrease
~ with orientation of the surface planes in the following order;

{100} > {110} > {111}

* Both {1 10} and {I1 1} surfaces show crysta lographxc polarity with one-

. “broken bond per atom. ‘A Surface atom in -2 {100} face has two
~ broken bonds.

ZuH(s) — ZntHaq)

A
AH =~ £ _

For sphalerite as the solid phase a heat of reaction of 7.3 Kcal/mole is
calculated from enthalpy data at 25°C.

.PROPOSED MECHANISM OF REACTION

The analysis of the available experimental data suggests that the
dissolution process may be looked upon primarily as a chernical | 3
reaction at the interface between zinc sulfide and the:solution. Transfer
of teacting species to the interface and of reaction products from the
interface does not-appear to control the rate of the process if sufficient |
agitation-is provided. Although it is not possible to give quantitative @
discussion of the mechanism by which the dissolution is affected a few |
qualitative corirments ‘and observations may be made. I

Both the zinc blende and wurtzite structures of crystalline ZnS have §
the same short range order ‘which is characterized by 'the four fold §
coordination of the zinc -and, sulfur atoms. This coordination is the |
result of the directional and predominantly covalent bond formed |
between the zin¢ and sulfur gtom. The denSity of atoms exposed at -
the solid surface and the number of broken bonds per surface atom JE&"

kp = Yig*

j"-"_!there kg* Tepresents the intrinsic rate constant for the “perfect
g ﬁ!‘ystal“ and the variable factor ¥ ineasures the number of reactive
#tes per unitarea and reflects the nature of the imperfections present.
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E: lattice of zinc blende increases the rate of solution and in presence of
E: large quantities of iron (>0.1% by weight) elemental sulfur appears as
g. one of the reaction products.

Et s. .Etching studies on single crystals at 40°C in 4N and 10N H.SO

g solutions reveal that the dissolution reaction depends on the degree o;
g deformation and physical defects imposed on the crystal. The {111}
R .mlfur faces are more strongly attacked than the {111} zinc faces.

various steps by which the dissolution of ZnS is effected, the experi- |
mental results suggest that one or more of the steps involved in the |

that on etching the single crystals the {111} sulfur-bearing surfaces are ;
more strongly attacked than the corresponding zinc surfaces. By
dissolving the bond between zinc and sulfur in the solid through an |
attack on the sulfur atom, the solid eventually passes in solution. F
Since the sulfide ion concentration in solution under the conditions of
experimentation is extremely small (10~%M to 107%M), no accumula- ¢
tion of S= in the solution is expected during the reaction and it is more
than likely that the slow kinetic step takes place at the interface.
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SUMMARY AND CONCLUSIONS

The rates of dissolution of crystalline zinc sulfide in aqueous sulfuric &
acid solutions were studied in the concentration range of 0.125M to
8.75M H,SO, and in the temperature range 0.6 to 65°C. The reaction
products were HyS and dissolved zinc. Additional studies were made
on natural sphalerite to determine the effect of chemical impurities on
the dissolution process. Etching studies were also made on single
crystals of vapor-grown cubic zinc sulfide subjected to strain. The ) / :
following conclusions may be drawn from this investigation. 3 lem]:;rr;rvt;j %rf,hés\s' ;;ﬁaﬁll;r;/; lg;fgéulft;rgizinaksﬁrln%(())Sllllg‘sson. fhe Fhysica

1. The dissolution reaction in the absence of oxidizing conditions | 7. Stanczyk, M. H. and C. Ra;npacek, ngé Bureau gf r:'Iineg' R )I 5848 (1961)
and under conditions of vigorous agitation to eliminate diffusion con- g 8 McKay, D. R. and J. Halpern, Trans. A.LM.E., 212, 301 (,195.8)" .
trol of the reaction is a function of: > 9. Gray, P. M. I., Rev. Pure and Applied Chem., 5, 194 (1955).

. . . . 10. F .
(a) hydrogen ion (or sulfuric acid) concentration 0 G:;;varg, f{t 1; a;:sz.af:}z:l;fom; Trans. Inst. of Min. and Met., 66, 191 (1956).
(b) the initial surface area o Dicchon ; London, 7, 432 (1954).

(c) temperature 12. E. Von Discher and F. Pawlek, Z. Erzbergbau u. Metal Hiittenwesen, 10,

158 (1957).
(d) crystal imperfectigns (chemical .and physical defects) o 91533)D0wn%' K. W. and R. W. Bruce, Trans. Can. Inst. of Min. and Met., 58, 77
2. In the sulfuric acid concentration range, 1N to 10N, the nel SN 14, Wa I .
dissolution rate of ZnS varies directly with the initial surface area | 1s. Hollrre:‘;n' ﬁ" g";’r:gﬂ;ﬂ év _';PPI. iaI;nce, 7, 346, (1956).
with the first power of the hydrogen ion concentration and with the " organische Chemic, p. - ioerg, “Lehrbuch der Chemie™ Erster Teil, An-
. . . A emie, p. 188, Walter de Gruyter and Co., Berlin (1945).
square root of Zn*+ and H,S concentration in solution. e 16. Weicher, F. J., “The Analytical Uses of Ethylenediamine Tetracetic Acid,”
3. The forward and reverse reaction rate constants have been S PP11749, 224, Van Nostrand Co. Inc., Princeton, N.J. (1957). '
evaluated and from the temperature dependence of these an activation il p.931 Sg’“\’, W-Naﬂd H. N. Furman, “Standard Methods of Chemical Analyses,”
energy of 11.1 Kcal for the dissolution process is indicated and an S +.- van Nostrand Co. Inc., 5th Ed. (1939).
activation energy of about 7.8 Kcal for the reverse process is calculated.
4. The presence of substituted iron and manganese in the crystal
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The behaviour of the ians of alkali metals, eopper M) and =dver 8) during sorplion by granulated iron hydroxide from
. - M PR

solutions of ammonium Muoride

V § Pakholtkov ind V F Markov  (Uratx Pelviechay o fnegate

Summary

The sorption of lithium, sodium, polrssiuim, bidbno.
copper (1), and silver ) ions Teom salutions of theiy flueyg -
ide containing ammoniung (luoeide, by iron hwdvoxicde vran-
lated by freezing dre wel was invesieed undee oy i
conditinng, [t was extablished hat the sorbaba ity ot the
fons deereases in e order G4 Y A’ LD sy K
Rb*. This corresponds b lhv pEownrlies for the 3 thiliy

/376 7. 4//1/5_" unc

Kinélics of the clecleochemical reduction of thinurea complexes of metals,

Peparpre qr ot ihe Vetaihreps of Reiee Metals)

/ ;g
af the vorresponding hvdroxy complexes formed in the i‘-'@'
roactiom herweon the ciation and the hedrosvl group of ll)e"
hedroxide, The relationships obtained are explained in "15%
wris vt g courdinafion copolynierisntion process,
The formati n of a copper hvdroxyfluoride y =7~
position CuOUE i tie ion-exchange phase .\4 J
by IR spectroseopy and by chemiceal and ‘(n‘ MN(B]

KER

P

G N Shivrin and E M Shivvina (Keasnovirsk Institute of Nooferrous Alefals)

In nonferrous metailurgy thionrven soltions are wsced bor
the elutinn of nable mewits (o fon-exchanne resinesy, -
Aridic dolutinns of hiovren can also e used A8 2 aofvend
for wold amd silver o 3 ) Hlectrolvms is an oflective
wethrd for the ireatmend of thiouten solulicns of nable
metals,

in this connection the netuces of the clectra-chemic) ro-
duction of thioures complexes o metals ot a cathnde during
the electralysis of thiouren solutions are of theoretival und
practical interest,

Inavcardance with the secies of normal diss sociation poten-
fals ol the Llnouu,a complexes of metals (table), the noble
metrls are reduced at the cathode preferentinlly compared
with ihe accompanying nonferrous metls (lead, zinc, cad-
mjum, copper. ete), Silver is less easily reduced than gold.

Nurmal dissociation potentials and pKy values for thiourea
complexes of some metals

E m/m(Thio);’

Complex ions pK B
AulThio)? 21.96 +0.380(9)
Ap(Thio)d 13.10 +0.023(3]
Cu(Thio)2* 15.39{10] -0.119
Ca(ThiO)z* 8.60{111] -0.657
Pb(Thio)3+ 8.23(121 -0.647
Zn(ThiO)3 + 1.77 . -0.650

. 0.73114] -0.785

Investiga tion of the electrochemical reduction of the thiou-
rea complex of silver was carried out on apparatus with a
rotating disc electrode, described in the literaiure*), The
reduction of the thiourea complexes of gold and copper was
studied in a cell with vertical electrodes,

When silver is present in the thiourea solution, four polar-
isation waves are observed on the curve for the relationship
between current density and cathode potential.

As shown in 4), the first wave is due to the reduction of
electrochemically active impurities (mostly dissolved
oxygen) at the cathode. This process takes place under
diffusion control and is characterised by the presence of
a limiting current,

192

‘The serand and third polarisation curves are due to the,
clectrnchemicat decomposition of the thiourea complex.of
stlver, which is accompanied by the release of metallicy
sileer ot the eathode. The second wave is due to the dis,
charge of silver ions. The third wave, as will be shown?
subgequently, is due to electrochemical reduction of thiourcly
molecules contiined in the thiourea silver complex at the

eathode. Bolh waves are characterised by the existence uL
o hmiting current, which demonstrates the diffusion control
af the reduction of the silver ions.

The fourth wave is due to electrochemical reduction 6{;
hydrogen ions, which takes place under kinetic control andy

is described by a Tafel equation (5). S
o
! |
Jx‘ . AT
The offeer of the silvar
cencentrat ion in the
i zhiouraa wulation on the
N fapendones of g oand
Viep (1-4) on the poten-
tfal, Uenceatration of
o J':('x“!:r'o):, n-.--vicn/d.'n':
1 - 0,92 ami 1.85, 2 ~
8.4y 3 - 27.7; 4 - 37.0,
R

Fig.2 "‘3
Depemience of the limlt B
ing current on the activity)
of silver .jons in a 0.52
solution of thiourea
0.5y sulphunc acid
1 - iys 2 -diri 3~

28 24 0 26 22 log lim

The discharge current of the silver ions becomes apprés3
ciable with an overpotential of 0.05V, and then with increa
in the overpotential it increases sharply and passes mlo "
limiting current (fig.1). The magnitude of the limiting &
is proportional to the activity of silver ions in the solulial
{fig.2):

liag) 1im = K2+ 2 5
and is proportional to the square root of the disc rotation]

rate in strict accordance with the theory of the disc elecs
trode. This confirms the diffusion character of the silyary
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The inflection points on the curves in fig.2 correspond to '
silver concentration C),, = 2.75- 10" g-ion/dm? in the
layer adjacent to the eleci‘rode in a thiourea solution (0,52
mole /dm? of thiourea and 0.5 mole/dm? of sulphuric acid

A sharp increase in the cathodic current is observed with
fan overpotential greater than 0.16V (fig.1). The current
Wrapidly reaches a limiting value, which was found to bear
power relatlon to the activity of the sxlver 1ons in the

@)

23
a/\ 9

ﬁ‘i’)lim =

In spite of the fact that the current iy is a function of the

ctivity of silver ions in the solution, it cannot be due to

ischarge of Ag* ions, since calculation of the actlivity of

flver ions in the solution required to secure the current

) leads to values 1,5-20 times greater than the actual activ-
; ty. Nevertheless, the current 1T is due to discharge of the
Mthiourea silver complex Ag(Thxo) since it is only observed

Bin the presence of an appreciable amount of silver in the

M eolution and depends.on the concentration of silver in accor--

fdance with Eq.(2).

Thiourea molecules present-in the solution but not combined
Into the complex are reduced at the silver cathode at a

inegligible rate. However, thiourea molecules entering into

e composition of the thiourea silver complex are present

a transition state at the moment of decomposition of the

omplex during the reduction of Ag(Thio)y, and their reduc-

on at the cathode becomes more likely. As a result there

Ris a sharp increase in the cathodic current. During the re-
ction of thiourea molecules in accord'mce with the equation

6): .

B (NH,),CS + 8H* +6e —H, S + CH,NHY + NH} @)

ﬁle current i can reach 18 .., which agrees with the
expenmental data. ' :

B¢ Direct measurements of the consumption of thiourea during
the electrolysis of silver, due mainly to its decomposition
R at the cathode showed th'\t 2 85 moles of thiourea are con-

urce of the losses of the thiourea, if decomposition of the
thiourea molecules at the anode is prevented by separation
fof the cathode and anode compartmen(.s by a conducting

{ membrane,

In the region of overpotentials of 0.16-0.40V, where the
ischarge currents of dissolved oxygen and the reduction
‘eurrent of hydrogen ions are relatively small in value, the
I fain reason for the decrease in the current yield during

E the electrolysis of silver is the discharge current of the
thxourea complex ir.

>

-~
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" SCHE" If the overall cathodic current due to the occurrence of the

! silver and thiourea reduction processes is plotted in fig.2
« as a function of the activity of silver ions in the thiourea
¥l solution (curve 3), an empirical relationship is obtained
y ,i#{ which can be approximated as the power function
N :

4 ‘f ot Dy = Ks"al] : (a)

¥l -where w=1,68.

Sxmultaneous solution of Eqs.(1) and (4) leads to the equa-
N * Uon
1

Uy =K Gggr P2 (5)

" "The general relationships governing the electrochemical
‘ rgduchon as established for silver, :\lso hold for other

Ly

3
.,

(
o
!

Thus, if the electrolysis of a metal from a thiourea solu-
tion is realised under conditions where the electrochemical
reduction of oxygen and hydrogen can be neglected, the
ratio of the discharge current of the metal iy and the total
cathadic current iy,,, must be described by a relationship
of the type in Eq.(5). In fact, as seen from the data obtained
during the electrolysis of silver and gold in a cell with ver-
tical electrodes (fig.3), for iro¢ <0.1 A/dm® when j,, + i.r >
iy, the dependence on ity is described by an equation simi-
lar to Eq.(5): .

Igiy, = 0.621gico, - 1.08 . (6)

lgi/\u'= 0.62 lgitut -1.18 o ‘ )]

~ Fig.3

/ The depcendence of the. re-.

g duction current of the
metal fons (l=ipqr 2 - 4 =
iag) on the total cathodic
current density in the cell
with vertical clectrodes
without qpec!al agitation.

c ,mgjon/dm 1 -4.4;
Ag
10 N N N Canr mal ionfdm®: 2 - 4.4,
T aE v 3-2.41;4-1.24,
“lg dgag .

The coefficient before log i, iS the same for gold and
silver and is a consequence of the fact that in both cases
electrochemical reduction of thiourea molecules released
during decomposition of the thiourea metal complex occurs.
The practicallycomplete agreement of this coefficient in
Eqs.(6) and (7), obtained during investigations in a cell
with vertical electrodes and without special agitation, with
the power index in Eq.(5) which was derived during inves-
tigation of the reduction at a rotating disc electrode shows
that the relation (5) is universal and does not depend on the
conditions under which the electrolysis of the thiourea solu-
tion is realised.

With iy, >0.1 A/dm? the discharge current of the silver
ions reached a limiting value, and the discharge of the
hydrogen ions increased sharply. The amount of released
hydrogen is proportional to the density of the hydrogen ion
reduction current iy, The more-hydrogen is released, the
more intense the agitation in the layer of electrolyte near
the electrode, and as a result the magnitude of the current
which is limiting for a given metal concentration gradually
increases. In this region, when i, >iy + iy, the metal dis-
charge current is related to the total current in the cell
by the equation (fig.3): :

Igiy, =0.231gi;, -1.62 (8)
lgisy = W37 Igitor - 1.44 ) (9)
where ivge =iy + iy +ir.

From comparison of the normal dissociation potentials of
the thiourea complexes of various metals (table) with the’
cathodic potential at which hydrogen release becomes pre-
dominant (from -0.55 to -0.70V) it follows that only gold,
silver, and possibly copper can be reduced from the thiou-_
rea solution at normal rates. The thiourea complexes of
such metals as lead, zinc, and cadmium can hardly be
reduced at all at the cathode. Noble metals can be isolated
selectively from the thiourea solution by electrolysis, since
at the cathode potential when the reduction current of gold
and silver reaches the limiting value the reduction rate of
copper and other nonferrous metals is still too low.

Investigation of the joint deposition of silver and copper
from a thiourea solution containing 0.5 mole/dm® of thiou-
rea, 1.0 mole/dm? of sulphuric acid, 4.17 mg-ion/dm?
of silver, and 7.03 mg-ion/dm?> of copper was undertaken
in a cell with vertical electrodes. With current density
fyar = 3.79 A/m? the silver discharge current amounted to
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0 = 0.225 A/m? and the copper discharge current i, = References
(3R 0.bos A/m?, Increase in the cathode potential leads to an
£ Ir.» increase in the reduction rate of the copper ions, and here 1} I N Maslenitskii et atia: Metallurgy of noble metals
-t B the release of hydrogen increases and the current yield Metallurgiya, Moscow 1872,212, ,
il of copper decreases. 2) 1 N Plaksin: Metallurgy of noble metals, Melauurgtzdnt,
i+l . Moscow 1958, 319.
i From the experimental data presented the diffusion coef- 3) vv Lodeishchikov et alia: Izv Vuz 'rsvetmya Metal
L; ficient of the Ag(Thio)] ion was calculated. Its value for giya 1975,(2),77.
‘: g 2930K (Djpg = 0.47-107® cm?/sec) agrees well with published  4) G N Shivrin et alia: 1zv Vuz Tsvetnaya Memllurglya
- data 8), 1970, (6), 22,
“Fe if 5) GN thvrm et alia: [zv. Vuz Tsvetnaya Metnllurgiya -
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AU : metallurgy Part 3. Tsiintsvetmet, Moscow 1968, 27,
qo 8) R Yu Bek et alia: Izv SO Akad Nauk SSSR, Khxm\ya

With all other conditions equal the difference in the limit-
ing currents for the reduction of gold and silver from thiourea 9)
solutions is due to the difference in the diffusion coefficients 10)
of the respective ions. Consequently, the diffusion coef- 1)
“ficient of the Au(Thio)} ion at 2930K is: 12)

1970, (7}, 47.
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Investigation of the reaction of higher germaniﬁm, silicon, tellurium and molybdenum chlorides

A WS ed T WL RT

s 3.

V V Safonov, Zh K Fes'kova, NM Grigor'eva and Vi Ksenzenko {Mpscow Institute of Fine Chemical Technology and i
the Technology of Halurgical Products) ' B

In the literature there are mentions of the use of the ternary systems G»:.zCl4 -MoC), -SiC1, , GeCl, -MoCl; -TeCl

chloride method for the treatment of various waste pro- and MoCls-5iCl, -TeCl, were constructed on the basis of;
ducts from the radiotechnical industry®)®). The present investigation of the polythermal sections, the direction of
report gives the results from physicochemical investiga- which was determined by the position of the invariant °
tions into the solubility of tellurium tetrachloride in liquid points in the binary systems. The phase diagrams of the ;
germanium and silicon tetrachlorides and of the phase ternary systems are presented as the developed surface
equilibria in the GeCl, -MoCl -SiCl,, GeCl, -MoCl; -TeCl,, of the tetrahedron for the GeCl, -MoCl, -SiCl -TeCl‘
and MoClJ; -SiCl, -TeCl, systems. system (fig. ).

The industrial germanium and silicon tetrachlorides

. required for the work were freed [rom possible hydrolysis Table 1: Solubility of TeCl, in MeCl, mole %
e products by vacuum distillation. Tellurium (IV) and molyb- - 5
. 3,..“ et § denum (V) chlorides were obtained by chlorination of the Temperature °C GeCl, - SiCl,
{323 : respective metals ). The results from chemical analysis
d 3; bl and the melting points of the chlorides obtained agreed 40 0.0451 to-
N v; r’",},' ' well with calculated and published data. _ 23 883;3 gg};g
+ R ' . .
:".' The solubility and fusibility were investigated by iso- 70 ) 0.0990 0.0157
. ﬁ‘ u thermal saturation®) and by differential-thermal analysis. . 80 - 0.0189
i I ",é The time-temperature curves were recorded on a pyro- 138 01300 gggg
TR m et f the PK-5 e. ' .
't""i | i ser of fhe PE-0 o ' 110 0.1530 -
f"-; ¥ The solubility of tellurium tetrachloride in germanium

tetrachloride and silicon tetrachloride at 40-110°C is b
shown in table 1, The data obtained and the data from :
thermographic investigations of the GeCl,-TeCl, %),
8iCl, -TeCl, ®), and GeCl, -SiCl, -TeCl, ) syslems

T T

_ é ‘ . mdlcate the possibility of the separah(m of the greater Phase diagrams of the ternar
VI . part of the'tellurium tetrachloride by low-temperature sustems defining the Gecl, g
" ! Y ' crystallisation of the mixture. HoC1-SiCl,~TeCl, system

Fi1dml

‘! 1 The above- mentloned tornzuy systems are limited by
’iﬁ{f the concentration tetrahedron of the GeCl, -MoCl, -SiCl,
iy TeCl, qualerrary system. The phase dngx ams of the

bmary systems bounding the ternary systems have been
investigated by ourselves or have been described in the
literature. The phase relations in the binary systems
are shown in table 2.

.

e The crystallisation surfaces of the phase diagrams of the ALty ' &ele, ) Ma(le
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Kinetics of the electrochemical reduction of copper from cyanide-thigcyanate solutions

G N Shivrin, E M Shivrina and. V S Klimchenko Krasnoyarsk Institute of Nonferrous Metals - Department of the

Metallurgy of Heavy and Noble Metals)

Electrolytic recovery of metals {rom cyanide solutions
and pulps finds use in the technology ol the treatment of
gold-containing ores!), Electrolysis of thiocynnate eluates
2) and re-extracts ®) is used for the production of the pure

~ metals. The insufficient degree of investigation of the elec-

trode processes and kinetics of electrochemical reduclion of
metals in cyanide-thiocyanate solutions substantially retards
the application of the electrolysis of cyanide-thiocyanate
solutions in non-ferrous metallurgy.

The kinetics of electrochemical reduction from cyanide-
thiocyanate solutions were investigated on apparatus with a
rotating disc electrode*) and also in a cell with vertical
electrodes. In an aqueous solution of Na,Cu(CN), the de-
pendence of the cathode current density on the cathode poten-
tial has several polarisation waves, Dissolved oxygen is
first reduced at the cathode. Reduction of Cu(CN)3- ions
begins at a cathode potential of about -0.30V, The rate of

the process increases rapidly with polarisation of the cathode,

but a limiting current (fig.1) exaclly corresponding to the
reduction current of singly charged copper is established at
an over-potential higher than 0.15-0.20V.

The reduction of the CN- ligands entering into the compo-
sition of the complex Cu(CN)Z~ ion begins at n cathode polen-
tial of about -0.5V. Ata Cu(CN);~ ion concentration above
0.06 g-ion/dm?® the reduction of the CN- ligands passes into
the diffusion region, as shown by the appenmnce of a hmmng

current onthe polarogram (fig.1, curve 4).
1gi
2]

Fig.1l

44 The dependence of the
current density on the
potential of a rotating

copper disc cathode In

¥ solutions with various
concentrations of

W Na,CulCN) , (moleldw’):

: 1 - 0.0078; 2 - 0.0281;
7 - 0.0608; 4 - 0.125.

is

ar Q3 as qr a9 -y B

The limiting current for' the reduction of CN™ is approxi-
mately three times higher than the limiting current for the
reduction of singly charged copper:

(iCN )1 ime 3 (iCu )l im (l)

Consequently, one electron is used for each CN™ ligand
entering into the composition of the complex Cu{CN)]~ ion,
The reduction of the CN~ ligands can be represented by the
following reaction:

CN™ +3H,0 +1e —NH, +CO3~ 1 1.5H, i (2)
It should be noted that free CN™ ions not entering into the
composition of the -Cu(CN)]~ complex are not reduced at the

cathode under these conditions, The reduction of ligands
which are electrochemically inert inthe free state is clearly
a phenomenon characteristic of the reduction of the complex
ion at the cathode.

* are comparatively small and can be praclicnllyzdisregarded
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The fourth polarisation wave on the log i-& diagram in an [
aguéous solution of Na, Cu(CN), is due to the reduction of
hydrogen (not shown in the figure). Increase in the concen- \
tration of Cu(CN)Z~ ions in the solution leads to a decrease ‘
in the hydrogen overpotential, and this is due to a decrease
in the negative { potential at the cathode. )

Increase in the concentration of NaNCS in the solution leads
to a shift of the decomposition potential of Cu(CN); ~ towards N
the negative side and to a decrease in the limited current
density for the reduction of the copper. However, calcula-
tions showed that the decrease in the limiting current density
for the reducton of copper is not due to a change in the !
composition of the copper complex or to specific adsorption \
of NCS~ ions at the cathode but is brought about by a change
in the activity of the Cu(CN); - ions as a result of a change
in the ionic strength of the solution, :

The effect of the concentration of sodium cyanide on the
reduction of copper from the cyanide- thiocyanate solution
was studied in a cell with vertical electrodes without special J
agitation of the electrolyte. Electrolysis was carried out
with a constant cathodic current densily. The copper reduc- .
tion rate was monitored by weighing the cathode at half hour )
intervale. The change in the concentration of copper in the ¢
electrolyte during eleclrolysis was calculated from the
increase in the weight of the cathode, At the end of the
experiment a control analysis of the electrolyte was under- \
taken for copper content, and this made it possible to draw
up a balance in respect of thé copper in the cell, The electro- ‘
lyle temperature was 20°C, _ .

The reduction of copper under these conditions tak/es place
in the diffusion region, and the limiting current for the ]
reduction of copper is determined by the aclivity of the {
Cu(CN) - ions {ag,): -

icullim=n-F-k-ac, . ’ 3) i

where k is the rate constant of the electrochemical reaction, ;
which is independent of the activity of Cu(CN)j - ions in the i
solution. Experimentally it was established that k also

does not depend on the activity of NCS- ions in the solution
but depends on the activity of CN- ions in the solution (fig.2).
The dependence of k on the activity of CN™ ions can be ex-
pressed in terms of a power function of the following type:

k =k,- ng“\‘,‘ (4}
The experimental value of m is 0.33.

The overall cathode current density in the electrolytic
recovery of copper from cyanide-thiocyanate solutions
is composed of several components:

Love =lp, +incs *igy *icu * iy ®)

The only useful current is i, . The currents ig_ and iucs

during electrolysis in a cell with vertical electrodes.

{f the overall cathode.current density is kept within limits
corresponding to a cathode potential less than ¢ for the
beginning of intensive reduction of hydrogen, the overall }
cathode current density will be determined by the sum of the
current density for the reduclion of copper i¢, and the cur- !
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18K Fig.2

The .dependence of the

,rate constant for the

) reduction of Cu(CN)3™
from a thiocyanate
solution (0.617 mole/

B , dm® NaNCs) on the

18 activity of CN~ ions

with cathedic current

densities of 0.1 ')

and 2.0 Afdm* ?).

30 - -
20 34 8 i

1RACN~

rent dénsity for the reduction of the ligand icy . Under opti-
mum conditions there is a power relationship belween the
current densities (fig.3):

Gicy lim= ka0, < liove ) . N (6)

Fig.3

The dependence of the
rate constant for the
‘reduction of copper
from the cyanide-
thiocyanate solution
on thg cathode current
density.

10 (s 8 82 lgave

In a cell with vertical electrodes and with an elecirolyte
containing 0,305g-ion/dm? of Cu(CN)]~, 0.617g-ion/dm?
of NCS™, and 1,53 g-ion/dm® of CN~ at 20°C we oblained
n =0,56.

The effect of the electrolyte temperature on the reduction
rate of copper from the cyanide-thiocyanate solution was
investigated by means of the polarisation relationship at
a rotnting disc cathode and also by means of the increase
in the weight of copper at the cathode in a cell with vertical
electrodes and without special agitation of the electrolyte,
The lemperature was kept constant within #0.5°C by means
of a thermostat,

At the disc cathode with increase in the etectrolyte tem-
perature from 24 to 60°C there was a negative shift of the
reduction potential for dissolved oxygen, copper, and the
CN- ligand. However, the log i-¢. relationship for the
hydrogen reduction process remained alsmost unchanged
in the investigated.range of temperntures,

The limiting current for the reduction of copper increased
with increase in temperature. The experimenial value for
the activation energy of the electrochemical reduction of
the Cn(CN)2- ion at the disc electrode was E = 4120 cal/
g-ion, ’

During electrolysis of copper {rom the cyanide-thiocyanate
solulion in a cell with vertical electrodes and without special

agitation the range of investigated lemperatures was some-
what wider {15-60°C). In this case the aclivation energy

of the copper reduction process within the limits of 30-60°C
amounted to E = 4570 cal/g-ion, which is extremely close
to the activation energy at the disc elecirode,

The low value of the activation energy is consistent with

Maintaining a constant electrolyte composition in the electrolytic production of copper powder

A V Pomosov, A A Yun', and L P Tabatchikova (Urals Polytechnical Institute - Department of the Technology of

Electrochemical Processes)

The stability of the physical and technological character-
istics of electrolytic copper powder depends on the strict
observance of the electrolysis conditions, among which
the electrolyte composition is of considerable importance.
However, the electrolyte composition is subject to rapid
variation on account of the inequality of the cathode
(Bic = 85-94%) and anode (Bi, ®100%) current yields; the

130

the diffusion character of the electrochemical reduction.
of copper from the cyanide-thiocyanate solution al tempera-
tures above 20-24°C and under hydrodynamic conditions
characterised by Reg 1200, At temperatures below 20-240C
and under hydrodynamic condilions characterised by Reg 1200,
At lemperatures beiow 20-249C there is an abrupt change
in (he form of the dependence of k on temperature {fig.4).

c Fig.d
The limiting current
for the reduction of
copper at the ratat-
ing disc cathode )
and the rate constant
for the reduction of
copper at the vertical
cathode “) as functions
of the electrolyte
temperature.

‘0
FTENVERVERS | Y
The activation energy of the.process increases abruptly
to E>16.9 kcal/g-ion, which indicates a transition to the
kinetic region. The dependence of the copper reduction
rate on the concentration at an electrolyte temperature of
15°C leads to the same conclusion:

ico =n-F-k- G, m

In the diffusion region of the process the dependence of
the current density [or the reduction of copper on tempera-
ture can be expressed by the equalion:

- E _ 103

ﬁCu)lim= ks'lo SR 9_1.}(3‘10 T . {8)
Not only the rate of the copper reduction process but also
the current efficiency increase with increase in temperature.
Thus, at 50-60"C, even without special agitation of the
electrolyte the current efficiency amounts to 46%.

Combining, the obinined equations (1), {4), (6}, and (8), we
express the copper reduction rate in terms of the electroly-
sis conditions:loa

ﬁcuhim: 10 T

where f.is a coefficient which depends on the design of the
electrolysis cell and the intensity of the agitation of the
electrolyte, '

“love) 8% (acy )™ 22 cag, - f {9
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copper sulphate concentration increases, and the sulphuric
acid concentration decereases. Moreover, on the average -
1.5% of the copper passes from the dissolving anode into
the solution on account of chemical dissolution of the
copper anodes.

The currently employed method of maintaining a constant
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can be inventoried. But in addition to posits not yet recognized.™ EA serves. We must begin now, in both in-
these reserves, there are known, low “Our total resources in 1975 are vast,” dustry and government, to inform the
arada d-nosits not profitable to mine the report concludes, “but they cannot  public about the real nature of our min-
deposits of reserve quality that be mined, much less used, until they  erals problem, and to stimulate the re-
';ica]ly inferred but are as yet have been identified. appraised, and -  search that will make our mineral re-
] '~ SUBJ ed, and even new types of de- nally moved into the category of re-  sources available.”
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rson mine tunnel
holed\through by Amax
b after 4%2years’ work
FOUR "AND ONE-HALR YEARS of around-
the-clock tunneling ended with a dyna-
mite blast on July 15\ when miners
“holed through™ the 9.6-mi ore haulage
tunnel for the Henderson mine. The
mine, 50 mi west of Denver, is under
4 construction by Amax Inc.
The 15-ft-high, 16.5-ft-wide tunnel is
one of several major engineering feats at
" the largest privately financed project in
the history of Colorado. Before molyb-
denum production begins in the third
quarter of 1976, Amax will have spent
close to $400 million on the Henderson
) project.
The tunnel will serve ore trains haul-
ing molybdenum ore from the mine on : I . .
the east side of the Continental Divide to : AN o1 : !
an ore processing plant on the west side, Amax officials atop muck pile inspect holethr £
h thep Williamgs Fork Valley. After > P pile inspect holethrough of the Henderson haulage tunnet.
emerging from the tunnel, the trains will
travel another 4.8 mi to the ore crushing earth. A laser guidance system was used work force is expected to number 1.100.
) and milling facility. (For additional de- for working control, and at the time of Henderson has been cited as an out-
' tails on the underground transport sys- hole-through. the two tunnel headings standing example of industrial develop-
tem, see discussion of the Henderson were within 5 in. of being exactly on line ment with emphasis on environmental
mine in the feature section of this issue.) and within | in. of being on grade. concern. During early planning of the
Work on the tunnel began Jan. 10, At least an additional year of work project, a committee of Amax managers
1971. It was driven on a 3% downgrade will be required on the mine, mill, and and representatives from Colorado envi-
from the western portal 9,000-ft eleva- tunnel before the project goes onstream.  * ronmental groups met regularly to study
tion to connect with the train-loading Ultimate planned production of 50 methods of minimizing the environmen-
) - level of the mine, a 7.500-ft elevation. million b of molybdenum annually tal impact of the operation. As a result.’

~TAIS MONTH IiN MINING

Complex engineering and survey work
was required as eastbound crews of
Dravo Corp. and westbound Amax
crews worked toward each other in hol-
ing through the tunnel. Because of its
nearly 10-mi length, corrections had to
be made to allow for the curvature of the

L BNIVERSITY OF UTAH

from the Henderson mine will nearly
double Amax’s current annual produc-
tion capacity of approximately 60 mil-
lion Ib of molybdenum. The Henderson
project now employs about 2,100 Amax
and contractor employees. and when the
facility goes onstream the permanent

the Henderson mine was selected by the
US as the subject for a case history pre-
sentation in an international symposium
on “Environmental Accomplishments to
date—A Reason for Hope,” held in con-
junction with the Expo 74 World's Fair
in Spokane. Wash. []

Kennecott investigates solution mining potential of deep Cu deposit

ENNECOTT CoPPER CORP. has been ex-
perimenting with a solution mining pro-
cess at its Safford area copper deposit,
124 mi northeast of Tucson and about 9
mi north of Safford, in the Gila moun-
tains. Solution mining of deep copper
ores has attracted growing industry in-
terest in recent years as an environ-
mentally compatible, industrially safe,
and potentially economic means of re-
covering copper from deep-seated de-
posits without resorting to expensive un-
derground development.

A Kennecott research and develop-
ment team is considering a S5 million
program of at least five injection and so-
lution recovery holes. Leach solutions
would be forced several thousand feet

E/MJ—September 1975

deep under high pressure in the injection
bores to soak copper-bearing rock and
attack copper minerals. The recovery
wells in the leach area would establish a
circulation system returning to the sur-
face, similar to oilfield hydrofracturing
techniques..

The wells at Safford could go as deep
as 5,000 ft, and if the system is success-
ful, low grade ores may be recovered
that would not be economically acces-
sible by conventional open pit or under-
ground methods.

Previously, Kennecott had considered
a possible non-vented subsurface nu-
clear explosive experiment jointly with
the AEC, 1o break a small portion of a 2-
billion-ton copper deposit lying at great

depth near Safford. The blast was to be
designed to create a glassy, siag-walled
chimney typical of underground nuclear
explosions. The concept—long since

- abandoned—would have involved drill-

ing of solution injection and recovery
wells to leach copper from the rubble.
along with a complex monitoring system .
of additional boreholes to check radi-
ation levels.

Current testing by Kennecott is di-
rected at completion of two holes. The
company's Ledgemont Laboratory at
Lexington, Mass,, is conducting the ex-
periments and is seeking funds to ex-
pand to a five-hole pattern. Solution
would be pumped into a single injection

(Continued on p 31y

37




 SEEWHAT. 4,
| GARDNER-DENVER
‘1 -_IS DOINGINOW. 2

AN
[

.
v e

BBlow it’s quieter
P down there.

#t's because this Gardner-Denver
pd Leg Drill is equipped with a
eial muffler system. The result—
I8 noise pollution with no sacrifice
frilling muscle and operating
Bibility. See for yourself. See
griner-Denver Company,
, Ilinois 62301. .

.tures, cracking them w

THIS MONTH IN MINING

hole and out of the remaining with-
drawal holes. Hole diameters are re-
ported to be about 10 in.

Leach liquor would be pumped under

. pressures of more than 1,000 psi into the

injection wells to penetrate the forma-
tion through cracks, fissures, and faults.
Acting as a wedge, the high pressure so-
lution is expected to Erly through frac-

ile loosening and
dissolving grains of copper along the
way. Assuming that an effective injection
and recovery well circulation system
could be established in which the copper
concentration builds to suitable levels,
the pregnant solution returning to the
surface would be processed for recovery
of copper before it is returned to the in-
jection bore.

It is anticipated that the technique
could be used on sulphide as well'as ox-
ide ores. Success of such a system would
substantially increase Arizona copper re-
serves, now estimated at about 9 billion
tons of ore. i

Kennecott has not permanently
shelved the possibility of using a nuclear
explosion to establish an underground
leaching cavity. A contract signed with
the AEC in 1973 called for a joint study
of such a technique. However, this study
focused not on the Safford deposit but
on a theoretical orebody having the
characteristics of several Kennecott cop-
per deposits. The study has been com-
pleted and is being reviewed.

The solution mining technique is at-
tractive in that it would not pollute the
air and would create relatively little sur-
face disturbance. How the method
would affect underground water supply
has not been determined, but the Ari-
zona Department of Mines feels that any
water problems could be solved to assure
the public of a safe water supply. []

Tennessee’s proposed
minerals tax creates
storm of opposition

TENNESSEE GOVERNOR RAY BLANTON,
confronted with a continuing financial
pinch, is expected to ask the 1976 legisla-
ture in January 1o approve a severance
tax on state-owned minerals that would
most affect the coal and zinc mining in-
dustries. According to mining interests,
the tax—which would raise an estimated
$22 million—could put some zinc oper-
ations out of business.

Most of the opposition to the gover-
nor’s mineral tax bill-which failed to
win approval earlier this year—comes
from the mountainous east Tennessee
area, where the state’s mining operations
are concentrated. Concern about revival
of the tax issue is so great that a meeting
was scheduled for August in Knoxville
to organize an association of mining in-
terests to fight the bill.

In an attempt to solve a deficit budget
: (Continued on p 44)
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Yi9.! The effect of the concentration of
copper on the polarisation of
copper electrodes. Cathodic polari-
mation with copper concentrations
moles/l: 1 ~ 0.683; 2 ~ 0.448; 4 -
0.243; 4 - 0.136; 5 - 0.0%; L -
0.010. Anodic polarisation at the
same concentrations (1'-o').
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rig.2 The effect of the ammonium sulphate

i concentration on the polarization

of copper e¢lectrodes. Cathodic
polarisation with ammonium sulphate
concentration mole/l: 1 - 0.1; 2 -
0.25; 3 - 0.5; 4 - 0.75; 5 - 1.5.

Anodic polarisation at the same
flon €
J . - é

concentrations (1'-5').
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Fig.3 The effect of the concentration of
free ammonia on the polarisation of .
copper electrodes. Cathodic polari-
satvion with ecomantrations of free
ammonia mole/l: 1 -~ 0.324d; 2 - 0.586;
3 - 0.892; 4~ 1.149; 5 - 1.387,
Anodic polarisation at the same
concentrations (1'-5').

+4 Yy Qs

i ma/em”

*
13
Y

‘~§l£o Va4 Ohgy 04 CE Y

Fig.d The effect of the concentration of
zinc on the polurisation of copper
electrodes. Cathutdic polarisation
with the following molar ratios of
copper to zinc in the solution:
- }:0; 2 - 2:Y: 3 - 2:2;, 4 - 1:3:
5 - 1:4; 6 - 1:5. Coy = 0.25mole/1.
Anodic polarisation with the same
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A L Krestan and G N Dobrokhotov (Leningrad Mining Institute. Department of the Meiallurgy of Heavy and Noble Metals)

Known schemes for the concentration of copper-nickel
sulphide ores usually include the operation of selective
isolation of a pyrrhotite concentrate. Its subsequent metal-
lurgical treatment makes it possible to obtain the principal
components of the concentrate (iron and sulphur) compara-
tively simply in commercial form and partly to extract the
accompanying copper and nickel., However, the possible
treatment schemes are greatly complicated when there is
a large content of nonferrous and noble metals. One of the
variants permitting the complete extraction of the main
components of the concentrate may be a scheme of leaching
with concentrated ferric chloride solutions?). In this process
the first stage of the overall treatment (assuming arbitrarily
that the composition of pyrrhotite corresponds to the for-
nula FeS)

FeS + 2FeCly = 3FeCl, +S?
terminates in the production of a solution of FeCl,, elemen-
tal sulphur, and a small amount of an insoluble residue.
The bulk of the nonferrous and noble metals concentrate

in the latter. The second siage of the process, involving
oxidative hydrolysis,

3FeCl,+0.750,=2FeCl, +0.5Fe, 0O,

makes it possible 10 regenerate the reagent and to isolate

the iron of the pyrrhotite as an independent product. The
overall equation of all the gperations

FeS + 0.750,=0,5Fe, 0, + §°

shows that the process can be realised in closed techno-
logical schemes and does not involve the release of any
chemically harmful substances to the environment. Al

the same lime, separate realisation of the stages makes
it possible to reduce the possible losses of nonferrous and
noble metals with the iron hydroxide preecipitate, while
the choice of concentrated solutions of ferric chloride
secures the attainment of acceptable rates for the opera-
tions even at comparatively high temperatures?), The
present report sets out the results from investigations into
the kinetic features of the first stage of the overall treat-
ment,

The experiments were carried out with a sample of flota-
tion Toncentrale conlining 46.2%Fe, 28.6%S, 3.62%N,
1.620:Cu, 12.4%8i0,, 1.9%Ca0, and 4.45%A1,;0,. The iron
of the sample was largely represented by hexagonal and
partly monoclinic pyrrhotite and also (in a small amount)
by magnetite, nickel-pentlandite, and a partially isomor-
phous mixture with pyrrhotite, copper-chalcopyrite, and
cubanite. The initial solution for leaching with a concen-
tration of 100 ¢ dm®-of Fe* ¥ in the experiments with a
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approximately stoichiometric consumption of the re:gent. P R S PO
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1t was established that lower concentrations of Fe® ' appre 0. .
A ciably veduce the oxidation rale ol the pyrrhotite, while

higher concentrations hardly change it; additions of FeCly

5
4
o . ‘ {oss
dao not have a significant effect on the kinelics of leaching, ey
In this respect the selected initial concentration of Fe® "
1 3

. al ' / o9
can be considered optimum.

a2 H
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Fig.2 The aeffect of temperature on the

transfer of iron into solution %:
I -50; 2-60; 3 - 70; 4 - 80;
§ - 90; & - 95.
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Fig.l The effect of the intensity of
agitation (rpm) on the transfer
of iron into soluction: 1 - 50;
2 - 100; 3 - 150; 4 - 200;
250.

5 -
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The leaching of the concentrate was realised in a glass
reactor with a mechanical stirrer and provided with a
reflux condenser. The temperature was reguiated with an
accuracy of ¥2°C, During sampling the overall volume of
solution (0.5 dm®) was maintained by constant additions
of the initial solution with equal volume. The extraction
of the metals into the solution was calculated from the

aos

o018

change in the composition of the solution, and the exirac- ¢

tion of iron was additionally monitored by analysis of the Fig.3 The effect of temperature on the

final residue. Itwws established that the dissolutdon rate transfer of nickel into solution °C:

of the main component of the concentrate (iron sulphide) 1-60; 2~79; 3-80; 4 -90;

depends substaniially on the intensity of agiiation (fig.1). 5 - 98,

Practically complete transition into the internal diffusion : &
region was achieved with a stirrer rotation rate of aboul - %-_'—512 . ) 4
250 rpm or with the water value of the mochhed Reynold's ar &
criterion:

a2 . '
Rey, = EV’M 228(1300-4 = 7000 cors

{where n is the stirrer rotation rate, ¥ is the kinematic . oot
viscosity, and dy is the diameter of the stirrer). The low

values of Re; bore wiiness to the high porosity of the
sulphur film which forms, and this was confirmed by
direct visual observatons. It was also shown that the
dissolution rate of the main componenis of the concentrate

(iron, copper, and nickel) in the initial periods of leaching
agreed with the empirical equation:

¥
Fig.4 The effect of temperature on the ]
6- ,“/1-:)°=K1ch:+ T =Kt :

passage of copper into selution.
For the notation see fig.3.
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where:¢ =

the degree of extraction of the component into
Crelt =

the initial concentration of ferric chloride
T‘hlS .mffde it possible to express the effect of the various The variation of the rate constants for the dissolution of the components of the |
kinetic factors by comparison of the nominal rate consiants concentrate with temperature
K. In the range of investigated temperatures (60-98°C)with

Ged+ =100 g/dm?, Rey = 7000, and ¢y = 30g/dm® the - ) Tewperature °C 3
.dissolution rate of u\e iron in the’ concen{nt.e was approxi- cu:};‘:::m -
_ mately seven times greater than lhe dissolution rate of hot 50 i) 70 B0 50 . o8
i nickel and copper (figs.2-4, table). This secured prefer- ' .
\ ential dissolution of iron sulphides compared with copper 0.0343 0171 0.596 1.062 1.224 1653 ¥
\ and nickel sulphides. For instance, at 80°C 98,16, and 18% - les-tumt | 023107 | 0.62-10°% | 1047 10-%] 1,56 107
| of the respeclive metals were extracted into solution with < RAL-107 1034710724 0,705+ 102 | 1141077} 1.62- 10
' . . - . . . . - 203,33 17176 150.64 107.37 .| 90.82
| a leaching time of 30 min. The difference in the leaching
\ rates secured the production of comparatively poor final
i solutions. With an overall iron content of 140-150 ¢,"dm®
the content of copper and nickel was not usually greater ;
,,“ than tenths of a g/dmd. The production of such poor solu- tl_on energies of dissolution of the components of pyrrhotite
\ tions naturally guarantees the output of comparatively pure They had the following values, kl/mole; E;, = 16.74;
| iron hydroxide. E¢, = 60.24; E.; = 51.64. This showed that the dissolution
\ ' of iron sulphide ml\es place under diffusion control and the
! By graphical treatment of the experimental results of d;.ssoluhon of copper and nickel sulphides takes place unde
\\ this series of experiments in the form of the normal Kinetic control. HowgVex‘, the selectivity of dissolution de-
\ Arrhenius curves it was possible to determine the nctiva- creases somewhat with increase in temperature.
‘
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W - The addition of acid up to approximately 30 g/dm?® of HCt
B agpreclably accelerated the dissolution of pyrrhotite and

. 2ag comparatively little effect on the dissolution rate of

E rotalcopyrite and pentlandite {fig.5). From this observation
£ ta view of the acidic characteristics of sulphides it can be -
¥, cunctuded that the overall dissolution of the sulphides,

. taking place according to the equation

MeS + 2FeCly = MeCl,+2FeCl,+ &

te in fact composed of two parallel reactions, i.e., the
B wpochemical oxidation of the sulphides by the ferric ion
ta the solution

MeS + 2Fe®*' = Me3+ + 2Fe®* 4+ &
and simple chemical reaction with the acid
MeS + 2H* = Me®* + H, S

with subsequent oxidation of the hydrogen sulphide which
forms in the general mass of the solution (or more accur-
ately, on the outer surface of the diffusion layer) according

One of the technical measures called upon to secure in-
creased production of lead is the industrial assimilation
of progressive technological processes for the preparation
of lead sulphide concentrates and other lead-containing
- materials for smelting in a blast furnace. Improvement

. In smelting technology makes ever greater demands on the
[ metallurgical quality of the sinter (solidity, porosity, reduc-
Ivility). The creation of highly effective control systems for
the sintering processes facilitates to a considerable degree
the solution of the problems involved in the production of a
. high-grade sinter and improvement in the productivity of
E sintering machines.

d

In this connection a passive experiment by the rank correl-
ation method!) was undertaken under the conditions of the

i Elektrotsink lead works. As a result of treatment of the a

priori information it was established that in the degree of

7 influence on the main characteristics of the sinter roasting

{ the recycled sinter stands at second place after the physico-

f chemical composition of the sintering charge, and this

served as the reason for investigations on an industrial
charge and recycled sinter from the Elektrotsink works,
The effect of the quantitative content of the recycled sinter
in the charge on the characteristics of the sinter roasting
process was studied.

In the experiment the charge consisted of a mixture of con-
centrates, fluxes, granulated slag, lead cake, and lead

production dust. The raw charge contained 39%Pb, 13%S, , .

H,S + 2Fe®* = 2Fe? + 2H™ + 8°

Of course, the reaclion characteristics of the solution could
acquire different character at the end of the leaching opera-
tion; i.e., with low concentrations of ferric chloride and
with adequate rates.of formation of hydrogen sulphide.ln
practice a-higher acidity in the final solutions, which is
always observed with additions of acid to the initial mixtures,
promoted the appearance of free hydrogen sulphide, change
in the redox potential of the system, and redeposition of
the dissolved. copper and nickel.

Conclusions

1. During the trealment of pyrrhotite by concentrated
solutions of ferric c¢hloride dissolution of the the accom-
panying copper and nickel sulphides, which reacl under
Kinetic control.

2, With increase in temperature the selectivity of the dis-
solution of iron and nonferrous metal sulphides decreases.

3. The oxidation of sulphur takes place by topochemical
and volume mechanisms. Small additions of acid accelerate
the dissolution and, on account of the release of hydrogen
sulphide, promote redeposition of the nonferrous metais at
the end of leaching.

4. Dissolution of the {lotation concentrate at an acceptable
rate for industrial purposes (interrupted leaching time
0.5-1h) takes place at 90-100°C with an initial Fe®* content
of about 100 g/dm?3.
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Correlation of the parameters of the sinter roasting of lead sulphide ores and concentrates no

A I Kalashnikov and I V Aleksanyants (SKF VNIKI TsMA. Elektrotsink Works)

11.9%S,, 7.5%2Zn, 11.5%Fe, 7%Ca0, and 8.0%Si0,. In ihe
recycled sinter 0.67% of S was found. The lead content of
the sintering charge was stabilised with pyrite?). Charges
in which the ratios of the amounts of fresh charge to the
recycled sinter were 1:0, 1:1, }:2, 1:3, 1:4, and 0:1 were
tesied. On account of the unsatisfactory gas permeability
it was not possible to fire the charge in which this ratio
amounted to 1:0. Coke with particle size of lmm was added
to the subsequent charges in ever increasing amounts in
order to keep the fuel content constant, and the additions
were calculaled so that the absolute content of S + coke
amounted to 7.1%, which determined the optimum fuel con-
tent for the charge of the Elektrotsink works.

The obtained sinters with various charge-recycle ratios
were analysed [or magnetic permeability, reducibility,
solidity, sulphur content, and softening. Special schemes
were developed to analyse the quality of the sinter. The in-
vestigntions showed that the temperature in the bed increases
somewhal with decrease in the charge-recycle ratio, the
suction rate increases significantly, and the sintering time
is reduced. This is explained by the coarsening of the charge
and by the increase in its gas permeability.

With increase in the content of recycled sinter in the sinter-
ing charges the softening lemperature and the relative magnetic
permenbilily increase, while lhe sulphur content decreases,
Decrease in the charge-recycle ratio to 1:3 significantly
increases the reducibility of sinter. By correlation analysis

11
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Table l:~Con':entration dependence of the volatility
of beryllium chloride from NaCl-BeCi, melts

In melt In sublimates

mole % ) mg
35.5 6.42
36.8 9.61
39.7 16.20
42 .4 52.47
45.7 79.30
49.9 159.00
54.2 264.36
64.6 559.90
81.1 825.00

100 1025.00

Table 2: Activity (a) and activity coefficient {y) of beryllium chloride in
NaCl-BeCl, melt at 400°C

BeCl; in melt
mote % o -lg o Y -lg'y
35.5 7.19-10"2 2.14 2.02 103 1.69
36.8. 1.08-10-2 1.97 2.43-10-° 1.53
39.7 1.82 102 1.74 4.58-10"2 1.34
42.4 5.85-10-3 1.24 1.38-107 0.86
45.7 8.80-10"2 1.05 1.92-10"* 0.72
49.9 1.74-107* 0.76 3.49-10- 0.46
54,2 2.84 .10 0.55. 5.24 -10°} 0.29
64.6 5.72 -10-* 0.24 8.85-10 0.05
81.1 8.04-10-% 0.09 9.90.10"! 0.004
100 1 0 1 il
Aot - Nom-Lp.
UDC 669.2
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Kinetics of the leachiqgipolydisperse material -

. ™

O N Tikhonov (Leningrad Mining Institute - Department of the Concentration
. of Minerals) .

Belqw we give a qgantitative description of the kinetics of the leaching of a
polyd}sperse material, starting from the known (constant or variable) linear
velocity (l.'1 /2) of. thg leaching front towards the centre of the grain, With a
knowledge of vy, it is possible by "geometric' arguments and equations to

14
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predict the change in the granutometric characteristics y{(l, t) and weight m(t)
of the leached particles of the solid phase in the course of the time t of the
periodic process or in the discharge from continuous equipment.

The important initial value of vy can either be measured experimentally
or calculated theo;'etica.lly“). For instance, in the case of the known assump-
tion?) (p.108) that the decrease in the weight of the dissolving particle in
1 sec is proportional to its surface area S and also to the difference between
saturation concentration and the concentration of the dissolved product in
the volume of the solution Cq - C{t), we obtain '

dl
= = =KI[Cs—C(n)] . )

where: K = a proportionality factor
1 = the grain size .
In the case of the more general assumption about the decrease in the weight
m of the solid phase?) (p. 94) )
. ! T .

-:”—=—jS=p—_2—— (1a)
we obtain a relation between v, and the specific leaching flow J(kg/m2 ssec) in
the form j = p¥,/2. In the general case v depends on the concentration and on
the type of solvent reagent, on the temperature and pressure in the apparatus,
on the design of the apparatus and the intensity of the agitation of the pulp, aix
on the particle size | of the solid particles; below, in problems on periodic
and continuous leaching v, is contained {directly or indirectly) in the known

factors. :

During periodic leaching of a polydisperse material the differentinl particle
size distribution in lhe soluble part of the solid phase ¥(1, 0) and its general
mass m(0) at the initial time t; = 0 are known; it is necessary to predict the
change in the granular ¢haracteristics ¥(l, t) and the change in the mass m(t)
in the subsequent time (> t,=0.

We will denote the number of particles of the narrow class (1,1+d}) of the
soluble solid phase density P) by 7, (I, t) dl =dlm(t)¥{l,t) /pF/6)I" . The kinetic
equation is then derived on the basic of geometric arguments and is obtained
in the following final form: :

| for {>0 .
T()={055vr [=0 @)
Qlor [ <0

el 1) _
—a =i

o1 (L, )
T

(In the discussions v} =dl/dt is the rate of decrease in the diax;leter 1). Its
solution for t>0 and for the special case V| = const has the following form:

Wl =gl T ®)

15
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where v,; = m{0)y(l,0)/P(/6)I° is determined by the initial- condition (the granu-
lar characteristics of the initial material).

In order to obtain a solution according to (3) it is necessary to substitute
the argument | in the known initial function ¥, ; () for t by the time-displaced
argument t +v;-t, which corresponds geometrically to displacement of the
Yo (4, t) graph to the left at a constant rate as the solid phase is “consumed"
by the solvent. )

From the obtained 7,.{l, t) function we calculated m(t):

o
n(l)=j B, dl =
[

Imax -
o—{L—wfi)1,(1, O)dl .
J s @

We then calculate the mass of dissolved material at time t, i.e., m(0) - m(t).
We further calculate the total leaching flow per second, eqml to the mass of
solid passing into the solution-per second at the current time,

Y

Do
Qieactl?) =j_ _‘.; =Feq (4, t)di
4]

{4a)
where {1/2)n* is the loss in weight per second by one solid grain with sizel.
The following equation, equivalent to eq. (4), hold:

m (1) =,”"°)“£Q1eaéix (Hde K (ab)
iilxample 1. The equilibrium initial distribution O0< 1 <lg,, for 7,.is given by

Li= AT =T (=100 A=m(®)

— = const - (5)
= ¢ fman

where L., is the maximum size of the grain.

The solution according to equ. (3} is:

Tl 0= AT = TG+ ot = la)] )

According td eq. (4) the change in weight'of dissolved material is given by:

Luag .
a0 = | Lt up AT =TU— L) dl = m(0) (n - )

()

Vll

The leaching flow per second according to eq. (4a) is given by

4o NAY
Qleach ()= m(o)ﬁ(l ——‘-L) ’ . - (78.)

[

Thus, the graph for the ¥, (, t) function is displaced to the left at rate v 1,
the mass of solid decreases according to the law (7), and full dissolution is
complete after time

tf in™ Im‘"r’l

Here the leaching flow decreases gradually from the maximum 4m 0y /1gax
at t = 0 to zero at 5 = 3¢, .

Example 2. The equilium initial distribution for ¥(l) corresponds to the non-
equilibrium distribution for v, ): -

L O = (T = TU = Lau)] (®)

Wk =m0 /(35 7)

(9)
The solution according to eq. (3) is ‘
Wl n= T [T =Tus ot =t | [eguson 10)
The change in the mass of solid with time according to eq. @) is-
x Inax
= © " u—oep
m(t)zsg_g_nu, t)y1=':' S —Xar )
0

Vll
In this case the mass of solid also decreases io zero after an analogous
timxe.tfin = lpax /¥, but the law governing this decrease differs from the
previous case.

More complicated is the case of continuous leaching with C(t) = const and
consequently, v, ¥ const; an example of the apparatus may be a separate
‘autoclave in a chain of ;utoclaves under steady operating conditions. The
main equations for the kinetics of cotinuous leaching then have the following
form:

WL - (418 = d
LI S Qinnn/’("?”) ~ Guiouf (15 ) - a2
{
ac(n -y : @3)
M= =0 €1~ QoucCout + | - =0e1:04 Dl
4]

where: ¥, (1, t}dl = the number of particles with size (1,1+dl) in the autoclave
11 =-K C(t)-C (y,q= the linear rate of decrease in the size of the particles
Cé) = the concentration of the dissolved component in the pulp
in the autoclave
Qi Que ’QP ;o= the ingoing and the outgoing flows of solid {soluble) in the
Q; out pulp and aiso of the pulp itself ’
m = the amount of pulp.in the autoclave

m =/p(u1°/s) 7dl
-]
CinandC,

the amount of solid in the autoclave

= the concentrations of material dissolved in the ingoing
. and outgoing flows
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7ia 0, t) and = the granular characteristics in the charge and discharge of
Your G 1) the apparatus

Equation (12) is derived from eq. 2) with allowance for the ingoing and out-
going {lows of solid particles of the narrow class (I,1+dl); it is an equation
of balance in the indicated narrow class for apparatus under nonsteady opera-
ting conditions. Equation (13) reflects the balance in the dissolved part of
the leached material. Equations (12) and (13) remain in force during a hypothe-
sis differing from v} =K Cgae;-C(t) . The last-integral term in eq. (13) 1s the
leaching flow in the apparatus Qjeacy -

If the conditions in the apparatus are steady with respect to the material

flow, Q, in = Qp out =Q'p= const and M = const, eq. (13) has the following
form: . '
©.dC( Q 1. -

T — "'Cln(t)—Q)ut{t)'*‘Ml (13a)

Q

where. T = M/QP characterises the time spent by the particles in the appara-
‘tus. [Under ideal mxxmg conditions ~63% of any initial particles, or more
accurately (1-e-*)-100%, leave the apparatus in time T]. However, even with
Qp in =Qp ouyc = const and M = const nonsteady characteristics can occur
with respect to the leached solid (dy, /3t # 0; 3C/3t # 0) on account of the
fluctuations in Q, (t), ¥{nQ,t), and Qout (t). Also useful during investigation
of the nonsteady operating conditions may be the equation showing the varia-
tion of m(t); in order to obtain it we multiply eq. (12) by p(m/6)1° and integrate
the equation with respectto lfrom0Oto | .

Imlx

dm (f) 07.(1 n

= | e P (0= Qi
0

14)

The integral on the right side of the equation is equal to the leaching flow
with opposite sign; this is demonstrated by integration by parts:
. ’mu
= Qleacn (8} = j‘ 7’19“'[‘_“”-:]:'[" ;
0 0
Im:u °
— | Frren, nat.
0
. ‘The first term on the right side of the equatlon is equal to zero, and the
"second term is equal t0 Qyeach -

15)

For a mathematical solution of eqs. (12)-(13), apartfrom information on
Qin(t) and %, Q,t), we require information (direct or-indirect) on the amount
Qouc ) and composmon Yout. 0, t) of the outgoing product; here various
special cases determined by the character of agitation in the apparatus and
by the character of the discharge (solid phase), are possible.

Example 1. Ideal mixing in the leaching zone, controlled flow of solid in the
discharge, steady conditions.

18

With intense agitation in the autoclave it can be assumed that the compo-
sition of the outgoing product is equal to its composition in the autoclave,
i.e., in the case of ideal mixing in the apparatus:

T, ') =

< 5 Gudd=C© 1e)

For operation of the apparatus’ under steady conditions the seat of eqs.(12)- (14)
gives the following equations (C = const, 2y./3t = 0, Qp in =Qp our = Q)

pr.n _q)out_ Q)

(I t) =1

hl(l) =
hsarr Q)ut""_“ = _Oin Tin (“/P'E' r
(7)
Cou= € =Cip + —m‘*" (18)
Qin = Qeach + Qut (19

Wiﬂl the possibility of controlling the flow of solid in the discharge we con-
sider thg quantities Qout and m to be specified (and constant); then, from
eq. (17) it is possible to obtain an analytical solution (2) (p. 440):

9 Qou !
T (I) = — .._J.n_.ln dl
e"P(‘i )[ o 1P (1,;[, ) ] . @)

In the special case for'y; (1) = 41%/15,,, the solution of eq. (20) takes the
following form f(in the initial stage the equlhbrxum distribution ¥, i, (1) =const):

Tl = _%"'_21[, — exp [-%mu—tm.)]}

Qué? nu .
Seew)

_ 4Q n
budl= q,u.g;.,{“e"" 1)

Example 2. Displacement apparatus and uniform dlStrlbuthn with respect
to the number of particles inthe initial feed,

Tiin (=240 [T - Te -1,

"‘Pl:nn . (22)
7' ia dl

it

where: the number of partxcles with size (1,1+dl) in 1 m® of

initial pulp 1/m®
= the mass of solid in 1 m of the initial pulp kg/m
In the deterxmnanon of the leaching results it is here possible to use the sol-
ution obtained above for the periodic process (6) and (7), and assuming that
the leaching time in the apparatus is equal to T = Mp/Qp, we obtain: =

Tioud!)= —”in- HO=T0 4 v T—1,,]

= “@23)

Tou” m;“'(l B 7:’1) | | . e
Uenen =Gy~ mid G 1~ (1= 22 e
19




where Qp and M
apparatus.

p are the flow (m*/sec) and the reserve (m? of pulp in the

The examples investigated are comparatively $imple and were selected so
as to i!lustrate the analytical solution of the leaching equations. In complex
cases it is possible to use computer techniques with numerical methods for
solution of the differential equations. Thus, for instance, if the assumption
about t_he possibility of controlling the flow Qour 1s hot made, even for steady
operating conditions eq. (17) contains the desired function ¥s (1) under the integ-

.:-.al signfor Quuc 2nd m, and this greatly complicates the mathe matical solu-
ion. . - R .
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}ﬂdrothermal reaction of pyrite with copper sulphate
g T Py

*§ S Naboichenko, V I Neusiroev, and I F Khudyakov (Urals Polytechnical
Institute - Department of the Metallurgy of Heavy Nonferrous Metals),

Pyrite is one of the main components of copper-containing concentrates. The
present article gives the resulis from investigations into the reaction of pyrite
with acidified solutions of copper sulphate at elevated temperatures.

In the' investigations we used samples obtained after crushing, grinding, and
washing the required class of pyrite A and B with the following compositions,
wt.%: 0.12 and 0.01Zn; 0.11 and 0.1Cu; 45.1 and 43.7Fe; 51.2 and 50.0S;

0.48 and 0.59Ca0; 0.06 and 0.08MgQ; 0.73 and 0.94A1,0,; 2.0 and 3.5Si0,.

The experimental procedure has been described before *). The contents of
copper, iron (I and II), and acid in the solution were determined. The initial
and activated samples of pyrite were studied by chemical, mineral-petrographic
x-ray crystallographic, derivatographic analysis, and x-ray microanalysis. The
degree of transier of iron into solution and precipitation of copper were used

as the criteria of the process.

The parabolic form of the kinetic curves indicated that the diffusion resistances

increased on account of the thickening film of reaction products. The initial
rates of deposition of copper and dissolution of iron were used for kinetic analy -
sis. Variation in the stirrer rotation rate in the range of 740-2 800rpm (180°C,
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0.1 MH,SO,, CuSQO,:¥eS = 1.0) had practically no effect on the characteristics
of the process, and we subsequently therefore-used n = 1420rpm,

The passage of iron into solution and the precipitation of copper increased
with increase in temperature (table 1), but these values were not greater than
5.5 and 20% resgectively even at 200°C. The initial rates of dissolution of
iron and precipitation of copper were practically identical. The values of the
observed activation energy, calculated from the values of the initial process
rates, amounted to 44.4 (CuSO,:FeS, = 1.0) and 40.2 kJ/ mole (CuSO;:FeS; = 1.2).
Increase in the relative dose of copper sulphate led to a proportionate increase
in the process rates and also to a more appreciable inzrease in the acid content.

With increase in the initial acidity of the medium the.rates of dissolution of
iron and precipitation of copper increased in proportion, and the fraction of
oxidised forms of iron in the residue decreased. Similar behaviour was.obseér-
ved with other "copper sulphate-pyrite' ratios. The decrease in the rates ol
dissolutionof ironand, particularly, of precipitationof copperwith H,SO, .>0.2 M
indicates direct breakdown of the pyrite by the acid and confirms the relation
between the degree of dissolution of iron and precipitation of copper. The res-
ults from the investigation show that the kinetic stage plays a determining role
in the reaction of pyrite with acidified solutions of copper sulphate.

Attention is drawn to the fact that the.amount of precipitated copper is much
larger than the amount of dissolved iron; the experimental value of their ratio

“is >1, whereas in the reaction

CuSO4+FeSy—+CuS+FeS0,+5% AG'= =484 kJ/mole
[Cu,): [Fe*]=1. : )
This indicates the development of additional processes which promote the pre-
cipitation of copper. The content of elemental sulphur in the residues decreases
with increase in temperature. Chalcocite and covellite were found by mineral
petrographic analysis (MIM-6, x500-2 U0U). These sulphides and also a-Fe; 0,
and Cu, S, were also detected by x-ray crystallographic analysis (URS-€0 instru-
ment, Fe-K, RKD camera, asymmetric recording and x-ray microanalysis
(Cameca MS-4€ instrument). X-ray microanalysis indicated the presence of
metallic copper in the residues from experiments carried at t=180°C. The
derivatograms and the microstructures of the initial and treated pyrites dif-
fered little. The results from phase analysis of the residues, the character of
the dissolution of the iron, the precipitation of the copper, and the accumula-
tion of the acid make it possible to suppose that the following processes are
probable in the reaction of pyrite with acidified solutions of copper sulphate in
addition to reaction (1):
Disproportionation of the elemental sulphur which forms

45 +4H.0—+3H,S + H:S0, @)

Reaction of hydrogen sulphide formed according to reaction with copper sul-
phate -
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Table 1: Conditions and i:haracheristics of the reaction of pflrite A with acidified solutions of copper sulphate
(-44 i fraction* sample weight 12g, V,0.61, 7= 60 min)

. K 3
[cusq,] C}c{zso“ oc " Content g /1 Extrac.% | Conient in cake % g_io‘;jnff min | Ve, ’ Q,
[FeS.] | mole | . Cu | Fe |H,50, | cu | Fe| cu s ¢ | cu | Fe Veelo | | Viefr
1.2%* 0.1 140 8.65 |0.3 10.0 6.0 | 4.4 _1.2 52.0 1.2 - - - 1.62
160 8.44 0.3 10.2 8.4 |4.4 1.9 151.3 10.85 [1.08 1.12 0.96 2,26
180 8.38 10.32 10.8 8.6 |4.7 2.75152.2 10.64 |1.69 1.5¢ 1.09 2.18
200 | 8.3 J0.66 | 11.1 9.3 ]9.5 5.53 |50.4 | 0.30 J2.94 | 3.03 0.96 1.14
1.0 . 0.1 140 9.95 10.35 8.2 8.9 13.38 4.6 {494 10.62 [|0.47 0.44 1.07 2.4
160 9.8 0.35 ‘8.9 .92 |13.68 4.4 |48.5 {0.48 [0.86 0.81 1.06 2.5
180 9.5 0.65 8.2 17.1 | 6.17 6.1 49.1 | 0.56 |1.41 1.3 1.08 2.49
200 8.5 10.80 9.3 1189 |74 9.3 [47.2 {0.24 12.80 | 2.64 1.06 1.60
2.0 0.1 180 |18.3 0.8 12.8 110.8 | 7.70] 10.9 |50.4 tr.  ]2.53 2.€6 0.94 2.56
1.0 0.05 180 9.6 0.23 1.5 10.8 {2.2 5.7 |50.2 tr. 1.13 - - 4.58
0.2 8.6 0.58 19.6 19.0 14.86] 10.4 (51.6 tr. 2.22 2.34 0.95 3.11
0.3 9.3 10.51 23.4 12.0 | 3.67 6.9 {49.6 fr. 1.28 1.5 0.85 2.26

*  Specific surface area 0.64 m’/g
**  V,=0.81

Table 2: The effects of temperature, initial acidity, and reaction time on the reaction of pyrite with copper
' sulphate solution[ -44 p fraction, pyrite consumption according to reaction ]

Extraction % “Precipitationof copper % - Molar ratio
'A c £H S0, Total By :
mﬁéls(?" t°C | Tnin s | Fe g/1 double "1Q . -Q. | Cug Fe®" | Cug
. decom- o 150 | Feor
Q, Q. | position © HESO} H:50, | Fe
0.1 160 15 1.2 3.1 1.2 7.6 5.0 60.0 33.0 2.75 1.1 2.51
30 1.5 3.3 1.5 9.9 5.5 59.2 41.3 3.03. 1.06 | 2.87
60 1.8 3.5 1.6 .]10.4 G.0 56.2 42.2 2.91 '} 0.96 3.04
’ 180 2.2 4.3 - 2.2 11.9 7.7 55.8 35.8 2.62 0.94 2.78
180 { 15 3.2 3.3 3.2 11.9 | 8.2 | 40.1 31.6 1.78 0.49 | 3.64
30 3.6 3.5 3.5 12.8 9.0 39.5 | 30.4 1.79 0.50 3.59
60 3.9 3.9 3.8 13.8 9.7 403 30.0 1.80 0.50 3.57
180 4.9 | an 4.8 |16.7 [12.0( 39.0 | 28.6 1.3 045 | 3.5
200 15 4.1 3.3 4.0 14.3 941 34.7 34.2 1.75 0.46 4.34
30 5.5 3.5 5.4 16.4 | 11.8 29.8 217 1.49 0.32 4.56
60 10.4 4.5 10.2 21.5 {201 22.5 6.4 1.03 0.22 4.69
180 18.9 14.2 18.4 42.6 {42.4 33.6 0.6 1.13 0.38 | 3.01 »
0.25 | 200 |10 15.4 12.7 7| 151 36.3 {35.8 35.5 1.4 1.19 0.42 2.85
0.50 10.2 9.0 10.3 274 |24.8| 36.6 9.6 132 {044 |. 3.04
0.75 7.2 6.5 71 20,9 | 17.2 37.2 17.4 1.45 0.45 3.2
1.00 4.4 4.9 4.3 13.5 {114 42.8 14.6 1.54 0.55 2.77
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H,S + CuSO—CuS + H;S0, &)

The resultant reaction of elemental sulphur with copper sulphate is described
by the equation :

3CuS0+4S +4H,0=3CuS + 4Hz50; ’ » 4)

The overall reaction with the formation of covellite {a simple double decom-
position reaction) can be written as follows: :

7CuSO, +4FeS; +4H,0 = 7CuS +4FeS0,4-4H,S0.; .
AG°=—474,0 kJ/mole ' (6)
[Cul : [HaSO() =1,75; [Fe?*]:{H,50,]=1,0; {Cu,| : [Fer*] =175

The chalcocite is probably formed according to the reaction:

3CuSO.+5CuS + 4H,0=4Cu,yS+ 4H,50,;
AG®=—193.1kj/mole )

Thus, the reaction of pyrite with an acidified solution of copper sulphate in
the general form can be written as follows: ‘ .
" 2,8CuSO,+FeS;+24H,0=14Cu;S +FeSO,+2.4H,SO;
AG*=—539,5 kJ/mole )
[Cu,): [H;SO) =1,17; [Fe**]:[H,50,}=0,42; [Cu,]}: [Fe**] =28
Reactions (5) and (7) were investigated with 0.5 MCuSQ, and pyrite B (table 2).
(V K Pinigin took part in the investigation).

A sample of sulphide was taken in relation to its chemical and phase compo-

sition, the acid content (0.042gH;SO, /g) and the stoichiometry of the reactions.

During treatment of the experimental data it was assumed that all the iron is
in the sulphide form; the precipitation of copper by the chalcopyrite (0.29%)
and sphalerite (0.012%) which were present was disregarded on account of
their low contents. From reaction (5), knowing the content of iron in the solu-
tion, we calculated the amount of precipitated copper and the amount of acid
formed; the excess acidity |the difference between the experimental data and
the acidity according to reaction (5)] was used to calculate the amount of cop-
per precipitated according to reaction (6); at the same time we estimated the
fraction of copper in the covellite [reaction (5)]in relation to the total amount
of precipitated copper. Although the initial rates of precipitation of copper and
dissolution of iron are 3-5 times lower in absolute value than in the kinetic
experiments, the character of the positive effect of temperature and the nega-
tive role of the acid fwith H;80, ,20.25 M) on the characteristics of the pro-
cess (table 2) is preserved. The observed activation energies for the precipi-
tation of copper, dissolution of iron, and oxidation of the sulphide sulphur are
comparable and are equal to 52.8, 46.1, and 54.2 kJ/mole respectively. Satis-

. factory agreement between the experimental and calculated data on the pre-

. cipitation of copper was only obtained at 200°C with an initial acidity of<0.25M
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and a reaction time of not less than 60min. The fact that the amount of pre-
cipitated copper according to the experimental data exceeds the calculated
amount at t<2000C is explained not only by the role of the sphalerite and
chalcopyrite present in the pyrite but also indicates the development of add-
itional processes, leading to the precipitation of copper and not taken into
account inthe adopted method of calculation. Since the iron in the pyrite and
in-the-abtained solutions is present in the divalent form, the presence of
a-Fe 0, in the solid residue indicates oxidation of ferrous sulphate and hyd -
rolysis of the ferric sulphate according to the following reactions:

2FeSO,+2CuSO,=Cu; SO, + Fes (SO4)s,
CuzS0,==Cu+ CuSO;,
Fe;(SO4)3 +3H;0=Fe;03 4+ 3H;50.,
2FeSO,+ CuSO4 +3H;0=Cu +Fe;0+3H,SO4:
AG"= —159 kdJ/mole o ' @)

With allowance for reaction (7) the overall process is described as follows:

3.3CuSO,+FeSs+39M,0 = 1,4Cu,S +0,5Cu +0.5F¢,0; +3.9H;50,:.
AGY = —45838 kJ/mole ©

i.e., the copper ions exhibit oxidising characteristics. The development of
reaction (9) reduces the amount of iron in the solution and, as a consequence,
increases the [Cu, J:[Fe**] ratio and reduces the [Cu,]:[H:50,] and [Fe®*]:[HSO,]
ratios; this agrees with the results from the experiments (tables 1 and 2) car-
ried cut under conditions securing the hydrolysis of ferric sulphate {[H.S80,].€0.1 M
and t21800C). Anincrease in acidity retards-the development of the hydrolysis

of ferric sulphate and at the same time promotes direct breakdown of the

pyrite with the formation of hydrogen sulphide, which actively reduces the

ferric ions to the ferrous ion according to the reaction

H,S + 4Fes (S0,) 3+ 4H,0—8FeSO, + 5H,S0.:
AG®=—456 kJ/mole (10)

which excludes the precipitation of copper according to reaction (8) and inc-
reases the amount of dissolved iron. The [Cug]:{Fe®*]and [Fe®*]:[H,SO, |values
must be lower and approach the stoichiometry of reaction (7), and this agrees
with the experimental data. Similar arguments hold for the disproportionation
of the elemental sulphur according to reaction @), which occurs quantitatively
only at t>200°, securing the stoichiometry. of reaction (7). : .
Thus, in the reaction of pyrite with an acidified solution of copper suiphate
reaction (1) occurs primarily with the formation of a layer of covellite and
elemental sulphur on the surface of the pyrite. Using the Pilling-Bedworth

_ criterion as a characteristic of the permeability of the solid film, we can

assume that the layer of covellite creates appreciable hindrances (Kpp = 0.@7)
for the diffusion of copper ions to the surface of the pyrite. Additional diffu-
sion complications are presented by the viscous layer of molten elemental
sulphur, which (to judge from its content in the cake at temperatures above
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160°C) hydrolyzes appreciably in the presence of copper sulphate. Therefore,
at a temperature of more than 160°C the overall double decomposition reac-
tion leads to an additional increase in the amount of covellite. (Accordmg to
the stoichiometry of reactions (1) and (5), the molar CuS:FeS; value increases
from 1 to 1.85). This screens the pyrite even more and at the same time
creates conditions for effective reaction of the freshly precipitated covellite
with- copper sulphate solution according to reaction (6), and the overall pro-
cess is desceribed by reaction (7). The film of lower copper sulphide which
forms is less permeable (Kpg = 1.66), and this intensifies the hindrances to
diffusior of copper sulphate to the pyrite. The amount of chalcocite or covel-
lite is determined by the ratio of the kinetics of reactions () and (6). The rate
of reaction (6) depends significantly on temperature (E, = 107.8kJ/mole).
Therefore reaction (7) is the main reaction at t1800C; with decrease in
temperature the role of reactions (1) and (8) becomes appreciale. The acid
content has a significant effect on the characteristics of the reac¢tion of pyrite
with copper sulphate solution. .

Thus, the rate of the reaction of pyrite with copper sulphate is extremely
insignificant under hydrothermal conditions. The inertness of pyrite is due
not only to characteristics of the structure of its crystal lattice but also to
the impermeable films of copper sulphides which form and also to the forma-
tion of elemental sulphur, the complete hydrolysis of which is achieved at
temperatures above 200°C. Consequently, during hydrothermal activation
of copper, copper-zinc, and other concentrates the breakdown of the pyrite
will be insignificant, and this will lead to incomplete extraction of the iso-
morphous zinc and cadmium sulphides.
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Kinetics of axidative roasting of sulphide concentrates in a fluidised bed

L A Danilin, A S Malyugin, and L V Prede (North-Caucasian Mining-
Metallurgical Institute - Department of General Metallurgy)

There are published data on the mechanism and kinetics of the oxidation of
zinc sulphide concentrates (and of zinc sulphide in particular) and on the beha-
viour of other substances (iron, silicon dioxide, lead, etc.) and their effect
on the quality of the calcine. It is characteristic that the kinetic relationships
are represented in the form of the degree or rate of desulphurisation or
ferrite formation with time, temperature, particle size, amount of air blast,
and oxygen concentration. As a rule, the relationships governing desulphuri-
sation were determined from the amount of sulphur dioxide and sulphur tri-
oxide released after specific intervals of time. Most of the kinetic relation-
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_ ships were obtained for short time intervals, whereas the calcine is pres-
“-ent in the industrial farnaces for periods ranging from several minutes to
_tens of hours. The processes occarring in the solid phase have been insuf-
ficiently investigated, and there is little information on the effect of the dur-
i ation and temperature of roasting on such a quality characteristic as the con-
tent of acid-soluble zinc in the calcine during fluidised-bed roasting in the
range of 800-1000°C, which corresponds to the wocking conditions in the
majority of foreign plants.

- The kinetics of the oxidation of zinc sulphide concentrates were investigated
i ‘on fluidised-bed apparatus consistent of a fluidised-bed reactor situated in an
- “electric resistance furnace, an air delivery system, and automatic control
“"and regulation systems. The reactor.was made of 19Kh20N1UT steel. The
internal diameter of the working part of the reactor was 50min. The material
was unloaded by lowering the bottom part of the reactor with a perfoiated
base. The material from the working part was transferred to a quartz glass
test tube in a flask of cold water.

“The temperature in the bed was controlled and regulated by means of a
system consisting of a CA thermocouple, a KSP-3-2300 potentiometer, and
an MKRO-58 magnetic starter. The air consumption rate was controlled by.
means of an KS-5 rotameter, and the pressure drop in the bed was monitored
by means of a differential manometer filled with water. The concentration
of sulphur dioxide in the outgoing gases was measured by a gas analyser of
the TKG-4Ts lype. .

Zinc sulphide concentrates of the -200 +125 and -100+8Uu fractions were
submitted to roasting. They came from three deposits (Sadon, El 'brus, and
Fiagdon) differing in the contents of zinc, sulphur, iron, and silicon dloude
(table 1). X-ray crystallographic analysis revealed the following minerals in
= the Sadon concentrate (in decreasing order): Wurzite, sphalerite, pyrrhotite,

; pyrite, quartz, galena. -

" The composition of the Sadon concentrate was established by mineralogical
analysis %: 75 sphalerite, 15 pyrrhotite, 3 pyrite, 5 chalcopyrite, 0.8 quartz,
0.2 calcite. In the £1'brus concentrate the sphalerite constantly contained an
emulsion-type impregnation of chalcopyrite and very often galena and pyrite.
The composition of the Fiagdon concentrate was as follows%: 70-75 sphaler-
ite, 13-15 pyrite, 3-4~cha1copyrite, 1-1.5 galena, 3-4 quartz.

s’ Roasting was realized at 920, 940, 960, 980, and 1020°C (but only at 980°C
for the Fiagdon concentrate). The air consumptlon rate amounted to 1,0 m®/h
- to the reactor, which corresponded to a nominal linear rate of 14 cm/sec, for
) the -200+125u fractions, and 0.8 m%h (11 cm/sec) for the -100+80u fractions.-
It was éstablished that for both fractions change in the air consumption rate
from 0.8 to 1.0 m*%h did not have an appreciable effect on the phase compo-
sition of the calcines roasted at 960°C for 5 and 10 min but appreclably aﬁec-
ted  the dust removal.

27




Extraction of Al,0,, Na,0 2

-

¥

Fig.3

Extraction of Al,0; (1) VNa,0
(2) and Si0; /3) from sinters
into solution for the sinter-
ing of charges with various
contents of silica and of

Extraction of sio,

3

f x

S

bH RS -
Content in sinter % -,

With further increase of the iron oxide content and simul-
taneous decrease of the silica content of the charge the
extraction of the valuable components increased. At the
same time, the extraction of silica into solution increased.
The sintering temperature range became wider.

The identical effect of haematite, magnetite and siderite
on the sintering process is explained as follows. On
heating, siderite decomposes into ferrous oxide and carbon
dioxide. The obtained ferrous oxide and also the magnetite
are oxidised, being converted into ferric oxide. Moreover,
the oxidation is complete before the ferric oxide begins to

react with the soda. @HN}E@SH{V OF @T&H
EARTH SCIEHCE LAB.

Fig.4

%

Thermograms of some of the
products: Weakly magnetic
siderite (1) strongly mag-
netic magnetite (2) charges ~
of sidarite (3) and magnetite
(4) concentration procucts.

i

o7 w0 60 809 t.°C

This conclusion is confirmed by the results {rom differ-
ential thermal analysis. The thermograms of the strongly

. Q/“"‘—Ff )
(9% 3 V]

Kinetics of the dissolution of silver chloride in agueous solutions containing chloriuc jous

iron in the form of haematite.

RESEARGH INSTITUTE

magnetic and weakly magnetic concentration products and
of the charges containing these preducts we given in lig. 4.
Siderite and magnetite are converted ‘into ferric oxide
when heat~d to 6000C (exothermic neaks at 575 and 5100C,
curves 3-4), whereas the chemical reaction in the charges 73
"begins at higher temperatures of 770-89(YC (curves 3 and 4)

Curves 1 and 2 in figs. 1-3 have munimo. showing that the 3
sinters enriched with silica and ferric cxide contain more
alkali and alumina in the insoluble ‘orm. it was found that
these sinters contain the compounc: 2Nz, 3 éCal- 5810,
and 4Ca0- Al1,0,-Fe,0,, which do ~ . decompose during
leaching of the sinter®). Apart frowm: ‘che above-mentioned .38
compounds , alkaline silivaies of iron such 2s NagO- Fe, 0445

-45iQ,, which lead to losses of alkaii during leaching of 48
the sinter, can form under analog.us conditions. 4

We note that in the oxidation of sigerite and magnetite
during the heating of the charze a mrre aciive ierric oxide -
is formed in comparison with haematite. The extraction of .§
the valuable components is therefore somewhat lower in the 3§
case of the sintering of charges containing siderite, 8
magnetite and iron hydroxides comparses with haem tite 4
charges.

The results show that a high extraction of the vaiuzble
components can be obtained from sinters containing much &3
silica (more than 157%) but little ferric oxide (less ©:an T%) =
or, conversely, wiii a large content of iron oxide ;more
than 32%) and a smali content of silica (less than 3.5%). X
The sintering temyperature range for such charges amounts .:%
to 200-2500C. Thus, high-silica but low-iron bauxites and $
also high-iron and 1o -silica bauxites can be successfully g
processed to alum:na by the sintering method with good
technological characteristics.

¢ tING
.| KODS
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I A Kakovskii and V V Gubailovskii (Urals Polytechnical Institute, Department of th«

Metallurgy of Noble Metals) s

Previous articles®:?) gave the results from investigations
into the kinetics of the dissolution of AgCl in aqueous solu-
tions of cyanides, thiosulphate, ammonia and thiourea.
However, chloride solutions can also be used as a solvent
for silver. They can be used dboth for the extraction of silver
from chlorination products and to improve the hydro-
chlorination of silver-bearing gold3). In the reaction of
silver chloride with chloride ion in dilute solutions the
following reaction occurs:

AgCl+ Cl- = AgCl;

(according to our data K9,,= 3.1-10"%), and in the more con-
centrated solutions having practical significance the
following reaction occurs:

AgCl + 2C1" = AgCEE~

(K3ge = 5.5-10~%). The equilibrium constants of these reac-
tions are Jow, and to obtain a sufficiently high silver content
in the solutions it is therefore necessary to increase the
chloride ion concentration.

The kinetics of the dissolution of silver chloride in solu-
tions of sodium chloride, as the cheaper reagent, were

M . .

therefore studied in greater detail, and only individual
experiments were carried out for comparison with ammo- - _.i
nium chloride and hvdrochloric acid. The rotating disc §
method was used*). However, the character of the kinetics =
and the method of the calculations were somewhat different ¥
in the present work. The high concentration of the reagent- ~‘§~
solvent and the comparatively low concentration of silver in §
the solution make it possible to suppose that the process :
ratz will be determined not by diffusion of sodium chioride
to the surface of the disc, but by the rate of removal of the
reaction product (the Na,AgCl, complex). Under diffusion
conditions this corresponds to the equation:

%O._— = kS(cg - ¢)niz
and the dissolution rate must decrease with increase in the
silver concentration of the solution in proportion to the i
decrease in the co-factor (¢g - ¢). This can be illustrated by 7,;
fig. 1, which was plotted from our data (250C, 500rpm, disc "+
suriace area 10.2cm?®, concentration of chlorides. 5. 0moles/ Jf_
litre, volume of solutxon 1 litre).

The curved nature of the kinetic curves complicates the
treatment of the experimental data. However, a different
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The expertmental aclivation enerygy is 4.0kcal/mole, and
the reaction rate constant at 250C is 1.06-107" litre/cm?-
-sect2. revi?, This value is somcwhat higher than in normal
reactions taking place under 4iifusion conditions, and with
increase in temperature not c:ly does the diffusion rate
increase and the viscosity of te solution decrease but the
solubility of silver chloride in the aquenuz solutions of
sodium chloride increases. An aralogous relationship has
been gbserved?) in the dissolution of silver chloride in
aqueous solutions of sodium thiosulpihate (AE = §,03kcal/
mole) and ammonia (AE = 4.38kc.:1 mole). It is very impor-
tant to note that when silver ciiloride is dissolved in sodium
chloride solutions the activation energy does not depend
either on the concentration of the reagent-solvent or on the
intensity of agitation of the solution.

Let us define the nature of t:¢ invesigated reaction more
precisely. The dependence of ihe dissolution rate on the
square root of the disc rotation rate is most convincing
evidence for the fact that the process is controlled by dif-
fusion. From the fact that the rcaction rate constant does
not depend on the sodium chlcride concentration it follows
that the slow link in the provess is diffusion of the reaction
product (the silver chloride compiex). However, the sodium
chloride concentration, whiie 1ot affecting the rate constant,
has an appreciable effect on the dissolution rate, since

\;' =?Q1- = k(cg-¢c)

and the limiting solubility of silver chloride (c,) increases
very strongly with increase in the concentration of sodium
chloride in the solution.

By means of the value gbtzined for the reaction rate it

concentration 3.33moles/litre, initis™ v3:ume of solutica 2 C
1200ml, surface area of disc 4.91crv i, is possible also to obtain a value for the diffusion coefficient
Table 1
Interval Volume of Conen. of \ ¢ !
peme o 1 T s [
between sciutisn silver 7 v lg T—-< | &
; samples i =i g-ion/1 s i
1.5 i iso 1.27.107% | 1.25 - 0.0318  {c.0234
L] 1.5 1000 2.69 2.69 2.75 0.0703 10.0256
1.0 SU0 3.67 3.67 3.86 0.0990 10.0256
1.0 500 468 | 4.68 | 5.1 | 0.1308  |0.0256
1.0 700 5.78 5.78 |, 6.54 0.1681 {0.0257
2 c5-1.83-107° : :
_From the average value of the reaction rate (0.0256litre/h) of the complex Na,AgCl, at 25°C in concentrated solutions
- the rate constant was calculated in normal units: of sodium chloride, since they are related by the following
. 2.303k 2.303-0.0256 cquation:
SRR = =1,04-107°1/cm? -secHa-
o, T IR - 56107 -4.913.205 Ve \ - 8:18°10 (2r ) D
= - revi? ve
- A series of experiments was set up to determine the -
effect of the number of revolutions of the disc on the dis- D? = 61.1%6.10 o e = 6.84-10 e
N .18 i p2 )

solution rate (259C, sodium chloride concentration from
3.38 to 5. 42moles/htre number of revolutions 295-1815
per minute). The results from part of these experiments
are given in fig. 2. The average value of the rate constant
is 1.06- 10~ and, which is very important, does mwt
depend on the sodmm chloride concentration.

i l.' £ r .
*i % Fig.2
Y ‘i_ S . -
¢ I 4 . Dependence cf the specific di;—
o /- solution rate of silver chloride
xS < on the square root of the number
=i I3 d of revolutions of the disc per
s second; sodium chloride concen-
, N tration mole/l & - 3.38; x -
4.08; &4 - 4.38; m~ 4.85.
0 FERRC I3
Vi

& tevl/secl

The effect of temperature was investigated in the range
between 15 and 550C, The dependence of the rate constant
on temperature can be expressed in terms of ‘the equaticn: -

-

For 3.0, 4.0 and 5.0M solutions of sodium chloride the
kinematic viscosities are 1.096, 1.228 and 1.385-10“2cm?/
sec, and the diffusion coefficients are 0.58, 0.595 and
0.61-10-%cm® /sec. These values agree very closely with
the data obtained by Berne and Weill®) by an independent
radiochemical method.

The rate constants for the dissolution of silver chloride in
aqueous solutions of hydrochloric acid and ammonium
chloride are 1.45 and 1.68-10-% litre/cm?- sec¥z. rev¥s,
However, in spite of the large value of the rate constant,
the dissolution rate of silver chloride (with identica)
concentrations of the complexing agent) is lower in hydro-
chloric acid solutions than in sodium chloride solutions
(fig. 1). This is explained by the lower solubility of silver
chloride in hydrochloric acid solutions and, consequently,
by the lower value of the co-factor (cg-c) in the kinetic
equation. In solutions of ammonium chloride, however,
the dissolution rate is higher than in solutions of sodium
chloride on account of the higher solubility of silver chloride
in them. Thus; for example, with the complexing agent at a



+ e

concentration of 5.0M the solubility of silver chloride in
ammonium chloride, sodium chloride and hydrochloric acid
solution is 1.60, 0.70 and 0.38-10-2mole/litre (at 250C).

In conclusion we will compare the relative effectiveness of
the silver chloride solvent reagents which we investigated
using for this purpose the rate constants of the dissolution
reactions (table 2) occurring under diffusion conditions.

Table 2

Rate constant Activation
Co : k- 10 energy

wplexing reagent 1/em-sec¥ - revW? kcal/mole

Potassium cyanide 0.78 -
Sodium cyanide 0.68 -
Ammonia - 0.12 4.58
Sodium thiosulphate Q.52 5.03
Thiourea 0.60 3.45
Sodium chloride 1.06 4,40

From the data presented in table 2 it follows that sodium
chloride is not inferior to other complexing agents in its

Investigation of the composition of sorbed molybdenum ions of anion- exchange resins by an IR-spectroscopic method

L V Vasilenko and E I Kazantsev (Urals Polytechnical Insﬁtute. Department of the Metallurgy of Rare Metals)

Summary '

The IR spectra of macroporous highly basic ion-~
exchange resins in the C1 form were recorded after con-
tact with a solution of molybdenum. During the sorption
process at pH = 9 the spectrum initially contains two
absorption bands characteristic of the sorption of moly-
bdenum in the form of the monomeric MoQ, " ions, During
sorption a considerable increase in the pH value.of the
filtrate was observed. This effect can be explained by the
formation of a complex polycompound with bridging

Cavitation-resistant aluminium bronze alloyed with nickel, manganesé and titanium

M V Stepanova, Yu P Kosikhin, F A Bronin and B A Agranat (Moscow Institute of Steel and Alloys. Department
of the Physical Metallurgy of Non-Ferrous, Rare and Radio-active metals) .

The present work is a continuation of investigations?~2)
which are being carried out with a view to increasing the
cavitation resistance of aluminium bronzes for use in
ultrasonic equipment. The resistance to high-intensity
cavitation (excess pressure in chamber 0.4MPa%)) is
being investigated in aluminium bronze BrAl2 of eutectoid
composition, alloyed with nickel (3-4%), manganese (2-3%)
and titanium (0.2-0.3%) to improve the strength and anti-
corrosion characteristics.

It is well-known ®) that the highest grain refinement in
aluminjum bronzes is obtained with an iron content of

_ 4% and that there is a simultaneous increase in the amount
of the X-phase, i.e. in our case, evidently, seats of
cleavage, at which brittle fracture of the bronze can occur
under powerful ultrasonic influence. The replacement of
3-4% iron by only 0.2-0.3% titanium leads to greater grain
refinement and to increased cavitation resistance in
aluminium bronzes1).

The cavitation resistance of Br.AMtsNT12-3-3-0,25
bronze (Author's Certificate No. 377381, 27 March 1972)
was compared with the cavitation resistance of the binary
(aluminium) bronze BR.A12, with two standard bronzes
Br.AMts9-2 and Br.Al0, and with Kh18N10T steel, used
for the radiators of ultrasonic devices.

All these bronzes were tested in the hot-rolled and then
in the water-quenched (from the g-region) states (heating
temperature under quenching 800-850°C for Br.A12 and

36

kinetic characteristics and has a series of advantages over .}‘
them, i.e. non-toxicity, cheapness and availability. When §
used, it is necessary to pay attention to the choice of B
optimum concentration, which is determined by the silver =
content in the material being treated. The results from the 3
investigation can be used for calculations of the sodium :
chloride concentration required for hydrochlorination of =« -
silver-bearing gold?3). g
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hydrogen bonds consisting of MoQ, ' ions and H,MoQ,
molecules. .

At pH = § the IR spectrum indicates complication in the
composition of the sorbed molybdenum ions and the form-
ation of tetramolybdate ions Mo, Oy* ~.

_The results confirmed earlier conclusions about the
composition of molybdenum ions sorbed on ion-exchange
resins.

Br.AMtsNTZ-3-0.25). The structure was a martensitic
B'-phase. For Br.AMtsNTZ9-2 and Br.A10 the heating
temperature under quenching was 980-10000C. The struc-
ture was excess a phase against a background of marten-
sitic g'phase ). The experimental procedure and conditions
were described earlier?).

The rate of the losses in weight and the weight losses in
a 25h test are given in the table. (The rate of the weight
losses was determined from the "loss in weight-ultrasoenic
treatment time" curves during the period of intense
increase in the weight losses). From the data in the table
it follows that the complex-alloyed bronze Br.AMtsNT12-
3-3-0.25, containing the added elements within the limits
of 11.8-12,3% Al, 2-3% Mn, 3-4% Ni, 0.2-0.3% Ti sur-
passes Kh18N10T steel in cavitation resistance by 5 times,
standard bronzes Br.A10 and Br.AMts9-2 by two times,
and Br.A12 by 1.5 times. In contrast to the materials
being compared with it, there were no traces of erosion
on the surface of samples of Br.AMts-NT 12-3-3-0.25
bronze after 25h ultrasonic cavitation treatment.

Theé surface hardness of the samples (fig. ) changes
during ultrasonic cavitation treatment. In relation to its
cavitation resistance the material is characterised by the
character of the change in hardness together with the
weight losses. The greatest increase in hardness is
achieved after ultrasonic treatment for 1h. For the
cavitation-resistant materials Br.A12 and Br.AMtsNT12-
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Kinetics of the oxidati llic copper by copper ions in ammonijacal sulphate solutions

S E Klyain, S V Karelov, T A Chemezova and A P Doroshkevich (Urals Polytechnical Institute. Department of the

setallurgy of Heavy Nonferrous Metals)

The use of ammoniacal solutions for the treatment of
copper-containing materials has a series of advantages
compared with other solvents on account of their selectivity,
the high dissolution rate of the copper, and the comparative
simplicity of the treatment of the obtained solutions. It is
imown that metallic copper is readily oxidised by divalent
copper ammoniates®). An extremely limited number of
researches have been undertaken for ammoniacal carbon-
ate-solutions #)3); there are hardly any such data for
ammoniacal sulphate solutions. The aim of the present
work was to study the effect of the composition of the
ammoniacal sulphate solutions, the temperature, and the
intensity of agitation on the dissolution rate of metallic
copper by means of a rotating disc. The solutions were
prepared from reagents of pure and chemically pure grades
with distilled water. The amount of combined ammonia was
calculated on the formation of copper tetra-amine. Discs 2em
in diameter were prepared from an annealed rod of copper
of grade MOO. The discs were prepared for the experi-
rent by the method described in the literature®). The volume
of the working solution amounted to 11. The cell containing
the disc was thermostated, and the temperature was con-
trolled with an accuracy of #0.29C.

v-10°
;/a’ *sec]|
]

4 ni, (tpm)i

7:5.1 The dependence of the copper
dissolution rate in & solution
of 0.28 cu®® (NH.},50. + 2.4M
KHy'T®€ on the disc rotation
rate.

In order to prevent oxidation of the copper by oxygen the
experiments were carried out in an atmosphere of argon.
& preliminary tests it was established that dissolution
¢i¢ not occur when the disc was rotated at 300 rpm for 2h
iz 2 solution containing 2.0M NH; + 0.5M (NH,);SO, . The
dissolution rate of the copper was determined from the loss
in the weight of the disc. The dependence of the dissolution
rate of the copper disc (V) on its rotation rate is shown in
Gig.1. The proportionality of the dissolution rate to the
fquare root of the rotation rate of the disc shows that the
process takes place under conditons controlled by mass
transier, Analogous results were obtained with variation
! the copper content of the solution between 0.1 and 0.0 M,
And of the total ammonia content between 0.5 and 4.0 M.

e v

“

-

| —
L4 [Y] X3

1 3
TJO

fia s
*%.d The dependence of the conper
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The effect of temperature on the copper dissolution rate
was studied in the range of 20-48°C. The upper tempera-
ture limit was restricted by appreciable losses of ammonia.
At 48°C the losses of ammonia in 1h were not greater than
12-15%. All the initial kinetic relationships against the loss
in weight of the disc and time gave straight lines, The tem-
perature dependence for various disc rotation rates is shown
in fig.2. The calculated activation energy of the copper dis-
solution process for all disc rotation rates amounted to
6.9 0.3 kcal/mole, With increase in temperature from
20 to 400C the copper oxidation rate increases by approxi-
mately twice.Ina solutioncontaining 0.2 M Cu®*,2.4 MNHy¢ree »
and 0.5M (NH,), SO, the copper dissolution rate obeys the
relationship:

where V = the copper dissolution rate, g/cm?®- sec
n = the disc rotation rate, rps.

The theoretical rate constant for the copper dissolution
progess calculated by means of the equation

6,18.107¢ D3 (2n)>8
nwvl/6

is equal to 1.07- 107, which is twice as high as the value
obtained experimentally is the same solution (0.51 - 10~°).
The reason for this is clearly the fact that two ions of mono-
valent copper are formed for one reacting ion of divalent
copper in the process

K= (1/cm3. sec% . rps%)

Cu(NH,)?¢ + Cu® » 2Cu(NH,)#

i.e., the process is controlled by the rate of removal of the
reaction products. The kinematic viscosity of a solution
containing 0.2M Cu?*, 2.4 M NHg¢ree , 2nd 0.5M (NH,).SO,
was measured at 21°C and is equal to 11.45- 1072 cm?/sec;
the diffusion coefficient of the Cu®* ion was taken from the
literature ®) and amounts to 6.10-%cm?®/sec; m is a stoichio-
metric coefficient of the reaction, equal to one, An increase
in the content of Cu®* ions in the solution increases the
copper dissolution rate (fig.3a); in the range of variation

of the copper concentration between 0.2 and 0.8 M it increases
in proportion to the copper concentration raised to a power
0.5.For a disc rotation rate of 190 rpm with 0.88 M NH;free
in the solution the copper dissolution rate is described by
the equation ’

V = 3.55-10"5C%% exp (- .}%)

The effect of the ammonium sulphate concentration
on the viscosity and density of the solution at 30°C

Concentration | Dynamic * | Kinematic
of (NH,),SQ, viscosity | Density viscosity |
mole/1 cP g/cm?® cm? /sec

- 0.916 1.049 0.8732
0.25 0.980 1.065 0.9197
0.50 1.041 . 1.082 0.9621
0.75 1.104 1.098 1.0054
1.00 1.166 1.114 1.0466
1.25 1.228 1.130 1.0862

The effect of free ammonia on the copper dissolution rate
was investigated in a solution containing 0.4 MCu®* + 0,5M

R ——
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s Fig.3 The dependence of the copner
Zizsolution rate on the

2 concentration of Cu’* (a), the
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aw ar C
Fig.d4 The effect of the ammoniu=m sul-
phate concentration on tie copger
dissolution rate in a sciztion 5f
0.aM Cu?t + 1.6 NHiEree ac 30°C
and 190rpm -

(NH, ), SO, at various temperatures (fig.3b). The dissolution
rate of copper decreases particulariy noticeably with in-
crease inthe free ammonia content to 2.4 mole 1. For the
same conditions (190 rpm, 30°C) fig.3c shows the depen-
dence of the copper dissolution rate on the ratio of the con-
centration of total ammonia to the concentration of copper

in the solution. The dissolution rate decreases abruptly
ata ratio Cyy f°% /Cc,2+ >10: at values above 15 the copper
dissolution rale decreases slightly. This relationship is
described by the empirical equation

CNH§°: -2:84 )
V =270.155 | = = 0.786
u

The effect of ammonium sulphate on the copper dissolution
rate was studied in a solution. containing 0.4 M Cu®* and
1.6 MNH,¢ree » Where the ratio of the amount of free ammon-
ia to combined ammonia was unity. The concentration of
ammonium sulphate in the solution was varied between 0.25

Polarisation of a copper electrode in an ammoniacal electrolyte

VI Rybnikov, S V Karelov, A P Doroshkevich, 1 F Khudyakov and N V Ishchenko (Urals Polytechnical Institute)

Summary

The effect of the concentrations of copper, zinc, ammonia,
and ammonium sulphate in the solutions on the overall
polarisation of a2 copper electrode was studied. It was es-
tablished that the steady-state potential is shifted towards
electronegative values and the polarisation values and the
limiting current of the electrodes vary with increase in the
concentration of each of the components {except copper).
Zinc has an extremely significant effect on the limiting

' rate decreases linearly with increase in the ammonium-

and 1.25M, This series of experiments was carried outi
309C with a disc rotation rate of 190 rpm, The obtained
experimental data (fig.4) show that the copper dissolution

§
sulphate concentration. Since the dissolution rate of the
rotating disc depends both on the kinematic viscosity (y~/§
and on the diffusion coefficient (D3¥3), which is related to i
dynamic viscosity (D = const/u), experiments were set up;
to determine the viscosity and density of solutions with
various concentrations of ammonium sulphate. The results;
are given in the mable. . ;

With increase in the ammonium sulphate concentration {n
0.25 to 1.25 M the copper dissolution rate changes from
2.7-10-% to 0.26-10-2g/cm?- sec, i.e., decreases by a
factor of 2.14. According to the obtained experimental datz
the ratio of the copper dissolution rates as a function of the
variation in the viscosity and density (e.g., with ammoniup
sulphate concentrations of 0.25 and 1.25M) is determined ;
by the expression: ]

Vi _(#\®(0\ ¥ (1228 (1.065\¥° _ o

V. \m Py ~\ 0.980 130 T

The calculation shows that the decrease in the copper dis
solution rate cannot be attributed solely to diffusion limita
tions due to the increasing of the solution. The addition of;
ammonium sulphate evidently increases the concentration
NH,* ions and shifts the equilibrium of the reaction NH, + 4
OH™ 2z NH, + H, O towards an increase in the concentration
of free ammonia. The established relations between the
copper dissolution rate and the Cyytor /C . 2+ ratio and
the (NH,), SO, content are clearly due to the formation of
more complex copper amines with increase in the concen
tration of the ligand and are brought about by statistical
factors and by increased steric hindrances (4, pp.181, 182).é

Conclusions

1. The oxidation of metallic copper by divalent copper am
niates in an ammoniacal sulphate solution takes place under
diffusion control, the intensity of agitation is an important}
factor in the intensification of the process.

2.1In order to obtain high copper dissolution rates in the %
absence of oxygen it is necessary to have the smallest pos<
sible content of free ammonia in the solution,

3. The best kinetic characteristics can be achieved by
increasing the temperature of the dissolution process.
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passivation current of the anode, which amounts to i1in =
37.5mA/cm? in the absence of zinc and rises to 67.5mA/c
with a Cu:Zn molar ratio of 1:3. To prevent the joint dis-
charge of copper and zinc ions the concentration of zinc
in the electrolyte must be limited to a Cu:Zn ratio of 1:2,
The optimum in the investigated system is an electrolyte
containing 0.2-0.5 mole/l of Cu, 0.5-0.75 mole/1 of (NH,),SO,,
1.0-1.2mole/1 of NH,free and up to 0.5 mole /1 of Zn.
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"' For any A it is possibie to plot a curve for the dependence
of the process vate on the degree of conversion. From the

|

L@ﬁ:—s—o;he leaching of pyrrhotite by ferrous sulphate solutions

obtained calculated data we plotted these relationships for

- initiat phenol concentrations of 12.4 and 42.0mg/1 (fig. 4).
As seen from ‘the curve, various degrees of conversion of
the contaminant can be obtained for the same delivery rate,
depending on the volume of the packing,.

Conclusions

1. It is possible to use an ozone-conl:\inin'g gas with
ozone concentrations of less than 0.01 vol. % for the puri-
fication of industrial effluents containing up to 42mg/) of
‘phenol.

2. Columns filled with a porous packing can be used as
reaction vessels for the oxidation.

3. The.oblained experimental and calculated data make
it possible to select the amount and form of packing re-
quired for a given degree of purification.
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r In the previous report we set out the kinetic relationships
governing the leaching of pyrrhotite concentrates by concen-
trated solutions of ferric chloride, Il is also possible to use
ferrous iron in the form of the sulphate as solvent!)2). The
main reaction in this process

1/(1- x)) Fe,_, S+ Fe,(SO,); = 3FeSO, + [1/(1-x)}8° (1),

elemental sulphur, and an insoluble precipitate, The solvent
can be regenerated by oxidative hydrolysis of the final solu-
tion

3FeSO, + 0.750, = Fe,(5Q,), +0.5Fe, O, (2}
with the release of the iron from the pyrrhotite into'a separ-
ate product.

Below we give the résulls from investigations into the kin-

procedure was the same as in the previous work?), 1t was
established that the decomposition rate of pyrrhotite depends
] significantly on the intensity of agitation (fig.1). The full

f‘ transition to the internal diffusion region was observed with
aslirrer rotation rate of 250rpm or with a water value of
7000 for the modified Reynold's number, Subsequent experis
ments were carried out with this optimum intensity of agita-
; tion. For iron, as in the case of chloride systems, the ob-

equation
(1 _\sl 1- E,)a =

where is the degree of extraction of the component into
solution. This made it possible to express the effect of the
various kinetic factors by comparison of the nominal rate

¥ constants K. For copper and nickel sulphides the obtained
‘ kinetic data were treated also by the empirical equation
given above, with which they agreed satisfactorily, so that
ii it would be possible to compare them with data on iron sul-

K7

terminates in the produciion of a solution of ferrous sulphate,

f etics of the process in sulphate solutions. The experimenta]

tained kineticdata were described satisfactorily by the empirical

A L Krestan and G N Dobrokhotov (Leningrad Mining Institute - Department of the Metziiurgy-of Heavy and Noble Metals)

phide. Such an assumption was possible since this equation
described the initial stage of ‘the transfer of the nonferrous
metals into solution.

T h

a° ) g P 3 19

Fig.l The offect of the intensity of agitation
on the transfer of iron into solution.
Stirrer rotation rate rpm: 1 - 50; 2 -
100; 3 ~ 150; 4 - 200; 5 - 250.

Tests with samples of concentrate having various particle
sizes with other parameters constant showed that the leach-
ing rate increases in direct proportion to the reacting sur-
face of the particles. The composition of the solution had

_a significant effect on the intensity of oxidation of iron.in
the concentrate (fig.2). The character of dissoluiion re-’
mained constant at various temperatures. At low concen-
trations of the solvent (< 80 g/dm? of ferric ion) the process
was limited by transport of -Fe®* to the reacting surface.
Since Fick's law (dc/dr) = KC held for these conditions, the
observed reaction order was first. Trivalent iron concen-
trations =100 g/dm® corresponded to saturation of the boun-
dary layer in ferric ions, the process became nonvariant
in Fe**, and other factors (the amount of Fe®* ions in the
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solution, etc) played a determining roie. With increase in
the conceatration of divalent iron the oxidation rate of
pyrrhotite decreased linearly, and Lhe rate of withdrawal
of Fe?* from the reacting surface into the mass of the solu-
tion was the controlling quantity,

It was found that the experimental determinations were
described well by the normal Arrhenius curves in the in-
vestigaled range of lemperatures 50-103°C. This made it
possible to calculate the observed activation energies for
the dissolution of iron, copper, and nickel sulphides, which
were equal 1o 15,0, 38.9, and 41.4 kJ / mole respectively.
These values showed thai the dissolution of pyrrhotile oceurs
under diffusion control, and that of copper and nickel sul-
phides occurs under kinetic control. The results agreed

_well with theories about the limitation of dissolution by in-

ternal diffusion of ferrous ions,

Additions of sulphuric acid up to a concentration of 30-40
g/dm?® appreciably accelerated the décomposition of pyrrho-
tite and had little effect on the behaviour of copper and
nickel. In view of the acid characteristics of the sulphides,
this observation made il possible io consider that, apart
from the main reaction (1), their dissolution also occurs on
account of simple chemical reaction of the sulphides with
the acid

MeS + 2H* = Me®* + H, 8 i3)

with subsequent oxidation of hydrogen sulphide in the general
mass of the-solution:

H,S +2Fe®t = 2Fe®" + 2H™ + §° . . (4)

It was proposed lo describe the effect of acidity by the
equation K.= axm, where x is the concentration of free acid
(g/dm®), and a and m are coefficients. The logarithmic
form of this equation showed that the experimenial data in
the experiments with additions of sulphuric acid al the rate
of 5-50g/dm® fittedon to a straight line. Extrapolation of

¥ p!
ol
a8

o /
60%

aaz

i
h i 100 3
0 €50, 9/9m
Fig.3 The elrect ol the M350, concen-

tration un the vxidation rate of
pyrrhotite.

Table 1: The rate s for the oxidati

of pyrrhotite in chioride and sulphate

systems
Temperamee 'C
Hate canstant b
5t ty iU 80 40 103
R, for Fet’l, 0.0343 U8 3} 0.596 1,062 1.224 L.gg
R, ;ur Fea 180,14, 0,005 D.U160 v.098 0.070 0.087 PR1
L3 :K.:w 7 1 12 AL 'H 18
15:‘-“;K'M' 171 203 172 151 107 102
Ky, (RS : 34 25 16 16 13 10

the obtained curve tu the region where acidification of the
initial mixtures was not realised made it possible to deter-
mine the-amount of free sulphuric acid formed during the
hydrolysis of trivaient iron, which always occurs in real
solutions. This value was 2.5g dm®, The final form of the
relationship K = [(x) with allowance for the calculated cor-
rection 18 shouwn in fig,3. The reaction order in the acid
was determined as 0.7, The amorphous sulphur released
by reactions (1) and*(4) had a porous structure and hindered
the transport of the reagents, In thme it slowiy recrystal-
lised inw the rhombic madification. The dissolution rate
of the iron from the concentrate exceeded the dissolution
.rate of copper and nickel sulphides {tables 1 and 2), and
this.secured its preferential dissolution. licrease in tem-
perature from 50 tw 103°C deteriorated the selectivity of
the release of iron into solution, and the Kgs/Kyxj ratio
decreased by a factor of approximately 3. From these
observations we determined that under industrial conditions
it is most suitable w0 realise the process at high councentra-
tions of ferric iun and acid securing more intensive decom-
position of the pyrrhotite. A high acidity in the final solu-
tions also assists in the appearance of {ree hydrogen sulphide

- Table 2: The rate: constants for the oxidation of copper and nickel sulphides in chloride and sulphate

systems

Rate .constant

“Temperature °C

h-t ) :

50 60 70 - 80 90 103
Ko 1.5-107¢ 6.8-10°% 0.23-1072 | 0.62-10-2 1.04.10-% | 1.56-1077

For FeCl,

Khi 2.0-107 8.4-107 0.35-1072 0.70-107* 1.14-107? 1.82-10°2
K¢y 1.0-107¢ 4.5-107% 0.20-107% } 0.36-107% 0.56-10"% | 0.87-.102
For Fe,(S0,), —
Ky 1.3-10°° 6.3-10°% 0.29-10-2 | 0.46-10"® 0.69.-107% 1.06-10°2

K&y K'tu 1.5 1.3 1.2 B ) 1.6 1.8

Ky (K'y 1.5 1.5 1.1 1.7 1.8 1.7
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: Lead ferrites in lead s“mlers

iphide g

and, with low concentrations of the basic oxidizing agent,
it promotes the inactivity of copper and nickel sulphides

o from the pyrrhotite. Comparison of the obtained results

on the leaching of the concentrates in ferric sulphate and

ferric chioride solutions shows that the qualitative rela-

lionships are the same in both systems, but a quantitative
evaluation shows the advantage of systems with ferric
chloride (table 1). On the average the dissolution rate of

pyrrhotite in ferric chloride solution is approximately ten

times higher than the dissolution rate in ferric sulphate.
This ratio increases with increase in temperature, The

1 difference is probably explained by a difference in the

diffusion rates of Fe®" ions. The diffusion.rate is consider-
ably lower in the sulphate on account’of ils lower solubility,
which decreases with increase in temperature*). Copper
and nickel sulphides also react more strongly with ferric

“ chloride, but the difference in the oxidalion rates is not s0

significant and amounts on the average Lo about 1.5 (table 2).

; [ The selectivity of the transfer of iron into solution is higher
" in the chloride systems (table 1).

The .disadvantages of the use of ferric sulphate must also.
include the need to work with more dilute pulps having a
liquid-solid ratio of (12-14):1, due to the ‘lower solubility
of ferrous oxide at 70-1000C (about 110 g/dm?®). In the case
of ferric chloride this ratio os (5-6):1.

4

\\0

Conclusions

1. Dissolution of pyrrhotite in concentrated solutions of
ferric sulphate occurs under diffusion control and is more
rapid than dissolution of the accompanying copper and
nickel sulphides, which react under kinetic control.

2. The composition of the solution has a strong effect on
the oxidation rale of the iron from the concentrate, High
concentrations of trivalent iron and acid are most favour-
able. .

3.The rate of the process is reduced by an increase in
the content of divalent iron in the solution.

4, The selectivity of the dissolution of iron from the pyr-
rhotite decreases with increase in temperature,

5. The qualitative relationships in the leaching of pyrrho-
tites by ferric chloride and ferric sulphate are the same,
but the oxidation of iron from the concenlrate occurs more
strongly in chloride solutions.

6. The use of ferric sulphate requires operalion with dilute
puips, and this requires a larger volume of equipment,
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For the theory of lead smelting it is important to know the
scale to which lead ferrites are present in the sinter. Metal-
lurgists have invesligated the compositions and properties of
lead ferrites and have discussed their.behaviour in the smelt-
of lead sinter*™%), At the same time, those who have in-
vestigated the mineral composition of the sinters have not
come to concerted conclusions on the question of the presence

* of lead ferrites®*"). In this connection an attempt was made

to supplement the available data by experimental data,

According to the literature, ferrite formationbegins at 665°C
and takes place vigorously at 7259C. Above 725°C decompo-
sition of ferrites occurs 9°), During lead sintering the tem-
perature reached in the bed fluxtuates most often between
1000 and 1150°C, and the lead ferrites which form with in-
crease in temperature must inevitably decomposed. Con-
sequently, the lead sinter can in principle contain-only fer-
rites of secondary formation, formed in the same differen-
tial layer with decrease in temperature. On-the basis of
these considerations samples of lead ferrites were prepared
under two different sets of conditions.

The first sumple was prepared by calcination of a meta-
ferrite mixture at 7250C for 3h. In the obtained sinter 4%
of PbOg oo on the total PhO content of the sinter was de-
terminéd by leaching with 10% acelic acid solution. The
second ‘sample was prepared from an analogous mixture by
calcination for 2h at 725°C and then for 1h at 9200C with
subsequent slow cooling. In this sample we determined
25.3% PbOgyqe , 2nd the remaining PbO was presumably
combined inta a ferrite of secondary formation. Samples
of industrial sinters, the chemical compositions of which
are given in the table, were also investigated,

Table

Sample plant P | 2n | co | el | sio:] cao]mpolaro,
t Chimkent 31.9|10.3)1.92]10.3 ] 1.8 | 9.22] 7,51 256|256
2 Leninogorsk a7| elofziez| 74 sz | e43i 1113 1007 {160
3 Elektros ik a0.3) 9.0l ior 122 |21 | 71| r08a) 17a |18
1 Ust'-Kamenogorsk | 42.5]10.1[212] 7.8 | 3.3 | 6.21] 6.21{1075 [2.07

The microscopic investigations were carried out on an
MIN-8m and a Neofot-2 microscope. X-ray analysis was
performed on a URS-50IM instrument and also on a URS-
70 instrument. Investigation of the synthesised samples
showed. that they have a [ine two-phase structure, The
boundaries between the phases are soft on account of the
small difference in their reflective power and only differ
in immersion at large magnifications.

One of the phases is represented by the finest (3-5u)
short-prismatic crystals and grains fairly uniformly dis-
tributed in the containing phase (normal magnetite). The
phase (lead ferrite) is determined by extremely weak re-
lief, a yellowish-cream tint, and by higher reflective power
than magnetite. In addition, the crystal form and the weak
anistropy of the phase are characteristic. The described
microgrowths are similar to the normal decomposition
structures of solid solutions of natural two-component sys-
tems (of the magnetile-haematite, magnetite-ilmenite, and
other types) which, as known®)®), are formed during the
cooling of solid solutions with the corresponding composi-
tions, ' )

A homogeneous system, which was subsequently differ-
entiated during cooling of the sinter with the formation of
structures from decomposition of the solution, is evidently
formed initially with increase in temperature as a result
of solid-phase reactions. between the components of the
charge. Thus, the appearance of lead ferrite detected in
the sinters is determined unambiguously by the fact of its
participation in the decomposition structures. The pre-
sence of lead ferrite and magnetite in the synthesised sam-
ples is confirmed by the data from X-ray analysis (fig, 1),
which demonstrates the fundamental possibility of the
formation of secondary ferrites during the sintering of the
lead charge. However, restricted amounts of ferrites are
detected in some samples of the ground sinter, and this is
eusily explained by the presence of contacts between PbO
ind Fe,0, only in local volumes,
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Frank R. Milliken told the

Kennecott Copper Corp. has sub-
. mitted a proposal to the U. S.
Atomic Energy Commission for a
joint experiment to determine if a
i contained underground nuclear ex-
| plosion can be used -to fracture a
{ low-grade copper ore deposit to re-
cover the copper by in-situ leach-
ing. If authorized, safety and tech-
nical studies in the field would be
undertaken to determine whether
such an experiment could be con-
ducted with full protection for pub-
lic health and safety.

The proposed experiment, known
as “Sloop,” would be part of the
AEC’s Plowshare Program to de-
velop peaceful uses of nuclear ex-

\ h CONE

SULFURIC ACID

-REAGENTS

..... L-_.n_.._\'—'l

553

DEWATERING THICKENER

SETTLING TANK

COPPER BEARING
LEACH SOLUTION STORAGE

To make feasible the extraction of metal from deposits

uneconomic to mine by conventional methods, Kennecott president

AEC on October 24, is why . .

plosives. As now visualized, the
project involves the detonation of
about a 20-kiloton nuclear explo-
sive at a depth of 1200 ft. '
If a nuclear explosive is em-
placed deep underground, upon det-
onation the blast will be fully con-
tained. The energy of the explosion
is released in a fraction of a ‘micro-
second and vaporizes, melts and
crushes the surrounding rock. A
cavity forms and expands spheri-
cally around the blast center fol-
lowing the outward moving shock
wave until the pressure of the gas
in the cavity approaches equilibrium
with the weight of the overlying
rock. The molten rock that initially
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Proposed flowsheet for treatment of 2600 gpm of copper leach solution from in-situ ore broken by a conﬁr-wd nuclear blast.

UNIVERSITY OF UTAN
RESEARCH INSTITUTE
EARTH SCIENCE LAB.

Kennecott Proposes Nuclear Mmmg
Expenments at Safford Deposit

lines the cavity walls will flow and
form a pool on the cavity bottom
and as it cools, solidifying into a
relatively inert glass, it traps and
entrains up to 95% of the radio-
active fission products generated by
the explosion.

The explosion would be ex-
pected to result in a chimney of
broken ore about 440 ft high and 200
ft in diameter containing about 1.3
million tons of ore. The chimney
material is extremely permeable; in
earlier Plowshare experiments,
shattered granite has contained
about 25% void space. Also, 75%
of the fragments have been smaller
than 12 in. in size. The force of the

SOCIETY OF,




-explosion will also fracture rock be-
yond the chimney, increasing the
original rock’s permeability for a
distance- approaching three cavity
radii. .

The Sloop study proposes an ex-
periment to evaluate the combined
nuclear fracturing/in-situ leach-
ing technique for recovery of copper
from low grade orebodies. The Saf-
ford deposit of Kennecott Copper
Corp., about nine miles northeast

. of Safford, Ariz., is suggested as the

expenmental sxte The cost is es-
timated at more than '$13,000,000,
including construction of pxlot
processing plant facilities at the
Safford site and its operation for
one year. If the proposal is accepted
by the AEC, terms of the joint
project, including the division of
costs between the government and
Kennecott, would be negotiated.

It is estimated that 9 months
‘would be required from the author-
ization date until detonation of the
explosive. In an additional 9 months
the leaching tests could begin. A
minimum of one year of leaching
would probably be required to ac-
cumulate sufficient data to evaluate
the techniques. The overall project
time from authorization to evalua-
tion would approximate 30 months.

The ‘plan is to place. .the nuclear
explosive- in a 20-in. diam hole
drilled from the surface. The hole
would. then be plugged to prevent
.venting to, the atmosphere and the
explosive would be detonated at a
depth of 1200 ft.

After the shot, holes would be
drilled from the surface into the
chimney to define its height, take
samples of the atmosphere inside
it and measure the void volume.
Holes 'would also be drilled to in-
vestigate the extent and radius of
fracturing outside the chimney. As

soon as- the post-shot safety . re- .

quirements are satisfied, existing
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. underground openings would be.res

habilitated and facilities installed
for the leaching tests.
For the leaching tests, leach

liquid input holes would be drilled
to the top of the chimney. An ac-
cess drift and a system of drill holes
would be installed beneath the
chimney to collect the pregnant
(metal-bearing) leach solutions.
The copper would be recovered from
the solution by treatment with iron
to precipitate a copper powder. A
precipitation plant using cone pre-
cipitators similar to those now used

_ results,

at -Kennecott’'s western mines would. ..

be constructed near the shaft. The
plant would be capable of treating
a throughput of about 2600 gpm
of solution obtained from the col-
lection system, and of recycling -the
barren (stripped) solutnons to the
chimney zone.

The operation of the pilot leach-

" ing plant should produce.a moderate - -

amount of copper that, after suit-
able treatment, could be made avail-
able for ordinary usage. A portion
of the copper precipitates would be
used for developmental studies to
determine the most efficient proc-
ess for refining the crude copper
for marketing on ‘a commercial
scale.

The feasibility study concludes
that there appears to be no safety
problems that cannot be satisfac-
torily managed and that the project
can be conducted at the Saﬂ'ord site
without’ ‘hazard ‘or seriolls incon-
venience to the population of the
area. Radioactivity in the leaching
solutions should be at low enough
levels that shielding for personnel
protection would not be required.
Any residual contaminants in the
raw copper product would be re-
movable by refining processes so
that the finished copper would be

virtually free of any radloactlve_

material.

VOID SPACE
FRAGMENTED ROCK

FRACTURED ROCK ‘\. ¢
b,

j ’ COOLED i
GLASSY SLaG6 —

A FEW SECONDS
TO A FEW HOURS

FINAL COMFIGURATION

Sequence of cavity—chimney formation by a nuclear blast.
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Project Sloop would be a .joint

éffort of the U.S. Government and
Kennecott Copper Corp., with the
AEC providing the nuclear explo-
sive '‘and conducting the operation
and program for the protection of
public health and safety. Kennecott
would be responsible for the leach-
ing and copper recovery phase of
the experiment. The U. S. Bureau
of Mines would participate in all
phases of the experiment, evaluating

results of the experiment.

At the present time the AEC is
not authorized to supply explosives
and the required support services
on a commercial basis. The AEC
can, however, under the Atomic En-

ergy Act of 1954, utilize nuclear ex- -
plosives. in cooperative research and.

development arrangements-with in-
dustry, including demonstrations of
particular applications.

In order to assist industry in
evaluating possible future uses, the
AEC has published projected
charges for nuclear explosives for
use as a guide in evaluating Plow-
share excavation applications.

Projected Costs
for Thermonuciear Explosives
Yield, Kilotons- Approx.. Chz;rge- -
10 $350,000
50 425,000
100 460,000
350 500,000
500 535,000
1,000 570,000
2,000 600,000

.The AEC believes that the projected .

charges are sufficiently representa-
tive of the future situation to war-
rant their use in feasibility studies.

These charges cover nuclear ma-
terials, fabrication and assembly,
and arming and firing services. Sig-
nificant related services which are
not covered by these projected
charges are safety studies, site
preparation including construction

Aty el e s denren ey

estimating applicability of

" . the technique to other potential ore-
bodies and cooperating with the
.other participants in reporting .the. :

'
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a

of emplacement holes, transporta- |

tion and emplacement of the explo-
sives and support of the operations
in the field. The charges would be
produced in quantity for routine
commercial utilization and it is pos-

sible that reductions in these costs . °

could occur as a result of future
technological developments.

The nuclear fracturing and “so-
lution mining” concept, if success-
ful, could greatly increase the mine-
able copper reserves in the United

States by permitting development of

low grade deposits which cannot be
mined economically by conven-
tional methods. In addition, it would
keep disturbance of the natural
landscape at a minimum.
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To make feasible-the extraction of metal from deposits

uneconomic to mine by conventional methods, Kennecott president

Frank R. Milliken told the AEC on October 24, is why . . .

Kennecott Proposes Nuclear Mining
Experiments at Safford Deposit

Kennecott . Copper Corp. has sub-
mitted a proposal to the U. S.
Atomic Energy Commission for a
joint experiment to determine if a
contained underground nuclear ex-
plosion can be used lo fracture a
low-grade copper ore deposit to re-
cover the copper by in-situ leach-
ing. 1f authorized, safety and tech-
nical studies in the field would be
undertaken to determine whether
such an experiment could be con-
ducted with full protection for pub-
lic health and safety.

The proposed experiment, known
as “Sloop,” would be part of the
AEC's Plowshare Program to de-
velop peaceful uses of nuclear ex-

plosives. As mnow visualized, the
projéct involves the dclonation of
about a 20-kiloton nuclear ecxplo-
sive atl a depth of 1200 ft.

If a nuclear explosive is em-
placed deep underground, upon det-
onation the blast will be fully con-
tained. The energy of the explosion
is released in a fraction of a micro-
second and vaporizes, melts and
crushes the surrounding rock. A
cavily forms and expands spheri-
cally around the blast center fol-
lowing the outward moving shock
wave until the pressure of the gas
in the cavity approaches equilibrium
with the weight of the overlying
rock. The molten rock that initially

66—MINING ENGINEER'ING, NOVEMBER 1967

lines the cavity walls will flow and
form a pool on the cavity bottom
and as it cools, solidifying into a
relatively inert glass, it traps and
entrains up to 95% of the radio-
active fission products generated by
the explosion. ~

The explosion would be ex-
pected to result in a chimney of
broken ore about 440 ft high and 200
ft in diameter containing about 1.3
million tons of ore. The chimney
material is extremely permeable; in
earlier  Plowshare experiments,
shattered granite has contained
about 25% void space. Also, 75%
of the fragments have been smaller
than 12 in, in size. The force of the
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explosion will also fracture rock be-
yond the chimney, increasing the
original rock’s permeability for a
distance approaching three cavity
radii.

The Sloop study proposes an ex-
periment to evaluate the combined
nuclear fracturing/in-situ leach-
ing technique for recovery of copper

. from low grade orebodies. The Saf-

ford deposit of Kennecoit Copper
Corp., about nine miles northeast
of Safford, Ariz., is suggested as the
experimental site. The cost is es-
timated -at more than $13,000,000,
including  construction of pilot
processing plant facilities at the
Safford site and its operation for
one year. If the proposal is accepted
by the AEC, terms of the joint
project, including the division of
costs between the government and
Kennecott, would be negotiated.

It is estimated that 9 months
would be required from the author-
ization date until detonation of the
explosive. In an additional 9 months
the leaching tests could begin. A
minimum of one year of leaching
would probably be required to ac-
cumulate sufficient data to evaluate
the techniques. The overall project
time from authorization {0 evalua-
tion would approximate 30 months.

The plan is to place the nuclear
explosive in a 20-in. diam hole
drilled from the surface. The hole
would then be plugged to prevent
venting to the atmosphere and the
explosive would be detonated at a
depth of 1200 ft.

After the shot, holes would be
drilled from the surface into the
chimney to define its height, take
samples of - the atmosphere inside
it and measure the void volume.
Holes would also be drilled to in-
vestigate the extent and radius of
fracturing outside the chimney. As
soon as the post-shot safety re-

quirements are satisfied, existing
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underground openings would be re-

habilitated and facilities installed
for the leaching tests.
For the leaching tests; leach

liquid input holes would be drilled
to the top of the chimney. An ac-
cess drift and a system of drill holes
would be installed beneath the
chimney to collect the pregnant
(metal-bearing) leach solutions.
The copper would be recovered from
the solution by treatment with iron
to precipitale a copper powder. A

precipitation plant using cone pre-’

cipitators similar to those now used
al Kennecolt's western mines would
be constructed near the shaft. The
plant would be cupable of treating
a throughput of about 2600 gpm
of solution obtained from the col-
lection system, and of recycling the
barren (stripped) solutions to the
chimney zone, .

The operation of the pilot leach-
ing plant should produce a moderate
amount of copper that, after suit-
able treatment, could be made avail-
able for ordinary usage. A portion
of the copper precipitates would be
used for developmental studies to
determine the most efficient proc-
ess for refining the crude copper
for marketing on a commercial
scale.

The feasibility study concludes
that there appears to be no safety
problems that cannot be satisfac-
torily managed and that the project
can be conducted at the Safford site
without hazard or serious incon-
venience to the population of the
area. Radioactivity in the leaching
solutions should be at low enough
levels that shielding for personnel
protection would not be required.
Any residual contaminants in the
raw copper product would be re-
movable by refining processes so
that the finished copper would be
virtually free of any radioactive
material.

V010 SPACE
FRAGMENTED ROCK -

cooLEL
GLASSY "1 a0

A FEw 3ECONDS
TO A FEW HOURS

FINLL CONFIGURATION

Sequence of cavity—chimney formation by a nuclear blast.
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Project Sloop would be a joint
effort of the U.S. Government and
Kennecott Copper Corp., with the
AEC providing the nuclear explo-
sive and conducting the operation
and program for the protection of
public health and safety. Kennecott
would be responsible for the leach-
ing and copper recovery phase of
the experiment. The U. S. Bureau

" of Mines would participate in all

phases of the experiment, evaluating
results, estimating applicability of
the technique to other potential.ore-
bodies and cooperating with the
other participants in reporting the
results of the experiment.

At the present time the AEC is
not authorized to supply explosives
and the required support services
on a commercial basis. The AEC

- can, however, under the Atomic En-

ergy Act of 1954, utilize nuclear ex-
plosives in cooperative research and
development arrangements with in-
dustry, including demonstrations of
particular applications.

In order to assist industry in
evaluating possible future uses, the
AEC has published projected
charges for nuclear explosives for
use as a guide in evaluating Plow-

‘share -excavation applications.

Projected Costs
for Thermonuclear Explosives

Yield, Kilotons Approx. Charge

10 . $350,000

50 425,000
100 . 460,000
350 500,000
500 535,000
1,000 570,000
2,000 600,000

The AEC believes that the projected
charges are sufficiently representa-
tive of the future situation to war-
rant their use in feasibility studies.

These charges cover nuclear ma-
terials, fabrication and assembly,
and arming and firing services. Sig-
nificant related services which are
not covered by these projected
charges are safety studies, ' site
preparation including construction
of emplacement holes, transporia-
tion and emplacement of the explo-
sives and support of the operations
in the field. The charges would be
produced in quantity for routine
commercial utilization and it is pos-
sible that reductions in these costs
could occur as a result of future
technological developments.

The nuclear fracturing and “so-
lution mining” concept, if success-
ful, could greatly increase the mine-
able copper reserves_in the United
States by permitting development of
low grade deposits which cannot be
mined economically by conven-
tional methods. In addition, it would
keep disturbance of the natural
landscape at a minimum.
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shear at the same strain values. The success of the
theory of plastic bending (see Dolan and Sidebottom,

for example®’) indicates that this assumption is not
greatly in error.

It is clear from Table I that fracture does not
occur for a critical value of either the glide strain or
the applied normal stress. Furthermore, most com-

Table 1. Fracture of Zinc Crystals in Bending at —196°C
(deflection rate = 1 ipm for beam 1 in. long)
Corresponding
Resoived Shear Normal
Orlen- Gllde Strain Stress fr. Stress,
tation Radius at at Fracture Tenslle Test, G per
Xo, Deg Fracture, Cm (Outer Fiber) G per Sq Mm S8q Mm

30 1.1 2 180 85

45 1.9 0.18 120 100

60 3.5 0.11 91 130

15 8.6 0.08 80 230

Radius of
Glide Planes Corresponding
Orien- at Fracture Excess Dislo- Disl Density
tation (Oater Fiber), cation, Density, Times
Xo Cm LDb per 8q Cm Normal Stress
30 1.2 3.2x107 2.7x10°
45 1.8 2.4 24
60 2.1 1.8 2.8
75 2.9 1.3 3.0
Avg = 2.65
SuBd ; .
NG 1 such as the strain times the normal stress

iive good criteria. Complex combinations

KSDC can be found which might serve as criteria,
would have doubtful physical significance.

—--- ~est fracture criterion that was found was
derived by correlating the fracture stresses with the

dislocation contents of the crystals. The total dis-
location content of the crystals is not known, but the
density of excess positive dislocations can be calcu-
lated from the curvature of the glide planes. If a =
R, sin xo and L = R, +.d/2, then the radius of curva-
ture of the (0001) planes at the outer fiber is r =
(L? —a*)%. The density of excess positive disloca-
tions, pg, is then given by ps = 1/rb where b = mag-
nitude of Burgers vector.'! The final column of
Table I lists values of p; o, and it may be seen that
this quantity has a fairly constant value, and there-
fore may be taken to be a fracture criterion.

Since fracture occurs in the bent crystals at rela-
tively large strains the details of the geometry are
complicated and unknown. Hence, detailed calcu-
lations are not possible. All that can be done is to
postulate that dislocations have a specific weakening
effect which is proportional to the dislocation den-
sity. Then the applied normal stress times the dis-
location density should have a constant value as in
Table 1.

The fact that the fracture occurs along the curved
glide surfaces is significant. It suggests that the glide
plane of an edge dislocation is a particularly weak
region in a crystal. It is thus consistent with the
conclusion of a previous paper.*

Most of the experimental portion of this work was

" carried out by Mr. V. J. DeCarlo.
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A Kinetic Study of the Dissolution 6F UO, In

Carbonate Solution

* Sintered UO. samples were leached in carbonate solutions of various concentrations.
A pressurized system was used so that it was possible to investigate the kinetics of the
reaction to 200°C with oxygen overpressures as high os 800 psi. The surface active

species in solution appears to be the undissociated acid H.CO,. Compemive adsorption
between oxygen and H:CO; occurs at the UO, surface resulting in an over-all rate de-
_crease at high concentrations of H,CO;. Oxygen splits between two surface active “sites
and the slow step of the surface reactions involves a rearrangement or diffusion of oxy-

gen on the mineral surface.

by Ray L. Pearson and Milton E. Wadsworth

HE dissolution of UOQ. in carbonate solutions can

occur only if the tetravalent uranium is oxi-
dized to the hexavalent state. The carbonate system
is of particular interest because it provides a means
whereby the oxidized uranium may be dissolved by
forming the complex ion U0.(CO,);”. In the pres-
ence of oxygen the over-all reaction may be written

R. L. PEARSON and M. E. WADSWORTH, Member AIME, are
associated with Dept. of Metallurgy, University of Utah, Salt Lake
City. This work was supported by the Atomic Energy Commission
under Contract No. AT(11-1)-82.

TP 4631D. Manuscript, Sept. 17, 1956 New Orleans Meeting,
February 1957.
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UO.+ % 0.+CO,;7+2HCO,—~UO0.(CO,),"+H.O0 [1]

UO, was used in this study because it could be ob-
tained in high purity and also because it is represen-
tative of the most refractory of the primary uranium
minerals. The mineral ulrichite is the natural coun-
terpart of the synthetic UO. used. The kinetics of
the leaching of UO, should be similar for any of the
uraninite type minerals.

A pressurized system was used not with the hope
it could be extended to commercial systems as a
primary purpose but simply to provide the means
whereby important temperature and pressure pa-
rameters could be varied for the evaluation of the
kinetic processes. The importance of such: pres-
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surized systems has already been demonstrated by
Forward, Halpern and Peters,"”*’ and the Beaver

. Lodge Processing plant in Saskatchewan, Canada,

has incorporated the results of that research in a
commercial uranium treatment plant.*

Peters and Halpern® carried out a kinetic study
of the leaching of pitchblende (U,0;). The slow
step proposed by these investigators was the adsorp-
tion and splitting of oxygen on the U,O; surface, and
the measured rates were“found to be independent
of the HCO, and CO,~ solution concentrations un-
der the conditions of their studies. This investiga-
tion was undertaken to determine the mechanism of
the dissolution of the more refractory tetravalent
uranium compound UO., with the hope that specific
details regarding the role of oxygen and the various
carbonate species present could be evaluated.

Experimental

The UO, as received* was found by spectroscopic
analysis to have a purity of 99.94 pct =0.03. It was
ground in a mechanical agate mortar and screened
through a 400 mesh sieve. Thin flat disks of UO,
were prepared by pressing the sized powder in a
specially constructed die at a total pressure of ap-
proximately 15 tons per sq in. These disks measured
approximately 2.3 mm in thickness and 1.6 cm in
diameter and weighed approximately 3.6 g. As
pressed, the samples were approximately 65 pct of
theoretical density. It was essential that a binder
such as polyvinyl alcohol be added before pressing
to prevent formation of strains and cracks when
fired.

The disks were dried and fired in a molybdenum-
wound furnace under hydrogen at 1800°C for 30
min. A careful X-ray diffraction study of the sin-
tered disks showed them to be unaltered from the
original unfired UQ.. The final density of usable
samples had to be above 89 pct of theoretical den-
sity. At densities below 89 pct the void spaces were
connected, resulting in a sample of high porosity.
Porous disks are completely unsatisfactory because
the geometric surface area is unknown and a large
variation in area occurs during leaching. Samples
above 89 pct of theoretical density had no measur-
able porosity based upon a 2-hr immersion in boil-
ing water. These samples gave consistent and re-
producible results.

. * Mallinckrodt reagent, supplied by the Atomic Energy Commis-
sion.

Leaching studies were carried out in a specially
designed autoclave. The details of this equipment
have been presented elsewhere.* One milliliter sam-
ples removed from the autoclave during the course
of a run were analyzed for U,0, content with a
Beckman Model DU spectrophotometer by the
method of DeSesa and Nietzel.® Knowing the surface
area of the sample by measurement with a microm-
eter, the time of reaction and the corresponding
concentration of uranium in solution, rates were
measured in mg U,0,/min/cm®.

Experimental Results

The results presented in this paper are based upon
75 separate rate determinations. The range of con-
ditions varied, extending up to 60 g per 1 of
Na,C0,-H.O and 60 g per 1 NaHCO,, temperatures
from 127 to 203°C and oxygen partial pressures
from 0 to 800 psia. Fig. 1 illustrates the results of
three typical runs at three separate temperatures.
The rates were linear under all of the conditions of

Transactions of The Metal-
lurgical Socioty of AIME

RPM - 500
3 No,COy H,0 -60 G/L 1
NoHGO3 -20 G/L
02-440 PSia

TOTAL CONCENTRATION U30g(G/L}
w

0535 a0 €0 B0 160 126 140 — 160 180 200

TIME (MINUTES)

Fug 1—Typical curves showing total concentrohon of U,0s
in solution versus time.

this study indicating that no surface products were
formed on the surface of the sample which inhibited
the reaction. )

The effect of stirring is often of importance in a
solution-dissolution study since solution diffusion
must be eliminated if the kinetics of the surface re-
actions are to be evaluated. A series of rate versus
speed of agitation runs was obtained at 175°C, 440
psi oxygen overpressure, with a solution concen-
tration of 60 g per 1 Na.CO,-H.O and 20 g per 1
NaHCO,. The rate of reaction increased with stirring
speed to approximately 400 rpm under these condi-
tions. Above 400 rpm the rate was independent of
the speed of agitation. Subsequent runs were car-
ried out at 500 rpm.

Fig. 2 illustrates the effect of oxygen overpres-
sure on the rate of dissolution. These rate pressure
isotherms were obtained at 127, 143, 161, 187 and
203°C. The solution in all cases contained 60 g per 1
Na.CO,-H.O and 20 g per 1 NaHCO.,. .

A similar series of runs was carried out at con-
stant oxygen overpressure but at various carbonate
concentrations. Rate-concentration data are pre-
sented in Fig. 3 for 175, 161 and 143°C. The oxygen
overpressure was maintained at 440 psi, and the
concentration of Na.CO,-H.O was 60 g per 1 in all
tests, Fig. 3 is a plot of measured rate versus the
concentration of NaHCO, for the foregoing condi-
tions. The rate-concentration isotherms go through
a maximum. At lower temperatures, however, the
height of the maximum diminished appreciably, and

2.1 - - . .

0203%  606/L NoyGOyHO
© 187°C  20G/L NoHCO

® 161°C 500 RPM
L @ (43°C

@ 127°C
—= Theoreticol

RATE (MG UyDg /MIN/CM?)

900 1000

PRESSURE Oy- PSIA

Fig. 2—Etfect of O overpressure on the rote of dissolution
of UO..

JUNE 1958—293




Q175°C
"T Q161°C

@ 143°C
1.0 RPM-500
0;-400751A
60 G/L Ne,pCOoy

RATE (MG Ug0g/MiN/CM?)

i

1. 1 ) SR A —l
v 5 10 15 . 20 25 30 35 20 a5  s0
NgHGO4 (G /L)

Fig. 3—Effect of varying NaHCO; concentration on the dis-
solution of UO..

it is conceivable that at sufficiently low temperatures
the rate may appear to be independent of -solution
concentration. This may explain the results obtained
on pitchblende’ in which the rate was independent of
solution concentrations. Also the pressures used in
this study were very much greater than those used
for pitchblende. An alternate explanation, of course,
is simply the inherent difference between UOQO. and
U,0:. The rising portion to the left of the maxima
of Fig. 3 could not be attributed to surface precipita-
tion of insoluble sodium uranate (Na.UO,) as was
found in the case of pitchblende since all rates meas-
ured in this region were linear. It was found, how-
ever, that at 175°C, 15 g per 1 NaHCO,, and 42.5 g
per 1 Na.CO,-H.,O a yellow precipitate was formed.

Discussion of Results

Although the carbonate system is quite complex,
kinetically only one of the carbonate species (CO,
HCO, or undissociated H,CO,) is likely to be in-
volved in the slow step of the reaction. Calculating
the concentrations of each of these species presents
a problem since the equilibrium constants have not
been measured in the temperature range of this
study. Equations have been developed™*® to explain
the temperature dépendence of the equilibrium con-
stants at lower temperatures, however, and these
equations were assumed valid for the temperature
range covered in this investigation. This is a broad
extrapolation and throws serious question on the ab-
solute concentrations calculated. In spite of this,
however, the interdependent relationship described
by the equilibrium reactions between the species in

1.0 — T T T— T T —T
0coy
@ HCO3
.8} RPM - 300 4
"g TEMP-173°¢C
g 0, - 440 PSIA
z
3
2 8 4
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Fig. 4—Effect of CO,* ion and HCO,™ ion concentrations on
the dissolution of UO..
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Fig. 5—Effect of H.CO: concentration on the rote of dis-
solution of UO,.

question should remain self-consistent. This is par-
ticularly true since the equilibrium constants may
be in error by as much as +25 pct without seriously
altering the calculated concentrations.

Fig. 4 is a plot of the 175°C data (Fig. 3) for rate
versus. [CO,°] and [HCO,"]. Similarly, Fig. 5 is a plot
of the rate versus [H,CO,] for 175, 161 and 143°C. The
maxima accur at 20 g per 1 NaHCO, and 60 g per
1 Na,CO.. This was the concentration used to investi-
gate the effect of stirring speeds. As a consequence,
additional stirring tests were necessary to determine
if diffusion was rate controlling at the lower concen-
trations; i.e., at concentrations below the maxima of
the curves of Fig. 3. The results are shown in the
upper (dotted) curve of Fig. 5. An increase in stir-
ring speed from 500 rpm to 800 rpm was found to
increase the rate of dissolution for all concentrations
to the left of the maxima of the rate versus concen-
tration curves, indicating that diffusion in this region
is rate controlling. At higher concentrations, in-
creasing stirring speed had no effect upon the rate of
dissolution, indicating that the slow step in this
region- is- a surface reaction or possibly diffusion
through a limiting boundary film. The latter possi-
bility in this case may be eliminated, however, since
the rate decreased as the H.CO. concentration was
increased. -

The region of diffusion control is useful in this
system since it provides a means whereby the reac-
tive carbonate species may be identified. When dif-
fusion is rate controlling the rate of reaction should
be a linear function of the concentration of the
diffusing ion or molecule. An examination of Fig. 4 .
and 5 shows that a linear relationship exists between
rate and the concentration of undissociated H.CO,.
The linear dependence of course assumes that the
thickness of the diffusion boundary is constant for
any one set of conditions. This condition is met by
maintaining stirring speed constant. The 500 and
800-rpm curves (175°C) of Fig. 5 illustrate the
linear dependence at two stirring speeds. Since ini-
tial straight slopes were obtained for more than one
temperature the heat of activation for diffusion may
be determined by plotting log R/(H.CO,) versus
1/T. Fig. 6 is such a plot giving a value of approxi-
mately 4.7 kcal for AH,, of diffusion of H,CO, through
the solution. This is of the correct magnitude for
solution diffusion and lends additional evidence that
the rising portion of the curves of Fig. 5 involves
solution diffusion as the slow step. It seems some-
what surprising that the diffusion of H.CO, rather
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than some other species is limiting because of the
expected rapid formation of H.CO, by hydrolysis of
CO;" and HCO,” which are present. In spite of this,
the results depicted in Fig. 5 indicate that the reac-
tive species in this system is the free or undissociated
H.CO,. The importance of neutral molecule (hydro-
lytic) adsorption has been shown in other sys-
tems.”"* According to the foregoing interpretation,
the behavior of H.CO, in the surface reactions must
be guite complex since the rate was found to de-

crease asymptotically as the H.CO, concentration was -

increased. The decrease in rate at higher concentra-
tions strongly suggests competitive adsorption be-
tween H,CO, and oxygen. -

The rate versus Po. curves of Fig. 2 are satisfied
by the empirical equation

A
Rate = ————— (2]

This is the form of equation of a typical Langmuir-
type isotherm in which the concentration of the re-
actants involves chemisorption. The one-half power
dependence indicates that oxygen splits between two
active sites when it is adsorbed on the surface. A
similar half-power dependence was observed by
Peters and Halpern® for the dissolution of pitch-
blende. In that case, however, the value of B (Equa-
tion [2]) could not be evaluated since the pressure
range investigated. was such that BP%., was very
much less than 1. The temperature dependence of
B is very important in evaluating the mechanism of
the slow step of the surface reactions.

The following mechanism is proposed to explain
the slow step associated with the surface reactions.
It is consistent with the rate determinations made
under the conditions of this study.

The absorption of oxygen by the solution is a
fast step and may be considered to be at equilibrium
according to the reaction

Ka
O, = Ox [3]

where g and ! refer to the gas and liquid phases,
respectively, The term K, is the Henry constant
representing the equilibrium partition of Equation
[3]. The adsorption of O, and H.CO, may be repre-
sented by the equations
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2|UO, + 0,=2[UO,- O (4

UOg + H-_-CO; =|UO: * H'.'COa [5]

Equations [4] and [5] represent competitive ad-
sorption of O, and H.CO,, respectively, for an active

UO, surface site, represented by the notation (UO..

These reactions also may be considered to be at'

equilibrium. Such an assumption is valid and sim-
ply implies that the back reactions (desorption) of
Equations [4] and [5] are fast compared to the rate
of removal of the adsorbates as a result of a surface
reaction. In order to explain the observed kinetics
it was found necessary to propose as the slow step
the rearrangement of oxygen on the surface accord-
ing to a reaction of the type

+

|
‘UO, - O->{UQ, - (slow) {631

The notations used here are not intended to imply
the actual structure of the surface groups.
According to absolute reaction-rate theory"”

EN
. AF

T i .
aC*e RT =zCokK [N
i i

_Rate =«

where « is the transmission coefficient (conven-
tionally taken as unity), k is the Boltzmann con-
stant, h the Planck constant, = C,** the product of
i
the concentrations of the reactive species in the slow
step, x. is the order of the reaction in regard to the
ith species, AF+ is the free energy of activation and
k' is the specific reaction rate constant. In Equation
[7] the activity coefficients of the reactants and the
activated complex are assumed to be unity. Accord-
ing to the model proposed the = C,*' term of Equa-
i
tion [7] includes the surface area, roughness factor
(ratio of true surface area to geometric), and the

concentration of |UO. - O sites. Letting 4, be the
fraction of potentially reactive sites co}'\taining ad-

sorbed oxygen ( |UO. - O), Equation [7] becomes
i

AF*‘

kT ——
R= h koOLe RT = k. olk’ [8]

where R is the rate per unit measured (geometric)
surface area and k, includes the surface-roughness
factor, number of potentially reactive sites per
square centimeter and conversion units to accom-
modate the units of the measured rate R. The frac-
tion of potentially reactive sites covered by adsorbed
H.CO, may be designated as #.. Accordingly the
equilibrium constants of Equations [4] and [5] are

Y1
K, = ———4’2 o (91
K. = O __1__ (103
¢ [H.CO.] ’
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where ¢ is the fraction of the potentially reactive

~ sites uncovered ( |[UO.). The equilibrium constant

K, includes the Henry constant K. of Equation [3].
According to the total surface balance

é=1-"0—0, [11]

An expression for 6, may be derived from Equations
[9], [10] and [11] whereby Equation [8] becomes

;\Fl#

pek KT | K. Poi" o=
" h 1 + K, [H.CO,] + K, P,

[12]

At constant temperature (T) and [H.CO,], Equa-
tion {12] may be written

R=k, k [ K’ Po.” ] 13
kil ey ]
where
lelf-'
’ [14]

T 1+ K.[HCO,)

Equation [13] is of the same form as Equation [2]
where A = k,k'K’ and B = K'. The value of K’ and
k.k’ may be calculated for each rate isotherm of Fig.
2 by selecting two points on the experimental curve
and solving them simultaneously. An Arrhenius plot
of log K’ versus 1/T is shown in Fig. 7. The linear
dependence means that the quantity K.[H.CO,] is
not of the order of magnitude of 1; that is, it must
be much larger or much smaller than 1. Gtherwise
an Arrhenius plot would not result in a straight line
as is evident from the form of Equation [14]. It is
also significant that K’ increases as temperature in-
creases resulting in the negative slope of Fig. 7. If
K’ contained only the equilibrium constant for the
adsorption of oxygen, an Arrhenius plot of log K’

3.90+ 4
2.30r 1
‘!
(L)
o
-
z.20f
2i0F 1
1 i A 1 1
EX 22 2.3 24 25
11T x 10%

Fig. 7—Arrhenius plot of K’ determined from the isotherms
of Fig. 2.
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versus 1/T would have to have a positive slope giv~
ing a negative enthalpy (aH). The adsorption pro-
cess of itself must be exothermic, particularly since
the character of the rate isotherms, Fig. 2, indicates
that the surface is approaching saturation. The
negative slope of Fig. 7, therefore, indicates that
K.[H.CO,] >> 1 and that the net AH calculated
must contain enthalpy terms for more than one
adsorption process. Eguation [14] thus may be

written
K’ [HLCO,] = —
t
1 /AaHy 1 /A8t
o) 25 (is]

Fig. 8 is a plot of log K\**/K. versus 1/T. From
the slope, aH,/2 — aH,= 3.6 kcal per mole. The
positive value indicates that the enthalpy of ad-
sorption of H.CO, on the surface of UQ; has a larger
negative value than one half the enthalpy of adsorp-
tion of oxygen on the surface of UO.. The very small
enthalpy measured its additional evidence of the
complexity of K’. Such a small value would be un-
reasonable for the enthalpy of adsorption of oxygen
alone particularly in view of the fact that chemi-
sorption occurs, as evidenced by the splitting of oxy-
gen during adsorption.

At constant temperature and P, Equation [12]
may be written

1
= k.k’ [ - ] ’ 16
R 1+ K’ [HCO:] (18]
where ; '
K.
P — 17
K K. Po% (17]

The value of K” may be calculated for any tem-
perature and P., from the curve of Fig. 8. The solid
curves through the data of Fig. 5 to the right of the
maxima were drawn using Equation [16] and K”
values calculated from the K,'s/K. relationship de-
termined from the pressure-rate isotherms of Fig. 2.
The value of k' was determined by passing the
theoretical curve through one point of the experi-
mental concentration-rate isotherm. It is evident
from Equations [13] and [16] that the values of
k.,k’ have been determined for a series of tempera-
tures for both the pressure-rate and the concentra-
tion-rate isotherms. The specific rate constant k’

contains the heat of activation (AH*) which may be
’

for— T —

P

Tol -

aH
2 "aMp: 3.6% Kcoi

k4

Fig. 8—Arrhenius & e
plot for the -

determination of : Ts
A H]/Z—AH:- 3 ¥
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evaluated by plotting log k.k'/T versus 1/T. Fig. 9
is such a plot. The open circles represent k.k’ values
determined from the pressure-rate isotherms, Fig.
2, and the solid points from the concentration-rate
isotherms, Fig. 5. The value of AH+ was found to
be approximately 6.7 kcal per mole. The small AH*
value representing the slow step of Equation [6]
suggests that the slow process may not necessarily

be the formation of |UO, but may simply involve

surface diffusion of oxygen. The actual reactions
following the slow step are purely speculative.

The value of AH+* for the dissolution of UO, is very
much smaller than the AH#* for pitchblende reported
by Peters and Halpern.®* Their values ranged be-~
tween 9.2 and 12.3 kcal per mole dependent upon the
solution concentration. It was interesting to note in
this study that, if rates at several temperatures were
taken at constant pressure from the data of Fig. 2,
plots of log R/T versus 1/T gave apparent heats of
activation between 11 and 15 kcal/mole. The lower
value resulted from rates measured at higher pres-
sures. This is in the same range as the values re-
ported by Peters and Halpern. The apparent higher
activation energy results from the fact that the tem-
berature dependence of K, and K, is included in the
over-all Arrhenius plot. This is made clear upon
examining Equation [12] under conditions of small
P":"n». .

Under these conditions Equation [12] becomes

+
Y2 Y2 - -l
ek KT KA Phe o
h K. [H.CO,]
15 ! (an: o .\H)
_ ‘_;:1 P, e + - Al
h [H.CO,)]
1 ASy
—(.’\S:t= + —--—-AS:)
el 2 [18]

An Arrhenius plot of Equation [18] gives the
value of the composite enthalpy )

AH,
AH+* 4 T —aAH, .

These values have been separated but the composite
value determined from Figs. 8 and 9 is 10.4 kcal per
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mole. This value is in the same range reported for
pitchblende.

According to the model proposed in which the
surface slow step involves the rearrangement of
atomic oxygen on the surface, the entropy of activa-
tion (AS+) should be very small, and may reason-
ably be considered to be zero. The only remaining
unknown in the complete rate equation is k, Its
solution is important since it contains the factors
for the number of reactive sites per square centi-
meter and surface roughness. Its value for a sur-
face-roughness factor of unity is approximately 10"
sites per em®. A surface-roughness factor of 10
would reduce this number to 10 sites per cm”. Since
there are approximately 10* UO. sites per ¢m® on
the solid, the value of k, indicates that less than one
site in 10,000 is an active site. These active sites are
probably edges or corners on the surface of the solid
and may be associated with edge or screw disloca-
tions. If one assumes the reactive sites represent a
sequence of steps, 1 molecular unit high, being re-
moved in layers, there would be less than 3000 such
steps per square centimeter of the surface.

It may seem surprising that oxygen and H.CO,
both adsorb on the same types of active sites since
there are so few sites available.. The fact they do is
supported by the competitive model necessary to
explain the observed kinetics. Also there does not
seem to be a detectable change in the heat of ad-
sorption with surface coverage. This may be due
largely to the fact that there are relatively few sites
present so that surface charge or strain effects are
minimized.

Conclusions

The dissolution of UO. in carbonate solutions may
be explained as involving competitive adsorption
between oxygen and undissociated H.CO,. The oxy-
gen upon adsorption splits between two surface sites.
The following sequence of reactions is consistent
with observed rates under various conditions of
temperature, oxygen overpressure, and solution
concentration

1) 2'U0=+O-_- =2 2 Uo.-0
2) luo:,+cho, = ?UO: - H.CO, (equilibrium)
3) |vo,. 0o+ - vo,
4) I{U03+,'Uo.,-chos—-'Uoz(co,,') -H,O+{UO,(fast)
5) |Uog(co,) -H,O+2CO:-)U0:(COs)a*-{!HgO(fast)

The series of reactions following the slow step is
only speculative. The presence of the neutral inter-
mediate complex UQ.(CO,) - H,O is simply sug-
gested as a possible step iAythe formation of the
complex ion UO.(CO,),”. Such an intermediate com-
plex would be very unstable and would be immedi-
ately removed at or near the solid surface.

The heat of activation is 6.7 kcal per mole, and
the competitive adsorption of H.CO, results in a re-
duction of the rate of dissolution at high concentra-
tions of H.CO,. Fewer than one site in 10,000 is
potentially reactive at any one time. Optimum con-
ditions for the dissolution of UO. are provided under
conditions of vigorous agitation with the concentra-
tion of undissociated H.CO, at approximately 1 X
10~ moles per liter.
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Technical Note

On Deformation Structures in Silver-Gold Alloys

by R. J. Block, J. B. Cohen, and M. B. Bever

ECENT investigations have shown that face-

centered cubic metals may deform by twinning.
Blewitt, et al' found that at 4.2°K the mode of de-
formation of single crystals of copper changed at
large strains and markings formed on (111) planes.
Later they® demonstrated by X-ray diffraction and
metallography that the markings were twins and
showed that favorably oriented single crystals of

‘copper deformed by twinning at 78°K. They also ob-

served twinning in silver and gold deformed at 4.2
and 78°K. Wagner® obtained evidence for twinning

from the peak shape of diffraction lines of silver -

cold-worked at 78°K,; but twins small enough to
cause such effects are not likely to be detected metal-
lographically.

In the work reported here lamellar structures
were observed in deformed silver-gold alloys. They
appeared to be mechanical twins, but metallography

could not establish this conclusively. Their tendency

to form depended on strain rate, temperature and
composition.

Specimens of silver-gold alloys (0 to 83 wt pct
Au) were deformed plastically. One set was worked
by hammering under liquid nitrogen, at room tem-
perature and at intermediate temperatures. Another
set was compressed slowly in liquid nitrogen to the
same reductions as those produced by hammering.
Tensile specimens-(0.015 x 0.120 x 1.5 in.) of various
compositions and approximately equal grain size
(0.011 to 0.016 cm) were tested at —195°C and at
room temperature.

In microsections of all specimens deformed by
hammering at —195°C thin lamellae appeared, Fig.
1. They were aligned in definite directions in each
grain. In some grains they had two orientations.
Where lamellae intersected, a displacement was ap-
parent. Near the center of the left margin of Fig. 1
shear has taken place beyond the fully developed
intersecting lamella.

Many lamellae resembled Neumann bands in alpha
iron. They were parallel tg'.\one side of triangular

R. J. BLOCK, teaching assistant in the Schaol of Mines, Columbia
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etch pits in the matrix (as in Figs. 1 and 2). The
individual lamellae were narrow and had little sub-
structure. This suggested that they did not result
from concentrated local slip. The shape of etch pits
within the lamellae differed from that of pits in the
matrix, as can be seen in Fig. 2; this indicated a
difference in orientation.

Specimens slowly deformed at —195°C contained
regions in which the lamellae were clustered. In
these specimens some lamellae were bent and pre-
sumably had formed before the termination of the
deformation. Structures of greater width than the
lamellae were also seen.'

More lamellar structures formed on impact than
during slow compression to a given reduction. This
was true of all compositions. The structures became
less abundant with increasing temperature of defor-

-mation. None was observed after extension to frac-

ture at room temperature, but they could be pro-

Fig. 1—Micro-
graph of specimen
polished and
etched after de-
formation by im-
pact at —195°C.
83 pct Au. Oblique
illumination. X500.
Reduced approxi-
mately 39 pct for
reproduction. ,

Fig. 2—Micrograph
of specimen
polished and
etched ofter slow
compression at
—~195°C. 83 pct
Au. Oblique illum-
ination. X1000.
Reduced approxi-
mately 39 pct for
reproduction,
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o8 A Kinetic Study of the Dissolution of Uraninite
‘olorado ‘«% D. E. GRAXDSTAFF
rg, South Afr: P
1z0ma & Abstract
o The kinetics of uranirite dissolution in water may be summarized by the equation:
ra, Australi.: a?
rr, Michigan g R = —d(uran)
rizona % dt
@ = 10%33(SS) (RF)~} (10733108 NOC) (3506 ) (D.0.) (an+) exp (— 7045/T) day~t
& ‘
NTS: y f?* where R is the rate of the dissolution reaction, SS is the specific surface area (cm?-
JAUM = gm-1), RF is an organic retardation factor, NOC is the mole fraction of nonuranium
IMAN i cations in the uraninite, D.O. is the dissolved oxygen content of the water (ppm), XCO,
& is the total dissolved carbonate, and T is the absolute temperature. Application of these
g; data may allow better iinderstanding of factors influencing oxidation of uraninite and
i o i the resulting mobility of uranium in natural waters.
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;.,,':: Introduction
3

HE oxidation of UQO,, U303, pitchblende, and uranif-
2us ore material has been studied by a number of
mestigators. The use of UOz as a fuel in nuclear
wrtors has prompted several studies of the oxida-
= of UO; or UsOg under conditions simulating
wctor failure (summary in Aronson, 1961). The
'%. of carbonate and acid leaching in extraction of
Wnium from ore material has prompted several
adies of oxidation to determine the kinetics of
wdation under the appropriate mill conditions
&mmary in Merritt, 1971). .
@xidation of uranium oxides in air or oxygen is
e slow, ‘diffusion of oxygen through the oxide
Bice being the rate determining step. UQ; is oxi-
2ed to UQ,.5-UO- 4 at temperatures up to 250°C,
ove 250°C the U0:23-UO, is further oxidized
*U;05.  Oxidation beyond UsOs is more difficult
ithe laboratory.

1!1 the presence of water the oxidation of uranium
des proceeds in a completely different manner. A
@ace layer is oxidized directly to UOj; (Gillies,
H6) or to a uranyl hydrate (Aronson, 1961). At
N.pH this oxidized layer may be taken into solu-
W as a uranyl ion, UO,*2. At intermediate and
Rt pH in the presence of carbonate the oxidized
B may react with aqueous carbonate species to
?;guce a uranyl carbonate complex in solution

('.'-(?g.
mr
ks

(Merritt, 1971). Depending on the pH conditions
either UO2(CO3)2(Hx0)2% or UO2(CO;3)s™* is
formed (Garrels and Christ, 1965). Removal of the
oxidized layer permits further oxidation of the solid.

The oxidation of UO. and uraninite (represented
as UO;) at intermediate pH in the presence of dis-
solved carbonate probably takes place according to
the overall formula

UO: + 3 Oz + ZHCOy" + H20
= UOz(COa)g(H;\_O)z'z (1 )
Application of the results of the previous experi-
ments to earth surface or near earth surface condi-
tions might be extremely dubious due to the differ-
ences in temperature and reagent concentrations in-
volved. Additionally, most of the studies used arti-
ficial UO, or UzOg powders or sintered compacts.
Natura] uraninite is a complex mixture of elements.
The kinetic rate measured from artificial prepara-
tions may not be reflected by natural products.
Therefore, the present work has been undertaken
using natural uraninite samples and has been carried
out at temperatures of 23° and 2°C, under low
oxygen and reagent concentrations, in order to re-
produce more closely earth-surface conditions. This
may permit application of the data toward a better
understanding of factors influencing oxidation of
uraninite in the natural environment and the result-
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ing mobility of uranium in ngtural waters, as well as
factors influencing secondary recovery of uranium

from leaching of uraninite in mine dumps.

Material

Six samples of natural uraninite were used in this

study. Four samples of pegmatitic uraninite (desig-
nated NC, M, N, and W) were purchased from
Ward’s Natural Science Establishment. The large
uraninite crystals were crushed and handpicked to
remove, so far as possible, secondary oxidation
products and gangue minerals. The purity of the
ultimate product was probably about 99 percent. No
impurities were noted visually and no peaks, except
those of uraninite, were found in X-ray diffraction
traces. Two samples of uraniferous conglomerate
from Blind River-Elliot Lake, Ontario, Canada
(BR), and the Vaal Reefs West mine, Klerksdorp,
Witwatersrand, South Africa (VR), were also ob-
tained. These samples were crushed and the urani-
nite was separated by use of bromoform, Clerici solu-
tion, and the Frantz Isodynamic Separator. Because
the quartz matrix could not be entirely separated
from the uraninite, the two samples were probably
not.more than 95 percent pure.

The handpicked material was further crushed and
sized by passing through sieves. The following U.S.

TaBLE 1.

D. E. GRANDSTAFF

. size of several hundred grains,

el

s

standard mesh size fractions. were used: —-206;
325, —200 4 100, and —100 + 50. ' :

The geometric specific surface area of each fm."

tion (the surface area per unit mass, expressed ag
cm®-gm™) was calculated from measurement of the
Because uraninie
has pronounced cubic cleavage, the crushed graing
‘generally had the shape of tablets or laths, The
length, width, and breadth of individual grains were
measured under the binocular microscope. From
these measurements the geometric specific surface
area could be calculated. The estimate of the sped.
fic surface area is probably good to =10 percent.

Chemical analyses of the uraninite samples were
made by ARL-EMX microprobe. The measure
ments were made at 15 kV and 0.05 4A sample cur-
rent with a 1 to 2 um diameter beam. Artificial UQ,
ThO., glass, and natural silicate standards were
used. Data were corrected for drift, which was
negligible, background, and deadtime. Weight per-
cent of oxides were calculated by the correcticn
scheme of Bence and Albee (1968)-and Albee and
Ray (1970). B

Four of the samples were homogeneous.
ever, the ore samples from the Blind River (BR)
and the Witwatersrand (VR) were heterogeneous
(Grandstaff, 1974).

Analysis for tetravalent uranium was made by

il

Chemical Analyses and Unit Cell Dimensions of Uraninites Used in This Study
Elemental analyses by ARL microprobe, UO.: analyses by titration.

Weight percent

NC: M . N W BR! VR!
U0, 75.5 29.3 30.8 50.0 22.7 23.2 .
U0, 12.3 59.8 51.0 20.1 42.6 46.9
ThO, 2.0 3.2 4.1 15.3 6.1 3.9
CeO: 0.2 0.3 0.4 0.8 1.0 1.1
PbO 5.8 5.5 10.9 13.9 22.6 21.0 -
La:0; 0.0 0.0 0.0 0.1 0.1 0.6 -
203 1.5 1.4 1.6 0.0 1.9 0.2 =
Ca0 0.2 0.2 1.9 0.1 0.7 1.1
FeO 0.1 0.1 0.1 0.1 0.1 02
S 0.0 0.0 .0 0.0 0.9 1.1 -
97.6 99.7 100.1 100.4 98.5 99,3 £
ag 5.4398 5.4291 5.4440 5.4965 5.4863 5.468._3
=+0.0008 +0.0020 =+0.0002 £0.0007 +0.0010 =+0.0005
Cation mole fraction
U((Iv) 0.745 0.291 0.289 0.484 0.198 0.201
U(VI) 0.115 0.561 0.453 0.184 0.351 0.384
Th 0.020 0.032 0.039 0.152 0.055 0.03'-&
Ce 0.003 0.005 0.006 0.012 0.014 0.013
Pb 0.069 0.066 0.124 0.163 0.239 0.221
La 0.000 0.000 0.000 0.002 0.001 0.009
Y 0.035 0.033 0.035 0.000 0.039 0.004
Ca 0.009 0.009 0.040 0.004 0.029 0045
Fe 0.003 0.003 0.003 0.003 0.003 0.006
S 0.000 0.000 0.000 0.000 0.066 0.081
%

! Calculated from the average of grain analyses.
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081 1 96.50 0.20 3.30
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TaBLE 3, Partial Analyses of Natural and
Artificial Waters

Artificial Barnegat Oswego

seawater! Bay River
Chlorinity 19%0 17% —_
HCO,~ 2.4 meq/l 2.2 meq/1 0.01 meq/1
pH 8.18 8.15 3.95

! Prepared after Kester et al., 1967,

hydrochloric acid to pH 1.6. This low pH enabled
ions taken into solution during dissolution of the
uraninite to be trapped by use of Reeve-Angel SA-2
ion-exchange loaded. filter papers cut into disks.

General specifications and use of the SA-2 filter
paper have been. described by Campbell (1963),
Campbell et al. (1966), and Campbell et al. (1970).
Recovery of uranium from test solutions by the SA-
2 disks was greatest wlhen the solution was approxi-
mately pH 1.6. Tests indicated recovery efficiency
greater than 99 percent. During experiments two
ion-exchange disks were exposed to each solution in
sequence to insure quantitative recovery. .

Uranium trapped in the ion-exchange papers was
analyzed by the Norelco Universal Vacuum Spectro-
graph equipped with LiF crystal, scintillation counter,
and Tungsten Target X-ray Tube.

Variables investigated during experiments included
temperature; pH, Pco,, Po., presence of inorganic
ions and organic species, surface area, stirring rate,
solution volume, and uraninite composition. The
solution pH was varied by use of HCl, NaOH, and
NaHCO; solutions, Other natural and artificial wa-
ters (Table 3) were also used to determine the pos-
sible effects of other inorganic and-organic species.

Rates of reactions involving solutions can be esti-
mated by taking aliquots of solution at intervals of
time, stopping the reaction, and measuring the con-
centration or quantity of one or more of the species. -
The rate of the reaction is then given by the slope
of the concentration-time line generated from the
experimental points. This approach has proven
generally impractical in this study because of the
very slow reaction velocities, the small amount of
uraninite taken into solution in reasonable periods,
and the limits of sensitivity of the instrumental tech-
nique used. Instead, the uraninite was allowed to
react for a period of time. After the reaction period
all of the solution was taken from the reaction vessel
and the amount of uranium was measured, The
average rate of dissolution*was calculated by the
equations

Mca,(soln)

R = d(uran)/dt = =

,—1
l\Iur:.u'xkl'ogt (da) ) (4)
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or

R = d(uran)/dt
1\](}0,(501“)
1\"urnn){UO,SSt

where R = rate of the reaction; d(uran)/dt = the

(grnurnn — cm™? — day-l) (5)

appearance of ions dissolved from uraninite in solu-

tion as a function of time; Mgz = uranium as
UO. in the solution (gm) ; My = weight of urani-
nite undergoing oxidation (gm); Xyo, = weight
fraction of uranium as UO, in the uraninite; SS =

specific surface area (cm?-gm™); and 't = time

(days). :

Equation (4) yields the rate of the reaction in
terms of the fraction of uraninite destroyed per unit
time (gm uraninite dissolved per gram of uraninite
per day), while equation (5) takes into account the
possible effects of surface area on the reaction rate
(gm uraninite dissolved per cm? area per day).

The rate calculated from this method will be equal
to the reaction rate if the amount of uranium in the
initial solation is zero or negligibly small compared
to the final concentration and if the rate is a constant.

Two sets of experiments were undertaken with the
fastest reacting uraninite samples (M and NC) to
test this method. In one, the more usual method of
aliquot removal was employed. Aliquots were re-
moved at intervals and analyzed for uranium. The
total amount of uranium in solution was calculated,
correcting for the amount removed in previous ali-
quots. The results (Fig. 1) indicate that the rate
was constant during the period investigated. Oxi-
dation rates calculated from these results agree well
with those obtained from other experiments on the
samie material, .

In a second sct of experiments the uraninit¢ was
reacted in distilled water for varying periods of
time. At the end of each experiment all of the solu-
tion was removed and analyzed for uranium and
the mean rate calculated according to equations (4)
and (3). The rates (Table 4) calculated were the
same within experimental error for the various
periods of time. Thus both of these sets of experi-

: Vs2.0:01x lo’aqm-cm'z-day" >
P 12001 R
I

2 | I

-, 800 - :
(o] /1/’
S>a400f -

04 .

0 20 40 60
TIME (haurs)

Fic. 1. Results of the rate test. The straight line ob-
tained from the data suggests that the rate of dissolution
was approximately constant during the experiment.

D. E. GRANDSTAFF

TabLE 4. Results of Rate Tests

—

. Rate %ﬁ
Experiment Duration (gm-cm"-day‘l)_%
number (days) (X108) . %t
L4 1.0 42 +£06 3
L8 2.0 44+ 06
L9 2.5 42203
L1t 3.0 4203 ==

ments show constant and reproducibly measurable
reaction rates and justify the method used for

During initial experiments the solution was stirref;
vigorously by polyethylene stirring rods. Howevesr
variation.in the rate of stirring had no effect on the:
rate of dissolution, indicating that the reaction way
not diffusion limited under the experimental cond-’
tions, Therefore, most of the experiments were.
carried out without stirring. In unstirred exper¥’
ments, the rough fritted glass surface probably.ak’

the,
et

majority of experiments. % ]

“a—

lowed contact between the downward-facing side-of
the uraninite grains, permitting dissolution to cop-
tinue on that face, minimizing loss of effective sufs_
face area. A
Most dissolution experiments were undertake
using 100 ml of solution. However, a few expen-
ments were undertaken in solution volumes of 2
and 250 ml. The variation in solution volume did
not have any discernible effect on the reaction rates”
The concentration of uranium in solution at the
end of the experiments was generally less than 10
ppm.  Although this concentration is much highe
than that found in most natural waters (Wedepohl
1969), the solutions appear to have been under-
saturated with respect to uraninite “(Bullwinkd’
1954). The undersaturation suggests that only
“foreward” dissolution reactions were observed @
this study. The absence of equilibrium and reactions
precipitating uraninite can account for the lack of
effect of uranium concentration and solution volune
on the reaction rates observed.
After several experiments the relative concentr>
tions of uranium, thorium, and lead in the solid
uraninite were compared with the relative conces-
trations of these elements exchanged onto ion-ex:
change papers. The data indicate that the ratios of
the three elements in the solid state and in solutic?
are the same. Since the oxides of these three €l¢-
ments comprise the bulk of the uraninite, the dai
suggest that the uraninite oxidized and dissolved
congruently under the experimental conditions.

v

Results and Discussion

The results of the experiments are tabulated i
Appendix 1. The tabulated analytical uncertain'¥
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The pH of distilled water used in the experiments
aried between 5.5 and 5.7, consistent with the pH
4 distilled water in equilibrium with the atmosphere.
»{o“ever, the pH of the final solution in equilibrium
ith the atmosphere was usually about 5.9 to 6.3,
weraging about 6.1. Therefore, the solution pH
mse slightly during the runs. This pH variation
s not noted in reaction breakers not containing
naninite. Therefore, the change in pH may be due
sher to the creation or destruction of hydrogen or
xvdrox'yl ion durmg the reaction, or to addition of a
gecies in the reaction products buffering the solu-
xn to a different pH.

“The solution pH during a single experiment was
seasured at intervals as shown in Figure 2. The
H changed rapidly from pH 5.7 to a pH near 6.1,
der which it remained constant, However, it ap-
wars that the uraninite dissolved at a more or less
mstanit rate throughout.

Bullwinkel (1954) found that concentrated solu-
s of uranyl dicarbonate complex buffered the pH
aween 6 and 7. The buffering effect may be a
-.sxlt of the reactions

70.(C0O3)2(H0)-"* + H*
E = HUO»(CO,;) (H.0):
3 (6)
iUO 2(CO3)2(H20) 2~ + H*
¥ = H.U0:(CO;)2(H.0).°

.'aé final concentration of uranyl dicarbonate in the
perimelits was greater than approximately 1 X
¥-molar, The change in hydrogen ijon concen-
ation during the runs was approximately 1.5 X
¥ M. If each uranyl dicarbonate ion is capable
tmctmg with two hydrogen ions, the uranyl car-
aate should be capable of changing the hy drogen
@-concentration to the degree observed. Thus
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TABLE 5. Summar[\)/ of Rate Data (Distilled Water,
ient Atmosphere)
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Rate Tempera-

{(gm-cm~*-day ™) Ry ture

Sample (X10%) R: °C)

NC 227 %04 2,69 + 0.05 23
84 %03 2
M 48 +0.2 2,66 £ 0.10 23
1.8 %02 2
N 1.3 0.1 2.34 £ 0.10 23
0.59 003 2
BR 0.24 0.0t 2.82 £ 0.25 23
0.085 =+ 0.008 2
w 0.066 & 0.003 2,75 £ 0.25 23
0.024 + 0.003 . 2
VR ‘0‘58 %+ 0.03 2.50 % 0.20 23
0.20 =+ 0.02 2

Average 2,66 + 0.12

these data are consistent with the interpretation that
uranyl dicarbonate complex is formed by the oxida-
tion reaction and that the pH is partially buffered by
that complex. The presence of carbonate species
and other ions in the solution may influence the
buffering somewhat. Therefare, variations in the
final pH {from the different uraninite samples tested
may be real and due to differences of the chemistry
of the uraninite and hence of the solution. Variation
between runs of the same sample are more hkely a
result of experimental errors,

Effcet of surface arca

The dissolution of a solid differs from a homogene-
ous reaction of dissolved reactants primarily because
not all of the atoms, but only those at the surface,
are physically free to react. Consequently, the sur-
face area unit mass (the specific surface) must ap-

_ pear in the rate expression, in analogy to the con-

centration or pressure in homogeneous reactions.
The data for variation of dissolution rate with

70} i " \ — - . "
6.5} .
B i $

o S T S35 i R by +---]

¥

/

¥ E
5.5 . , , ) ‘ L

20 40 60
time (hrs.)

‘F16. 2. Variation in pH during a single experiment.
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Fic. 3. Variation in dissolution rate with variation of the
specific surface area of the uraninite grains. (Sample NC,
T = 23°C, ambient air, distilled water.)

variation of specific surface are shown in Figure 3.
The variation of rate appears to be first order with
respect to surface area. This justifies tabulation of
the reaction rate data in Appendix I in terms of the
surface area (gm-cm-*-day-?). .

Effect of composition

The effect of uraninite composition on the reaction
rate was investigated by dissolution of the different
uraninite samples in distilled water under ambient
air at 23° and 2°C. The results are summarized in
Table 5. Quite a wide variation of reaction rate was
found in the uraninite samples investigated. For
example, sample NC oxidized at a rate approxi-
mately 350 times faster than sample W, With all
other experimental variables constant, the reaction
rate is a function of the chemistry and crystallinity
of the uraninite,

Because of the few samples investigated and the
complex chemical system involved in the uraninite
samples (UQ2-UO4-ThOa-CeCO,-etc.), no unequiv-
ocal interpretation of the nature of the relationship
between variation in chemistry and variation of re-
action rate can be made. Several mechanisms may
be proposed to explain the data but any conclusions
must be empirical and tentative.

The oxidatioii state of the uranium in the uraninite
could be an important factor in influencing the rate
of dissolution. If U*® could be taken directly into
solution, any slow oxidation reaction steps might be
avoided. If the oxidation state were a major factor,
a correlation between the U*® content or the U*¢/U*+
ratio and the rate of dissolution might be expected.
In this case the highly oxidized samples M, VR, and
BR (Table 1) would be the fastest reacting, while
the. less oxidized samples NC and W would be the
slowest. However, no significant correlation between
the extent of oxidation of the uranium in uraninite
and the rate of dissolution was observed. This sug-
gests that oxidation is not the only rate determining
step and that release of materials from the uraninite
suriace into the solution may be an additional rate
controlling factor.

D. E. GRANDSTAFF

Since thorianite is resistant to oxidation and exigy_
as a detrital mineral (Frondel, 1938), Davidsy
(1960) speculated that the content of thorium in thy.
uraninite influenced the rate of dissolution. Figure4
shows a plot of the rate of dissolution versus the

ThO, content. This figure does show a systematy ‘

decrease in the rate of dissolution with increasiny.
ThO.. However, this emphasis on the rolexof

thorium ignores the possible stability of other eng
members and intermediate members with respect.ty
oxidation. . R S i

Laxen (1971) has dissolved uranium dioxd”
crystals in strong acid. He compared the rate of
dissolution of a crystal containing 8 percent ThO,
with one pure UO.. The rate of dissolution of the

thorium-bearing cryvstal was about one third that o
the pure uranium dioxide crystal. A much greater -
decrease in the reaction rate would be expected from
consideration of data plotted in Figure 4. There :
fore, unless the differing experimental conditions re
sult in a change in the effect of chemical compess ¢
tion on the reaction rate, it appears that the effectof |
thorium content alone, as observed by Laxen (1971),
is insufficient to account for the variation of m%
observed in the present experiments. .
The rate of oxidation of uraninite may be cor-
related with the total concentration of non-uramiwe -
oxides in the uraninite. This is shown in Figure &
Although rates for the \Witwatersrand uranimie
(VR) aud the Blind River uraninite (BR) wer
measured and are shown on the figure, they have o«
been used in the calculation of the rate equation (7} ]
because of the marked heterogeneity of the sampies !
The equation of the regression line is L

0 |

0

R = k expio (—3.38 ~ 10.8 NOC)
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Fic. 4. Rate of uraninite dissolution as a ft.mctft_lﬂ!r"’f
uraninite ThOs content. (T =23°C, ambient air, dis ~
water.) .
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shere NOC is the mole fraction of non-uranium
ations; primarily thorium and lead in the samples
sudied.

-Analysis of the rate and compositional "data by
sepwise multiple regression analysis did not reveal
my significant increase in correlation when the oxi-
ation state of the uraninite was entered in the re-
gession.  This further suggests that the oxidation
sate of the uraninite is of only minor importance in
termining dissolution rates.

One possible mechanism to explain the rate varia-
son may be that the overall rate measued is a prod-
xt of two steps or subreactions, an oxidation re-
stion involving -the uranium (IV) atoms, and a
olution or desorption reaction step involving both
#e uranium and non-uranium cations.

As the oxidation and solution reactions strip
manium cations from the uraninite surface, non-
manjum ions will be encountered. If the rate of
sorption of non-uranium ions is slower than that
or the uranium ions, the reaction will be halted until
‘e non-uranium jon can be removed, either by a
«lution reaction, or until the surrounding uranium
ations are oxidized and the .non-uranium ion is
xcavated from the surface. It seems reasonable
Zat the more non-uranium cations are encountered
3¢ more the overall rate measured will be con-
wlled by the desorptipn or excavation subreaction,
lowing the overall solution rate.

The present treatment assumes that the different
nn-uranium cations are virtually identical in terms
% their ability to reduce the rate of the overall re-
|ion. That is, they are taken into solution or
zcavated from the surface at the same rate. This
plies that a sort of steric hindrance is involved.
dowever, it is well known that the lability and the
e of formation of soluble complexes is highly vari-
e, depending primarily on the element forming
% central atom of the complex (for example, Cot-
Faand Wilkinson, 1966, p. 164, fig. 5.5). A more
‘phisticated approach might attempt to correlate
Wations in lability of the various impurity cations
3variations in rate. In this case one or two ca-
ws might be rate determining. However, the data
Tilable are not sufficient to test such a model.
Another rate mechanism proposed by Laxen
971) in experiments previously cited concerns the
*dric properties of the uraninite. UO, is a p-type
Suiconductor; Laxen proposed that addition of

1'%0: would make the UO, more p-type and there-

¢ more difficult to dissolve. This explanation
ht also be generalized to include other com-
‘@ents, Unfortunately, it appears difficult to as-

[ the extent to which the dissolution rate might
®aliered by this mechanism.
:(Z..f.,]y by conducting kinetic experiments of this
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Fic. 5. Rate of uraninite dissolution as a function of non-
uranium cation mole fraction (NOC). (T =23°C, ambient
air. distilled water.) Samples indicated by square symbols
(BR'and VR) were not considered in the analysis because
of marked sample heterogeneity.

type on crystals along the various compositional joins
(UQ.:-ThO;, UO,-CeO,, etc.) can a more complete
relationship between chemistry and rate be deter-
mined.

Chemical variables are probably not the only fac-
tors influencing the reaction rate. Differences in
crystallinity, the number of growth defects, and de-
fects caused by nuclear recoil following radioactive
decay may all change its susceptibility to oxidation.
For example, Gillies (1946) ascribed differences in
the oxidation rate of different UsOq samples to dif-
ferences in crystallinity. Nel (1958) found that the
resistance of uraninite to chemical attack by acid
solutions could be improved by heating the uraninite
in vacuo, thus annealing the uraninite. This suggests
that the oxidation reaction may be at least partially
localized on defects. These structural factors were
not investigated in the present work. However, no
significant differences in line broadening in X-ray
traces, ascribable to variations in crystallinity, were
noted in the samples investigated.

If radiation recoil damage to the uraninite struc-
ture were a major factor influencing reaction rates,
and since structural radiation damage is proportional
to the amount of radiogenic lead, and therefore the
age of the uraninite, it would be expected that the
samples of mid-Precambrian uraninite from the
Witwatersrand (VR) and Blind River (BR) would
be the fastest reacting, while the samples NC and M
would be the slowest reacting. In fact, samples VR
and BR dissolve much more slowly than NC and M,
suggesting that structural effects in pegmatitic urani-
nites are subsidiary to the chemical effects,

The assumption that structural damage increases
in proportion to the amount of radiogenic lead may
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log RATE (gm-cmi2-day™)

iog PO2 {atm)

F1c. 6. Variation of dissolution rate as a function of OXy-
gen partial pressure showing first order dependence. (Sam-
ples M and NC, T=23°C.)

not be correct. Utraninite does not become metamict
as do thorite, zircon, or some other minerals con-
taining high concentrations of uranium and thorium.
This suggests that structural damage in uraninite may
reach a limiting value, short of that in-metamict
minerals.

Effect of oxygen partial pressure

The effect of oxygen partial pressure on the rate
of dissolution was determined by reacting two sam-
ples of uraninite with water equilibrated with ambi-
ent air and with mixtures (Table 2) containing less
oxygen than the ambient air,

A plot of the logarithm of the dissolution rate vs
the logarithm of the oxygen pressure gives a straight
line having near unit slope (Fig. 6). The rate of
dissolution is therefore directly proportional to the
partial pressure of oxygen, at least at 23°C and
oxygen partial pressures less than 0.2 atm.

Effect of hydrogen ion

The effect of hydrogen ion concentration on the
rate of dissolution was determined by reacting urani-
nite under ambient atmosphere in dilute solutions of
HCI and distilled water having a pH range from

about pH 4 to pH 6. The interpretation of the re- -

sults is complicated slightly by the change in pH due
to the formation of the uranyl ion.

A plot of the logarithm of the dissolution rate
versus pH is shown in Figure 7. The horizontal
bars indicate the variation of pH during the runs.
Ideal lines for half, first, and second order depend-
ency are superimposed. The data demonstrate a
first order dependence for the dissolution rate with
hydrogen ion concentration in the range pH 4 to 6.
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Effect of carbonate specics

In two experiments the effects of carbonate ‘:!'a
examined by direct variation in the pressure of q,,
hon dioxide. However, variation in P, also
duces a variation in the pH of the distilled water d, '
to the formation and dissociation of carbonic
Therefore, variation of carbonate concentration wy
also created by variation of the concentration:g
NaHCOj;. Concentrated solutions of freshly prepare
sodium bicarbonate (> 10-* M) have a pH of 83,
mdependent of concentration (Olson et al., 1956),
Therefore the effect of changes of blcarbonate o
centration could be investigated without sxmultanu‘
change in the initial pH. 7

The data are shown in Figure 8. The eﬁ'ecti
bicarbonate on the rate is first order at lower g cm.
centrations and becomes zero order at higher cog
centrations. This behavior can be explained by-the
requirements of adsorption of reactant species from
solution onto the uraninite surface, The reactions

probably dependent on the amount of carbonate -
sorbed onto the surface of the uraninite gram
Mathematically this may be expressed as '

R=ko jﬁ

where R is the rate of the reaction, k is a rate coo-
stant, and © is the surface coverage of the adsorbed !
species, in this instance bicarbonate (Thomson and
Webb, 1968). If the extent of surface coverage is
related to solution concentration as approximated by
the Langmuir adsorption isotherm, as the simples
example, the relationship between surface covernge
and solution concentration will be expressed by the
equation ‘

® = bX/(1 + bX) ©

where b is a coverage constant and X is the conce> ik
tration of the species in solution. Substxtutlon d-
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{g'low concentrations the surface is sparsely covered,
X& 1 and (1 + bX) ~ 1 and equation (10) re-
Jauces to

In R = kbX (11)
te reaction is first order. Conversely at high sur-
yee coverage and high reagent concentrations the
wrface becomes saturated with the adsorbed species
md further increases of the concentration of the
gecies if solution fails to raise the concentration
dsorbed to the grain surface. Mathematically, at
tigh reagent concentrations bX>> 1 and (1 + bX)
<bX and equation (10) reduces to

R=k

r x

yarbonate concentration in solution. The reaction
4ta shown in'Figure 9 fit a Langmuir equation (10)
wving constants, k = 1.0 X 10-¢ gm-cm-2-day?, and
3=13.2 molar?, Most natural waters have bicar-
wnate concentrations on the order of 10-2 molar or
*s. This is in the region in which the rate is first
zder. Extrapolation of the rate data to concen-
ntions of 1.6 X 105 molar, the concentration of
otal dissolved carbonate (2CO. = H.CO;3 + HCO;~
+ CO572) in distilled water at pH 6 in contact with
anbient air, yields a rate of 1.6 = 0.4 X 10-® gm-
mday? in good agreement with the rate ‘value
dtrapolated on the basis of the pH dependency.
“This suggests that the reaction rate is dependent
xthe total dissolved carbonate, rather than H;CO,
¥ HCO4~ alone. This is reinforced by the data
Tom the experiments in which Pgo, was varied.
Variation of the dissolution rate is apparently de-
xadent on H,COj; in these experiments, since, at
% lower pH of these experiments, carbonic acid is
% major carbon-bearing species.

These experiments suggest that, in the first order
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:he reaction becomes zero order, independent of the
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atlon (9) into (8) yields
) RATE
N R = kbX/(1 + bX) (10) 1-4
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FiG. 9. Interaction of hydrogen ion and carbonate species
at intermediate pH. (Sample M, ambient air, T =23°C.)
Horizontal bars indicate variation in pH ‘during the various
experiments, vertical bars indicate analytical uncertainty,
where appreciable,

region, the equation has the form ‘
R =k (ag+) (asco,) (13)

This interpretation is parallel with that of Short-
mann and DeSesa (1958). They found that, as long
as some bicarbonate was present, the reaction was
broadly dependent on total dissolved carbonate rather
than HCO;~ or CO;2 alone.

Interaction of hydrogen ion and carbonate species

Dissolution rate data are shown in Figure 9 for
the range of pH 4 to 8.5 for reactions open to the
atmosphere. These data are superimposed on a
theoretical line based on rate equation (13).

At low pH, carbonic acid is the dominant dis-
solved carbon-bearing species. The total dissolved
carbonate may be approximated by carbonic acid
alone (SCO2=~ H,CO;). At constant temperature
and ionic strength the concentration of carbonic acid
in solution is a function only of the carbon dioxide
pressure of the atmosp11ere This is expressed as

(HzCOa) = BP(‘:oz

where concentration and pressure substituted for
activity and fugacity. B is the Henry’s Law co-
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efficient relating the pressure of carbon dioxide in
the atmosphere to the concentration of carbonic acid.
At low pH equation (13) may therefore be rewritten

R=k (H*)(BPco.) (14)

If the carbon dioxide pressure is constant, this re-

duces to
R=k (H")

The velocity of the reaction varies with the concen-
tration of hydrogen ion as shown in Figure 7.

At intermediate pH, however, above approximately
pH 6.3, the concentration of total dissolved car-
bonate rises as bicarbonate ion becomes the dominant
carbon-bearing species. The bicarbonate increases
with decreasing hydrogen ion concentration accord-
ing to the equation

. KBPgo,
(HCO;) = o)
This may be substituted into the rate equation (13),
yielding

K 1 B [’('02

R = k(H*) NG

= KiBPco, ~ (13)
Therefore, at intermediate pH, between approxi-
mately 6.3 and 10.4, the rate should be constant, de-
pendent only on the carbon dioxide pressure of the
atmosphere, This is shown by data in Figure 9.

Extrapolation from equation (13) suggests that
under high pH conditions the oxidation rate might
be inversely related to ag®. However, results of
dissolution experiments. under alkaline conditions
(Merritt, 1971) suggest that different reaction
mechanisms may be involved at high pH and such
extrapolation may not be valid.

Therefore, for open systems, such as rivers, where
a near approach to equilibrimmn with the atmosphere
would be expected, the rate of oxidation of uraninite
will be constant between pH 6.3 and 10.4 for con-
stant oxygen pressure and temperature. Rivers to-
day generally have pH values of between 4.5 and
8.5. Rivers draining crystalline terrains have pH
ranges between 6.5 and 7.5. This is in the constant
rate region.

For closed systems, such as ground waters, not in
contact with the atmosphere XCOa rather than Peo,
must be considered. Under these conditions the rate
will tend to fall parallel to the line of pH variation,
if the total carbonate content of the water is constant.

Effect of temperature

For most chemical reactions, the rate varies ex-
ponentially with the reciprocal of the absolute tem-
perature, This fact is expressed mathematically by
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the Arrhenius equation :
*“";f
dR [ - ",v'."
IT = k exp(—E./RT) (1
. .
where dR/dT is the change of reaction rate wip

change in temperature, E; is the activation enerp

and R is the gas constant. Proof that the reactig
follows the Arrhenius relation is usually obtained by
acquisition of a straight line in a plot of the logarithy
of the rate vs the reciprocal of the absolute tempen,.
ture. Several studies of the oxidation of UQ, g

high P and T have found that the reaction does obey |

the Arrhenius relation (Shortmann and DeSeq
1958; Mackay and Wadsworth, 1958). Since, i
this study, the reaction has been investigated at only.

two temperatures, proof of this cannot be obtained,.

and it must be assumed that the reaction will follow.

the Arrhenius rate law. EA

For analysis at two temperatures the folloxw'ihg
form of the Arrhenius equation may be used

(g

1 B_‘_F_; 1 1 oo
"RERIE T (17
’5~~

where R; and R. are the rates at temperatures T,
and T, respectively. Values R,/R. are gathered
Table 5. R,/R; for the various uraninite samples
appear to be the same within the experimental limits
This allows the interpretation that all of the uraninite
samples studied have the same rate determining step
and that the dissolution mechanism is the same jor
all them. The average for the samples is 2.66=

0.12. This yields an apparent activation energy
near 8 kecal/mole. However, this is not the true
value. Although the experiments at both tempen-

tures were undertaken under ambient atmospherx
conditions, the solubility of oxygen and carba
dioxide changes between 23° and 2°C. The sole-
bility of oxygen increases by about 50 percent whie
the solubility of carhon dioxide nearly doubles (Gar-
rels and Christ, 1965; Stumm and Morgan, 1970}
The increased solubility of carbon dioxide at los
temperature causes a decrease in the pH, althougd

+
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TasBLE 6. Organic Retardation by Various Waters

i Observed rate
Experiment (gm-cm~2-day™t)

Calculated rate

3
H

o number (X108%) RF Water sample
i " HSA 3.0 =+03 32+ 0.6 1.1 £ 0.1 Artificial seawater
PSA 15.0 +1.0 150 &= 2.0 1.0 & 0.1 Artificial seawater
. PSwW 0.42 + 0.06 156 £ 2.0 37.0 £ 6.0 Barnegat Bay
NS\WwW 0.49 + 0.06 185 & 05 38.0 4 6.0 Barnegat Bay
LOX 72.0 +6.0 420.0 % 80.0 6.0 £ 1.0 Oswego River

a

équation (13). The expected rate was compared
with the observed rate and a retardation factor was

alculated by
;:,7“ chlc
%’.“ . RF B Rubs (1 8)

The results are summarized in Table 6. The results
mdicate that inorganic species present in the artificial
zawater, other than hydrogen ion and dissolved car-
bonate, had very little effect on the reaction rate. In
contrast the reaction rate observed in natural water
was Jess than that expected. New Jersey seawater
g@ve a retardation of approximately 37 times while
Oswego River water gave a reaction rate approxi-
mately 6 times less than expected. This effect may
be due to organic molecules. Apparently they bond
with and block the surface oxidation sites. Essenti-
illy, they appear to decrease the effective surface area
o the uraninite grains. In this w ay they act analo-
gously to a poison on a catalyst.

.Chave (1965), Chave and Schmaltz (1966), and
Suess (1970) found that polar organic matter inter-
s with calcium carbonate to form surface com-
pexes. These surface complexes partially isolated
the calcium carbonate minerals from seawater and
decreased rates of nucleation, growth, and dissolu-
ton. Berner (1971) postulated- that complexing of
mriaces caused the apparent supersaturation of cal-
aum carbonate in natural waters.

%.The large difference in the amount of retardation
between the Oswego River water and the seawater
my be due to a difference in the organic species
mesent, the organic content, or the pH of the two
nters. Rothstein and Meier (1951) noted that the
ﬂabxhty of some uranyl-organic complexes was de-
'-'mased at low pH Therefore, the tendency to form
Rrface uraninite-organic comple.\es may be less at
v pH. This would result in a decrease in the re-
@rdation factor. Therefore, the lower retardation
ator calculated for Oswego River water may be
{he, in part, to the low pH of this water.
&In clay minerals, those having greater isomorphic
'lbstxtunon or lattice imperfections, including broken
onds, are generally favored for adsorption and
dmg with organic molecules (Rashid et al,

972). The surface of a particle undergoing dxssolu-

tion should therefore be ideal to provoke bonding be-
tween the crystal and the organic molecule.
Experimental rate expression

The information obtained from the experiments
elucidating the effects of surface area, composition,

-oxygen, carbonate, organic molecules, pH, and tem-

perature may be summarized by writing a single
rate equation. In the first order regions, such an
equation is :

R =10%-25(SS) (RF)
(10-3.83 - 10‘8) (DO)

(azcos) (am,) exp(—7045/T) day-* (19)
where SS = specific suriace area (cm® —gm?); RF
= organic retardation factor; NOC = mole fraction
of non-uranium cations in uraninite ; DO = dissolved
oxygen (ppm) ; and S¢o, = total dissolved carbonate
(molag).

It is impossible to specify the limits within which
this rate equation is applicable to uraninite dissolu-
tion. Radical changes in the reaction parameters
are likely to result in changes in the reaction mecha-
nism (Merritt, 1971). The equation is’ unlikely to
be applicable at much higher temperature, gas pres-
sure, or pH. The rate equation must also break
down under conditions in which Py, > 0 and 2CO,
— 0. Under these conditions the rate equation sug-
gests that the dissolution rate would go to zero as
well. However, it is likely that under such conditions
the formation of the uranyl ion, UO;*2, would proceed
at a finite rate, providing another mechanism for
dissolution. However, such conditions are unlikely
to be encountered in geological situations.

Tentative Reaction Mechanisms

Because the intermediate compounds in the reac-
tion are not well known, the exact rate mechanism
must remain speculative. However, some points are
fairly clear.

One rate determining step appears to be that of
adsorption of molecular oxygen onto the uraninite
surface at an adsorption site, Schematically

UO; + 02 = UO,; — O, (slow) (20)

This gives rise to the first order dependence on the
oxygen partial pressure This reaction is followed by

]
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faster steps involving possible migration of the oxy-
gen from an adsorption site to an oxidation site, if
the two are not identical, and splitting of the oxygen
molecule:

UO; + O + H,0 = UOs-H.O (fast) (21)

Data of Gillies (1946) and Nel (1958) suggest that
crystal dislocations or radiation defects may serve
either as adsorption or oxidation sites.

The intermediate compound of the reaction (21)
at room temperature is unknown. Aronson (1961),
in experiments at temperatures of 87° to 177°C,
found that a uranyl hydrate, approximately UOj30.8
H.O was formed (represented here as UO3 H;0).
This has been used in the present interpretation.
However, at room temperatures in the presence of
excess water the dihydrate, UO3°2H?0, is the ther-
modynamically favored phase. This composition
corresponds roughly to the minerals ianthiaite, be-
querelite, schoepite, and masuyite (Frondel, 19538).
Therefore, it is possible that a different uranyl hy-
drate is formed at room temperatures.

Because the reaction is dependent on both oxygen
and carbonate concentration, this first rate deter-
mining reaction (20) must be followed in steady
state by a second reaction involving the addition of
carbonate and creation of a uranyl carbonate com-
plex (Shortmann and DeSesa, 1958).  Although
the stoichiometry of the reaction (equation 1) indi-
cates that two carbonate molecules are added during
the reaction, the first order dependence found in this
investigation suggests that one carbonate is added
faster than the other:

UOa'HgO + HCO;;" ’ -
= U0,(COs) (H:0) (OH)- (slow) (22)

U0.(CO;) (H:0) (OH)- + HCO;
—U0.(COs)2(Hz0) s (fast) (23)

Here the addition of the first carbonate is suggested
as the slow step. The first rate determining reac-
tion (20) creates an oxidized surface on the urani-
nite grain. The second reaction then scavenges this
surface, removing the oxidized layer and exposing
a fresh surface.

The nature of the hydrogen ion dependence is
much more obscure. Mackay and Wadsworth
(1958) have suggested a mechanism similar to the
one suggested here. When the uraninite is placed
in water the fresh surface becomes hydrated:

UO; + H.O = UO(OH):

This hydrated surface could then undergo dissocia-
tion, the extent of the surface dissociation being a
function of the solution pH. Thus at low pH the
surface would be highly associated while at higher
pH the surface hydrated complex would become in-
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creasingly dissociated : g

UO,(OH) = UO,OHO- + Hr (first dissociation),

(equilibrium) w
and (é):
UO:(OH)O- = UOs0-* + H* (second dissociation),

(equilibrium) .z,

@)

If the oxygen molecule could only adsorb on a fully
associated surface site or if the fully associated s’
was the site for oxidation, the first order dependence.

on the solution hydrogen ion concentration might-be-
explained. ;
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» . APPENDIX 1. Results of Dissolution Experiments
% - Surface Rate
< . area Duration T pHg (gm-cm*-day™)
%z Number Sample!  (cm*gm™?) (days) (°C) Atm.? (£0.03) (X10%)
T 14 NC 81 2.0 23 &2 A 6.27 19  +03
“T 15 NC 81 1.0 23 2 A 6.11 20 " =03
T 16 NC 81 2.5 23 42 A 6.18 20 %03
AT 17 NC 81 2.5 23 + 2 A 6.18 20 +03
=R, 7 NC 81 2.0 21 A 5.92 0.7 01
¥R 8 NC 81 3.0 241 A 5.93 0.7 £01
g»R 9 NC 81 2.0 241 A 5.96 0.7 01
P 5 NC 43 2.0 2341 A 6.02 1.8 +02
% P 7 NC 43 2.0 231 A 5.91 1.7 £02
EX 1 NC 104 1.0 23+ 1 A 6.18 20 %02
@x 2 NC 104 1.0 23+ 1 A 6.18 20  +02
W4 W 50 5.0 23 42 A 6.15 0.0044 + 0.0006
§ w s W 50 5.0 23 £ 2 A 5.99 0.0048 = 0.0006
ZW 6 \Y 50 5.0 23 +2 A 6.11 0.0048 =+ 0.0006
£ W 11 \Y 50 15.0 2+1 A 5.87 " 0.0017 = 0.0003
=W 12 W 50 16.0 21 A 5.96 0.0016 =+ 0.0003
£ VR 1 VR 76 15.0 23 42 A 6.08 0.041 = 0.006
;§b VR 2 VR 76 15.0 23 £ 2 A 6.05 0.037 = 0.006
@ VR 4 VR 76 40.0 2+1 A 5.90 0.016 = 0.002
N 4 N 53 3.0 23 &2 A 6.31 0.12 %002
N 5 N 53 4.0 23+ 2 A 6.29 0.12 = 0.02
N7 N 53 .4.0 241 A 6.09 0.05 = 0.01
FEN 8 N 53 15.0 241 A 6.14 0.05 = 0.01
¥ BR 4 BR 52 17.0 23 4+ 2 A 6.06 0.015 = 0.002
£ BR S BR 52 10.0 23 42 A 5.98 0.016 = 0.002
£,BR 6 BR 52 10.0 23 42 A - 5.92 0.015 = 0.002
5 BR 9 BR 52 22.0 3+2 A 5.89 0.006 = 0.001
?f* Br 10 BR 52 24.0 21 A %.5.93 0.005 = 0.001
& L 4 M 50 1.0 23 42 A 6.16 042 =+ 0.06
5.l 8 Y| 50 2.0 23 +2 A 6.08 0.44 =+ 0.06
gtL 9 M 50 2.5 23 +£2 A 6.10 042 =+ 0.03
=L 1 M 50 3.0 2342 A 6.03 0.42 =£0.03
,gzL 12 M. 50 4.0 2+1 A 5.92 0.16 = 0.2
N

oy
.
o
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APPENDIX 1. —(Continued)

Surface ’
“area Duration T pHt" ~ pH, {gm-cm~?-day™
Number Sample (cm3*-gm™) (days) (°C) Atm. (£0.03)
L 3 M 30 30 23 &2 1 3.59 5.78 0.048 £ 0.
L 6 M S0 4.0 23 %2 1 5.68 5.99 0.042 + 0,
L 7 M 50 4.0 23 £ 2 1 5.63 5.98 0.042 =+ 0.0
K 10 M 50 7.0 2342 2 5.64 5.95 0.006 =+ 0.0
K 100C M 50 1.0 23 £ 2 4 4.72 5.21 45 %02
K. 10C M 50 1.0 23 %2 3 520 5.78 1.3 %0.1
L 138 M S0 1.0 23+ 2 A 3.86 4.32 240 =10
L 145 M 50 1.0 23 2 A 4.92 5.38 1.9 =+0.2
L 15¢ M 50 0.5 23 2 A 7.04 6.53 0.10 £0.02
P9 NC - 43 3.0 23 2 1 5.63 6.11 ~ 0.20 = 0.02
P 10 NC 43 4,0 23 2 1 5.39 5.95 0.20 +0.02-
P 11 NC 43 7.0 23 2 2 5.63 5.98 0.02 £0.01
HSA? M 50 1.0 23 =2 A 8.19 8.20 0.30 =£0.03
PSA? NC 43 1.0 23 2 A 8.18 8.19 1.5 =401 <
PSws NC 43 1.0 23 &2 A 8.15 8.16 0.042 = 0.006 -,
XSws- NC 50 0.1 23 2 A 8.15 8.15 0.049 =+ 0.006 -
LOX? M 50 0.1 23 42 A 3.95 4.20 7.2 +06 -
Surface
area Duration T pH: pH; NaHCO; S
Number  Sample (cm?-gm™) (days) (°C) Atm, (£0.05) (X10* M)  (gm-cm™-day™)
L 24 M 50 1.0 23 42 A 8.34 8.38 1.0 ¥
L 25 M 50 1.0 23 4 2 A 8.35 — 20 - 0.22 = 0.04 ~
L 27 M 50 1.0 23 £2 A, 8.34 8.52 4.0 0.38 £ 0.04 -~
L 32 M 50 1.0 23 £ 2 A 8.34 8.42 8.0 0.80 =+ 0.07
L 33 M 50. 05 23 &2 A 8.35 8.44 10.0 1.1 £01
L 34 M 50 0.5 2322 A 833 856 20.0 2.2 %02
L 33 M 50 0.5 23 &2 A 8.3 8.53 40.0 3.5 +02
L 36 M 30 0.25 23 &2 A 8.34 8.55 100.0 6.4 =03
L 37 M S0 0.25 23 %2 A 8.35 8.87 200.0 7.2 +£03

B

! Sample designations as in Table 1.

* Atmosphere. “‘A” refers to ambient atmosphere, other designations as in Table 2.
3 The pH measured at the end of the experiment.

4 The pH measured at the beginning of the experiment.

& \Weak HCI solution.

¢ \Veak NaOH solution.

7 Experiment in artificial seawater.

8 Experiment in Barnegat Bay, New Jersey, coastal seawater.

® Experiment in Oswego River water.
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Thermonuclear explosive would be placed at about 3,700 ft
elevation in hole adjacent to Kennecott's exploration bore

G-13 in Gila Mountains. Deposit is above water table and
the test would pose little problem with water contamination.

Kennecott sets sights on nuclear test for

Studies indicate 20 kiloton
device would break 1.3-mil-
lion tons in contained explo-
sion at 1,200 ft depth.

ProJecT SLoor moved one step closer
to reality last month when Kennecott
Copper Corp. disclosed details of a
propasitl that it submitted to the U.S.
Atomic Encrgy Commission for a joint
$13-million contained nuclear blast
and solution mining experiment at its
Sallord, Ariz., copper porphyry. The
anticipated budget would also cover
construction and operation of a pilot
precipitation plant capable of handling
2,600 gpm of pregnant solution flow
and side studies concerned with radia-
tion, blast effccts and methods for
refining cement copper.

The test would involve the emplace-
ment of a 20-kifoton device at a depth
of 1,200 ft below the surface in an
oxide zone of a low-grade deposit that
KCC has been investigating since
1955. It is anticipated that the shot
would produce a nuclear chimmey
measuring some 200 ft in diameter
and 440 ft in hecight containing 1.3-
million tons of broken rock running
0.41% copper.

The nucicar device would be placed
in a suitable plugged 20-in. dia hole
at a sitc where the sub-outcrop is
covered by some 750 ft of basalts and
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andesites in Arizona's Gila Mountains,
Foilowing the detonation, a cluster of
solution input holes would tap the
chimney and a set of solution recovery
holes and piping in underground ac-
cess drifts below the chimney would
collect the pregnant solution for pump-
ing to the surface precipitator. The
latier would be cquipped with KCC's
now-famous cone units similar to
thosc installed at other of its Western
Mining Divisions. The barren eflluent
would be returncd to the sofution
mining holes,

The conceptual study on which the
proposal was bascd has been under-
way for over two years as a joint effort
of KKC, the AEC, the U.S. Burcau
of Mines, and Lawrence Radiation
Laboratory. A summary report was
released last month.?

Short and long range objectives

Project Sloop aims primarily at
determining the practicability of using
nuclear explosives in a new environ-
ment and as a means for recovering
copper. The immediate goals include:
(1) The determination of the amount
of the contained copper that can be
recovered by leaching a nuclear ex-
plosion chimney; (2) the investigation
of how radionuclides generated by the
explosion bechave during the leaching
process and what measures, if any,
are necessary to provide for radiation
control and decontamination of the
copper; and (3) the testing and dem-

onstration of the ability to predict the
physical cfleets of a nuclear explosion
in a new medium and new location.

For the long-run, the test, if ap-
proved, may lead to the development
of an cntire new mining technology—
onc in which the surface is left undis-
turbed and in which vast amounts of
mechanical horsepower and expense
can be eliminated simply to handle
overburden and waste. If the initial
objectives of the test are attained it
may provide the information neccs-
sary to extrapolate- the results 1o a
large-yicld cxplosive or a multiple
detonation application of this tech-
nology.

Evidence from preliminary studies
suggests that nuclear explosives may
lower the cost structure for recovering
copper and therchy create new ore
reserves in many arcas of the U.S
Development of a nuclear stoping cap-
ability for in-placc leaching operations
would be particularly timely because
USBM studies predict continued de-
clines in grade of average U.S. copper
ores (now about 0.7%) to the 0.5%
copper level in 1985,

The premise for analyzing a nuclear-
assisted icchnology is based on the
usc of explosives of larger yield than
the device contemplated for Sloop.
For instance, Lawrence Radiation Lab-
oratory states that thermonuclear
charges, up to 100 kilotons, could be
used to preparc a 240-million ton
leaching reserve averaging 0.55% cop-
per in a deposit similar to Safford.
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The growth of a nuclear chimney
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Dilation of vapor cavity reaches full radius in half a second after the shot, then
rock collapse feeds growth of chimney to an equilibrium state.

in-situ recovery of copper

Conscrvative estimates of facilities and
operating costs, using current levels
of labor, material and construction,
for a plant sized to treat S-million
gallons of solution indicated a recov-
ery of 100 tpd of marketable pure
copper. The analysis suggested that
a commercial-size fracturing-leaching
installation would be able to produce
copper {rom lower-grade orcs at to-
day’s cost levels competively with the
melal now recovered from higher
grade ores.

Congress must approve the test

KCC's proposal needs both AEC
and Congressional approval. Built-into
the suggested program is a $750,000
site and safety study to insure ad-
cquate public health safeguards. This
six-month investigation (Phase 1 of
the project) would delve into the field
of underground water supplics, geo-
logic formations, soil structures, weath-
er and potential hazards. .If Phase 1
cleared the AEC with - approval,
another nine months would be required
1o bore the emplacement hole and
other satellite holes that are necessary
for monitoring the operation and to
prepare the site.

It would be 1969 at the earliest
before the shot could be ftriggered.
Another year, at a minimum, would
be necessary for solution mining and
precipitation studies along with gol-
fateral investigations, If AEC failed to
give ils approval on completion of
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Phase 1, the test would have to be
modified, dropped, or another location
considered.

The summary report that led to the
proposal makes several general obser-
vations with regard to the technical
feasibility of the project.

1) Chimney material formed by
nuclear explosions in granitic rocks is
very permeable and has been observed
to be about 25% void space with 75%
of the fragments smaller than 12-in.
in size,

2) It is expected that 90% of the
radionuclides would be trapped in a
slag glass that forms at the bottom of
the cavity as the melt flows down the
chimney walls.

3) Contamination of copper ap-
pears to be a manageable problem.
During leaching, the primary concern
underground and in the plant would
he with tritium vapors. It is feit that
acid soluble radioactive clements would
not be a problem. The oaly long-lived
radioisotope that would precipitate
with copper is ruthenium 106, but it
would be essentially removed during
smelting and electrolytic refining.

§) Based on borehole studies to date
the possibility of contamination of
ground water supplies appears exceed-
ingly remote.

Project management

How would this shot compare with
other big blasts in mining? It wouldn’t
break as much ore as some but this is
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© PROJECT SLOOP SHE

Cost estimates for Project Sloop

Phaso 1
Field start-up and initial suppost facifities
Pre-shot sampling holes
Site safety studies
Total Phase | $750,000
Phase 2
Project start-up and support facilities
Rehabilitation of existing workings
, Scientific program and explosive diagnostics
Emplacement hole
Emplacement, stemming
Operational support
Communications
Post-shot drilling, re-entry and testing
Miscellaneous construction
Engineering inspection
Total Phase 2 $5,750,000
Phase 3
Underground re-entry and rehabilitation
Leach solution and recovery system
Post-shot sample and solution input hales
Underground process piping and pumping system
Copper precipitation plant
Process water supply
Leach plant operating costs—one year
Public and industrial safety monitoring
Project evaluation
Total phase 3
Total Project Sloop

$6,675,000
$13,176,000

As yield goes up the cost of
nuclear explosives levels-off

Yigld Kilotons Approximate Charge

10 $350,000

50 425,000
100 460,000
350 500,000

- 500 535,000
1,000 570,000
2,000 600,000

Table is based on data published by AEC which
projected charges for nuclear explosives as o guide
for cvaluating Plowshare cxcavation applications.
The above charges cover nuclear materials, fubri-
cntion and assembly, and arming and firing services,
They do not include safety studics. site preparation,
hole emplacement. transportation and emplaceinent
of the explosives or support of operations in the
ficld, The charges are based on a projection 10 a
time when explosives wotld be produced in quamity
for routine utilization, but do not consider potential
reduction in cost ns a resull of future technological
development.
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because all production  blasts  have
been planned to break to one or more
free faces, and/or boundary-weakencd
phnes. Here are a few comparative
yardsticks. [International Nickel Co.
of Canada broke 5.25-million tons at
the Frood Stobie minc in 1965 with
464 tons of powder. Climax Molyb-
denum Co. broke 1.25-million tons in
a glory hole blast in May 1964 with
208 tons of explosive. Hercules Powder
Co. reported that 850 tons of high
cnergy slurry distributed in 1,118 jet-
picrced holes in Minnesota taconite
broke 1.3-million tons in 1966.

In planning and design of Project
Sloop this is how the responsibilitics
would be divided. The AEC would
provide the nuclear explosive, conduct
the nuclear operations and the pro-
grams for the protection of public
health and safety. KCC would be
responsible for the leaching and cop-
per recovery phase of the test and
USBM would participate in all phases
of the test, help evaluate results and
would cooperate with the other par-
ticipants, including AEC’s Lawrence
Radiation Laboratory, in rcporting the
restults.

The Sufford deposit has a number
of fuclors working in its favor as a
site for a nuclear blast for rescarching
a commercial scale in-situ leaching
operation. It is typical of disseminated
porphyry deposits containing oxide,
sulphide, and mixed oxide-sulphide
ores of a grade that will soon have to
be developed in the U.S. as a source
of copper. KCC has already conducted
years of delailed investigative work
that spans reconnaissance  drilling,
close-grid drilling, and underground
drilling and development. Kennecott
has also accumulated  considerable
processing experience with Safford ore
in a l-tpd pilot plant cequipped for
continuous leach and wash cycles and
an elecirolytic recovery section. It
was sct-up to study the possibility of
a full-scale conventional oxide recovery
plant.

2-billion tons of 0.419% copper

Located in Arizona's lLone Star
mining district, Kennecott's dissem-
inated deposit contains a large reserve
of low-grade copper. The test site is
centered on the north flank of the
mineral zone, which is situated within
the Gila Mountains at an elevation
of 5,000 ft.

After four years of geological and
exploration reconnaissance, Kennccott
purchased the property in 1959 when

Geometry of overlying volcanic
wastes, enriched oxide and un-
derlying sulphide zones of depos-
it, plus absence of water table,
makes orebody an ideal test site.
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ft_beeame clear that work had in-
dicated the possibility of a large
porphyry copper at depth. At the con-
clusion of development drilling, an
estimated 2-billion-ton reserve had
been indicated consisting of oxide,
mixed oxide-sulphide and sulphide
mineralization that averaged a probable
0.41% total copper.

The formations exposed in the Lone
Star District are predominantly vol-
canics with some intrusives. The oldest
pre-mineral rocks are primarily an-
desitic volcanics believed to be Cre-
taccous. They arc cut by several
strong, broad, northeasterly trending
fracture zones. Most of the fractures
were intruded by Early Tertiary
igneous  bodies of rhyolite, latite,
quariz monzonite, granodiorite and
quartz diorite,

This complex is overlain by two
series of post-ore volcanics with a total
thickness ranging from 200 1o 800 ft.
The older of these consists of flows
of andcsite and dacite. The youngest
volcanic rock, which caps the Gila
Mountain  Range, consists of Qua-
iernary basalt flows and some inter-
bedded tuff beds. These rocks decrease
in thickness and pinch out in the
vicinity of Kennccott's deposit, and
arc not found on the south side of
the range. ’

Copper mineralization occurs in the
Cretaceous and Early Tertiary vol-
canics under gencrally rugged surface
topography (sce accompanying maps
and sections). In cross section the
deposit is like an irregular ellipsoid
some 3.600 to 4,000 ft long and about
1,600 ft thick. 1t is overlain with a
leached capping and barren volcanics
that vary from 500 to 1,300 ft in
thickness. Kennecott says that about
onc-half of the indicated reserve is
relatively enriched oxide ore. The
principal copper minerals in this por-
tion are chrysocolla and brochantite.
Another one-third of the total ore
consists of a mixture of oxides and
primary and secondary sulphides. In
addition to the foregoing oxide min-
erals. other orc minerals include chalco-
pyrite, chalcocite. covellite and minor
amounts of bornite and molybdenite
at depth in the sulphide zone.

The climate is typical of the south-
western desert areas of the U.S., with
little rainfall, hot summers and mild
winters. Kennecott's ore environment
is dry and above any known water
jable. Exploration holes on the north
flank of the deposit. near the proposed
test site. have penetrated to depths
of 3.000 ft and no ground water has
ever been encountered there or in the
underground workings. A water well
field has been drilled near the town
of Safford that is estimated to bE
capable of developing an 8.000 gpm
supply, although the flow is rather
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Total and oxide copper content of ore is flashed against the chimney site from
data collected in one of Kennecott's earlier exploration drill holes.

saline for an electrolytic section.

How ore responds to leaching

Although Kennecott's pilot plant
test work was aimed at design of a
leaching plant for a conventional min-
ing operation, these conclusions can
be drawn concerning behavior of the
orc in an in-situ leaching situation,
according to the Project Sloop report.

(1) Safford ore can be treated for
the recovery of copper by a moderate
strength sulphuric acid leaching pro-
cess. (2) In pilot plant testing, overall
copper recovery on oxide ore grade
material ranged from 70% to 80%.
In an in-situ environment a somewhat
lower recovery may bec anticipated.
(3) Overall acid reagent consumption
in the test work averaged 40 Ib per
ton of ore. (4) High purity copper,
approaching that of electro-refining
mcthods, can be produced by electro-
lysis of strong leach solutions with no
special purification of the feed solu-
tion indicated other than a dechlar-
idization step.

Kennecott started initial metallurg-
ical studies on Safford ore in 1957
using samples of diamond drill core
from earlier exploration holes. These
taboratory scale results when projected
to a vat leaching cycle suggested a
reccovery of 76% of the copper from
ores assaying 0.96% copper, and 85%
recovery for higher grade dres averag-
ing 1.00% copper. :

As part of Kennecott’s evaluation
of the Safford deposit, an 800-ft
development shaft and 3,000 ft of
underground working were driven into
the oxide ore horizons, From these
openings some 52,000 ft of under-
ground core drilling were completed
in 1961. The core and excavated ma-
terial furnished bulk samples for the
I-tpd pilot lcaching plant that was
constructed adjacent to the shaft site.
The principal objective of the pilot
was to try the vat leaching and ele-
trolytic studies on a level larger than
laboratory scale and to dctermine the
effects, if any, of the saline well water
developed by the company npear Saf-
ford since it would likely be the only
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Surface precipitation plant would be sized to handle 2,600
gpm of pregnant solution and equipped to return the bar-

process water available for a produc-
tion operation.

How the chimney is formed

For rock breaking, the Project
Sloop report expains that a fully con-
tained nuclear blast underground
breuks only about onec-seventh of the
rock that might be shattered with a
near-surface detopation that heaves
fragments into an inverted cone. The
latter, however, cbviously vents radio-
active gases to the atmospherec.

On dctonation of a contained nu-
clear explosive, the energy is released
in a fraction of a micro-second. It
vaporizes, melts and crushes sur-
rounding rock with the {ormation of
spherical cavitly that expands around
the blast center until the cavity gas
pressure approaches equilibrium with
the weight of overlying rock.

The molten rock that initially lines
the cavity walls flows to a pool on
the bottom. As this slag cools and
solidifies into a relatively inert glass,
it traps up to 90% of the radioactive
fission products gencrated by the ex-
plosion. The cavity roof is fractured
by the shockwave and effectively
undercut starting a caving action. The
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chimney has a radius approximating
the cavity, and normally extends to a
height of four or five cavity radii.
The AEC, which has experience
with over 225 nuclear shots, points
out that similar explosions in granite
yicld an extremely permeable rubble
with 75% of the fragments under
12-in. in size. Outside fracturing
beyond the chimney walls may in-
creasc original permecability of sur-
rounding formations for a distance
approaching three cavity radii. With-
out the physical displacement of cavity
collapse, howcver, this fringe per-
meability would be much lower than
the cavity with its 25% void space.

Experimental design of Sloop

The tentative location for the test
shot is Kennecott’s exploration drill
hole G-13 (see maps), which is far
enough from the cxisting shaft to
minimize damage, according to the
report. Lawrence Radiation Labora-
tory has recommended a group of
pre- and post-shot holes for control
and monitoring of the explosion and
its cffects.

Four pre-shot surface holes would
be drilled in the chimney area 200 ft

ren liquor with make-up water and acid to the chimney in-
put holes. Piant will be forced to use saline water.

o
below the shot depth to establish the
distribution and amount of copper.
Cores and geophysical logs would be
obtained to make studies of the chem-
ical and physical characteristics of the
rock. Borchole photography and drill
stem  pressurization. tests would be
conducted to detecrmine in-situ frac-
ture distribution and permceability. A
fifth pre-shot hole would be bored
outside of the chimney area to verify
geologic data and would be instruc-
mented for shock timec-of-arrival,
pressure, and particle velocity measure-
ments.

The nuclear device would be em-
placed from the surface in an ap-
proximate 20-in. dia uncased hole at
the planned 1,200-ft depth. At this
level, it would be about 100 ft below
the existing drift horizon in the mine.
Stemming could be accomplished by
grout plugs and pea gravel. The shaft
would be stemmed for approximately
50 ft with local surface material and
50 ft of sand, charcoal, and asphalt.
Physical effects measurements would
be made in the shot hole and in the
satellite hole. The mine workings and
ground surface would be instrumented
for earth motion, and seismic data
would be recorded at various stations.

E/MJ—November, 1967
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Solution recovery and monitor holes would be drilled from development head.
ings located about 100 ft below the lower end of the nuclear cavity.

All holes within 1,000 ft of the shot
would be stemmed.

While the AEC believes the Safford
site could contain explosive yiclds of
up to 100 kilotons, the usc of a device
with this much cnergy would not be
considered until results of the smaller
20 kiloton device were fully evaluated.

For post-shot studies, LRL suggested
an B%-in. vertical hole near the em-
placcrient hole to enter the void at the
top of the chimney. It would be tsed
for defining chimney characteristics
and for leaching studies. LRL also
reccommended two 6%-in. holes 10 a
depth of 1,400 ft outside the chimney
arca, Two whipstock holes would then
be drilled from cach of the last holes
to intersect the chimney- edge and
cavity bottom.

Samples of the atmosphere and a
complete sct of geophysical logs, cores,
downhole photos and TV will be taken
in all holes. Chimney volume and
fracture permeability will be studied
by pumping compressed air into onc
of the holes intersecting the chimney.
The collected data would provide an
assessment of the distribution of heat
energy and radioactivity, chimacy
particle size distribution, and asso-
ciated permeability in the fracture
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zone after the blast is dctonated.

The leaching program

Three leach solution input holes
would be drilled from the surface to
tap the top of the chimney zone.
Underground drift and cross-cut devel-
opment would be driven 200 ft below
the shot point to establish drill stations
for holing the bottom of the cavity
with a solution recovery system. This
development would be about 100 ft
below the bottom of the cavity. In
addition to cone precipitators capable
of handling a daily throughput of
2,600 gpm, the surface plant will in-
clude facilities for make-up water,
solution pumping, acid storage, and
iron and copper precipitatc handling
and storage.

The leaching studies would take one
to three years. A primary concern
during this stage would be potential
industrial radiological safety problems
that might be encountered as a result
of solution treatment of the broken
rock. These would be primarily due
to tritivm and to acid soluble fission
products entering the circulating leach
solution. lnvestigations indicate, the
report states, that radiation from the

~

leach solutions would be at such low
levels that no shielding would be re-
quired for personnel protection. Very
little additional operating cost would
be incurred by the housekeeping type
precautions requircd to assure com-
plete operational safety in handling
the solutions.

Treated water vapor from leach
solutions could constitute a hazard in
the underground workings or in the
precipitation plant, if allowed to col-
lect or concentrate where it could be
inhaled or absorbed through the skin.
Process plant design specifying en-
closed pipeline handling of solutions
and adequate ventilation would min-
imize the potential hazard.

The tritium content of process solu-
tions could be greatly reduced by
initially flushing the chimney with
waler prior to the start of leaching. The
flushing fluids would .be chemically
controlled in order to dissolve a mini-
mum amount of copper, and if they
become contaminated, they would be
disposed of in accordunce to AEC and
State regulations.

Extensive laboratory studies at Oak
Ridge have investigated the possibility
of radioactive contamination of the
finished copper causing a health or
marketing difficulty. Copper itscif is
not rendered radioactive for any signi-
ficant time because its radionuclides
arc very short lived and decay rapidly.

The 5% to 10% fraction of the
fission products that are not trapped
in the rclatively insoluble glass slag
at the bottom of the cavity would he
dispersed in the chimney in a more
leachable form. Many of these prod-
ucts, however, would be strongly held
on the ore by adsorption mechanisms
and would not build-up to significant
concentrations in circulating solutions.

A portion of the copper precipitates
would be used for studies to determine
the most cfficient process for refining
the metal commercially. Solvent ex-

traction methods, clectrolysis  of
dissolved precipitates in _acid and
conventional smelting  followed by
clectro-refining methods would be in-
vestigated. '

Substantial quantities of cement

copper would be produced from the
test program. After the experimental
requirements of Project Sloop are
satisfied, commercial usuge of copper
could be permissible under suitable
regulatory arrangements  with  the
parties involved in the test.

Distribution of radioactivity

In developing a concept for Project
Sloop, L.RL points out that the only
long-lived soluble fission products
which may interferc are: Cs 137, Ru
106, Zr-Nb 95, Ce 144, Ce 141, Y 91,
Pm 147, Sr 90 and Sr 89. Of the
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from Nordberg
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This Nordberg VK80 two-stage compressor
unit dalivers 676 Cu. ft. of dry, oil-froe air at
125 psig. ““Packaging” dane by Comprassor

Service, Nordberg Distributor in Los Angeles,
Caolifornia. «

...ALL SET
FOR YOUR SITE

An efficient air power package
like this can reduce your instal-
lation costs and save you time,
labor and floor space.

This Nordberg skid-mounted
air compressor assembly is avail-
able in several sizes and styles.
It comes equipped with motor,
starter, safety alarm equipment,
after-cooler, air receiver and air
dryer—or you name the com-
ponents, and let your Nordbery
specialist help you plan the
package.

Let Nordberg help you think
in terms of packaged units for
your next compressor installa-
tion—forget foundations and
the bother and expense of “‘shoe
horn” layouts. Put us on your
bid list for dependable low cost
delivery of shop air—in a neat,
efficient package.

Nordberg compressors are
available in single or two stage
models for conventional or oil-
free service. V or W type, 100 to
400 hp. 490 to 3200 cfin. Write
for catalog.
©uer, N.M, Co. CHIR

|
NORDBERG

NORDBERG MFG. CO.,
Milwaukee, Wisconsin 53201

Circle 103 on Card, Page 33
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radionuclides trapped in the  glass
matrix at the bottom of the cavity,
less than 5% is solubilized in pormal
leaching of the glass at pH of 1.5 to
2.0. Ce 141, Sr 90, and Cs 137, how-
cver, have gasecous precursors, and
Ru 103-106 is a volatile ggmpound
that can be dcposited on readily ac-
cessible broken rock at considerable
distances from the melt zone. These
four, -particularly the Sr, are more
readily leachable and in laboratory
experiments have constituted the bulk
of the activity in the first increment
of solution through the leach bed. Ce
and Ru are about 10 times more
soluble at & pH of 1.5 than at 3.1,

Irradiation of Safford orc at Oak
Ridge National Laboratory indicated
that Sc 46, Co 60, Mn 54, Fe §59,
Zn 65 and Sc 75 would probably be
the most important induced long-lived
radionuclides, Sc and Fe are significant
at early times, but Co, Zr and Se are
most important later.

Personnel from Oak Ridge say that
the ion exchange propertics of the
copper ore arc highly important in
regulating the quantities of certain
radionuclides that dissolve from the
ore. Safford ore adsorbed Cs 137 and
Zr-Nb 95 very strongly from leach
liquors. Sr was adsorbed much less,
although still significantly.

They also say that the rubble-filled
chimney in a continuous leaching
cycle will function as an ion exchange
column. Radionuclides dissolved from
the ore early in the leach cycle would
tend 1o be adsorbed on the ore in later

Jeach cycles. This would limit the

build-up in concentration of certain
radionuclides in the teach solution to
levels far below those that would ‘be
predicted on the basis of simple batch
tests. The radionuclides formed by
newiron activation of the ore should
not be of importance in the processing
cycle.

Contamination of copper

Cementation tests showed that only
Ru 106 and Zr-Nb 95 precipitate with
thc copper to a significant extent.
Certain potential activation products,
such as mercury and silver, cement
quantitatively with copper, but after
considering the quantities of each of
the various radionuclides it was con-
cluded that Ru 106 was the only radio-
isotope that was important in the
contamination picture. Over 50% of
the soluble Ru followed the copper
and ORNL tests determined that 20%
of the Zr-Nb followed copper.

Direct smelting of Ru-contaminated
ccment copper showed that all the
Ru appeared in the blister copper.
Elcctrolytic refining, however, gave a
relatively pure copper cathode. Fol-
lowing electrolysis, 66% of the Ru

remained with the electrolyte and 33
dropped out as anode mud. Only 1
of the contained Ru content followed
the copper to the cathode. Of the t_otal
induced activity, only 5% went int0
solution and only 6% of this soluble
fraction, principally Zr and Se, ended
up with the cement copper and these
dropped out in the slag during smelt-
ing.

Recovery of copper from leach solu-
tions by solvent extraction is a potcn-
tial alternative 1o cementation, and this
route will be investigated il Project
Sloop receives approval. Soluble cop:
per taken into the extractant can b'e
stripped by 2 mol H,S0, and this
solution can be fed directly to clectrol-
ysis. Preliminary solvent cx(rncljon
tests have indicated a good scparation
of copper from ruthenium as well
as all other important fission products
with the .possible exception of Zr-Nb
95.

%

Safety considerations

The scaled burial of the shot is
greater than that which is normally
required from the standpoint of con-
tainment of the energy. )

The probability of a stemming
failure would appear to be extremely
small, however, the possibility of somec
minor venting cannot bc ruled oul
says LRL. Because of the competence
of the overlying formations, it has
been estimated, for the worst credibie
casc. no morc than 5§ x 107 curries
at one minute could be releascd
through a fissure and be injected
into the atmosphere after the shot.

In such an eventuality, the pre-
dominant nuclides in the radioactive
cloud would be Kr, Xc, I, and their
decay products. The distribution and
intensity of this fallout can be con-
trolled by dctonating thc cxplosive
under specified metcorological con-
ditions.

It is the judgement of LRL that
in no case will iodinc lJevels cxceed
values which, with proper operational
control and monitoring, could lead
to excessive exposure 1o individuals
in the public. In making this judg-
ment, LRL assumes that radiation
protection guidance published by the
Federal Radiation Council would ap-
ply. » .

If Sloop demonstrates a new mining
technology, here is a benchmark on
what it might do for U.S. rescrves. In
1965 USBM estimated the domestic
total at 75-million tons of copper in
orcs of 0.86%; another S58-million
tons may exist in 0.47% sub-ore.

1 Profcct Slaop, PNE 1300 Nuclear Lxplosives —
Peaceful Applications is available (rom the Clearing-
house for Federal Scientific & Technical Information.
National Bureau of Standards, U.S. Dept. of Com-
merce, Springficld, Va, 22151, for $3 (printed copy)
or £5¢ far microfiche.
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“Thermonuclear explosivé would be placed at about 3,700 ft G-13 in Gila Mountains. Deposit is above water table and %

elevation in hole adjacent to Kennecott’s exploration bore the test would pose little problem with water contamination. 22

Studies indicate 20 _klloton
device would break 1.3-mil-
lion tons in contained explo-
sion at 1,200 ft depth.

-ProJecT SLoopr moved one step closer

_ to reality last month when Kennecott
Copper Corp. disclosed details of a
proposal that it submitted to the U.S.
Atomic Energy Commission for a joint
$13-million contained nuclear blast
and solution mining experiment at its
Safford, Ariz., copper porphyry. The
anticipated budget would also cover
construction and operation of a pilot
precipitation plant capable of handling
2,600 gpm of pregnant solution flow
and side studies concerned with radia-
tion, blast effects and methods for
refining cement copper.

The test would involve the emplace-
ment of a 20-kiloton device at a depth
of 1,200 ft below the surface in an
oxide zone of a low-grade deposit that

. KCC .has been investigating since
1955. It is anticipated that the shot
would produce a nuclear chimmey
measuring some 200 ft in diameter
and 440 ft in height containing 1.3-
million tons of broken rock ruunmg
0.41% copper.

The ‘nuclear device would be placed
in a suitable plugged 20-in. dia hole
at a site where the sub-outcrop is
covered by some 750 ft of basalts and
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andesites in Arizoua’s Gila Mountainsf

Following the detonation, a cluster of
solution input holes would tap the
chimney and a set of solution recovery
holes and piping in underground ac-
cess drifts below the chimney would
collect the pregnant solution for pump-
ing to- the surface precipitator. The
latter would be equipped with KCC’s
now-famous cone upits similar to
those installed at other of its Western
Mining Divisions. The barren effluent
would be returned to the solutlon
mining holes. :

The conceptual study on which the
proposal was based has been under-
way for over two years as a joint effort
of KKC, the AEC, the U.S. Bureau
of Mines, and Lawrence Radiation
Laboratory. A summary report was
released last month.?

Short and long range objectives

Project Sloop aims primarily at
determining the practicability of using
nuclear explosives in a new environ-
ment and as a means for recovering

. copper. The immediate goals include:
(1) The determination of the amount

of the contained copper that can be
recovered by leaching a- nuclear ex-
plosion chimney; (2) the investigation
of how radionuclides generated by the
explosion behave during the leaching
process and what measures, if any,
are necessary to provide for radiation
control and decontamination of . the
copper; and (3) the testing and dem-

- For instance, Lawrence Radiation Lab- ~

onstration of the ability to predict the
physmal effects of a nuclear explosion”;
in a pew medium and new location. &7

For the long-run, the test, if ap- L&}
proved, may lead to the development
of an entire new mining techuology—-‘_“ﬂm
one in which the surface is left undis- 3
turbed and in which vast amounts of “

objectives of the test are attained )t‘*i e
may provide the information, neces-
sary to extrapolate the results to a’:
large-yield explosive or a multiple .’
detonation appllcatlon ‘of this tech- 3
nology. . 5
Evidence from preliminary studies %
.suggests that nuclear explosives may - 3%

lower the cost structure for recovermg r

‘:
b
h

-
P?

reserves in many areas of the U.S.
Development of a nuclear stoping cap-
ability for in-place leaching operations -
would be particularly timely because
USBM studies predict continued de- -
clines in grade of average U.S. copper -3
ores (now about 0.7%) to the 0.5% -
copper level in 1985. :
The premise for apalyzing a nuclear- °
assisted technology is based on the -
use of explosives of larger yield than %5
the device contemplated for Sloop. ~

oratory states that thermonuclear -
charges, up to 100 kilotons, could be
used- to prepare a 240-million ton
leaching reserve averaging 0.55% cop- .
per in a deposit similar to Safford.
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~. Dilation of vapor cavity reaches full radius in half a second after the shot, then

for a plant sized to treat S-million
gal]oas of solution indicated a recov-

-a commercxal—snze fracturmg-leachmg
-installation would be- able .to produce
copper from lower-grade ores at to-

FX7day’s cost levels competively with the

- metal now recovered from higher
grade ores. >

Congress must approve the test

- KCC’s proposal needs both AEC
and Congressional approval. Built-into
the suggested program is a $750,000
site and safety study to insure ad-
equate public health safeguards. This
six-month investigation (Phase 1 of

" the project) would delve into the field

of underground water supplies, geo-

. logic formations, soil structures, weath-
- er and potential hazards. If Phase 1

cleared the AEC with * approval, .
another nine months would be reqiiired
to bore the emplacement hole and
other satellite holes that are necessary
for monitoring the operation and to

- prepare the site.

It would be 1969 at the earliest

* before the shot could be triggered.

Another year, at a minimum, would

" be necessary for solution mining and

§JL“ :"

precipitation studies along with col-
lateral investigations. If AEC failed to
give its approval on completion of

~ E/MJ—Noveinber, 1967

rock collapse feeds growth of chimney to an equilibrium state.

m _situ recovery of copper

Phase. 1, the test would have to be
modified, dropped, or another location
considered.

The summary report that led to the
proposal makes several general obser-
vations with regard to the technical
feasibility of the project.

1) Chimney - material formed by
nuclear explosions in granitic rocks is
very permeable and has been observed
to be about 25% void space with 75%
of the fragments smaller than 12-in,
in size,

2) It is expected that 90% of the
radionuclides would be trapped in a
slag glass that forms at the bottom of
the cavity as the melt ﬂows down the
chimney walls,

3) Contamination of. copper ap-
pears to be a manageable problem.
During leaching, the primary concern
underground and in the plant would
be with tritium vapors. It is felt that
acid soluble radioactive elements would
not be a problem. The only long-lived
radioisotope that would precipitate
with copper is ruthenium 106, but it

“would be essentially removed during’

smelting and electrolytic reﬁmng
§) Based on borehole studies to date
the possibility of contamination of
ground water supplies appears exceed-
ingly remote.
|
Project management

How would this shot compare with

other big blasts in mining? It wouldn’t
break as much ore as some but this is
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Cost estimates for Project Sloop

Phase 1
Field start-up and initial support facilities
Pre-shot sampling holes
Site safety studies
Total Phase 1 $750,000
Phase 2
Project start-up and support facilities -
Rehabilitation of existing workings
Scientific program and explosive diagnostics-
Emplacement hole
Emplacement, stemming
Operational support
Communications
Post-shot drilling, re-entry and lestmg
Miscellaneous construction-
Engineering inspection
Total Phase 2 $5,750,000
Phase 3
Underground re-entry and rehabilitation
Leach solution and recovery system
Post-shot sample and solution input holes
Underground process piping and pumpmg system
Copper precipitation plant
Process water supply
Leach plant operating costs—one year
Public and industrial safety monitoring

. Project evaluation

$6,675,000
$13,175,000

Total phase 3
Total Project Sloop

As yield-go'es up the cost of
nuclear explosives levels-off

Yield Kilotons Approximate Charge

10 $350,000

50 425,000
100 460,000
350 - 500,000
500 535,000
1,000 570,000
2,000 600,000

Table is based on data published by AEC which
projected charges for nuclear explosives ag-a guide
for evaluating Plowshare excavation applications,
The above charges cover nuclear materials, fabri-
cation and assembly, and arming and firing services,
They do not include safcty studies, site preparation,
hole emplacement, transportation and emplacement
of the explosives or support of operations in the
ficld. The charges are based on a projection 10 a
time when explosives would be produced in quantity
for routinc utilization, but do not consider potentinl
reduction in cost as a result of futurc technological
development.
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B
because all production blasts have it be
; ; been planned to break to one or more dicate
’ free faces, and/or boundary-weakened. porpl
X _— o planes. Here are a few comparative 4 clusic
b g {8 _ yardsticks. International - Nickel. Co. estim
~; b = of Canada broke 5.25-million tons at.zy¥: been
" the Frood Stobie mine in 1965 with -3 mixec
A 464 tons of powder. Climax Molyb-.358 miner
" denum Co. broke 1.25-million tons in 0.41¢
a glory hole blast in May 1964 with Th
208 tons of explosive. Hercules Powder &3 Star
Co. reported that 850 tons of high i canic:
energy slurry distributed in 1,118 jet- ; " pre-n
g % --pierced holes “in ‘Minnesota taconite s " desiti
g % broke 1.3-million tons in 1966. - taceo
In planning and design of Project. §% stron:
Sloop this is how the responsibilities - fractt
would be divided. The AEC would. #gg: were
provide the nuclear explosive, conduct: Sz ieneo
the nuclear operations and the pro--3 q;,uan
0o grams for the protection of public; quart
_ health and safety. KCC would be Th
8 S responsible for the leaching and cop- j series
—;1 g ¥ per recovery phase of the test and % thick
; USBM would participate in all phases i The
u of the test, help evaluate results and i of ar
o would cooperate with the other par-.: volca
i . ticipants, including AEC’s Lawrence™; Mou:
i Radiation Laboratory, in reporting the terna
i results. . B : bedd:
I3 The Safford deposit has a number in tt
: of factors working in its favor as a-& vicin
W e ' £ . _site for a nuclear blast for researching :3 are 1
iR 800" 1008 1300 _' U a’ commercial scale in-situ leaching YaZ the r
A operation. It is typical of disseminated i Cc
‘,& CONTOUR mTEMAL 50 FEET porphyry deposits containing oxide, ¥ Cret:
I sulphide, and mixed oxide-sulphide=; " canic
Yl ores of a grade that will soon have to 3 topo
| be developed in the U.S. as a source. 4 and
h of copper. KCC has already conducted ; & depo
1 years of detailed investigative work. 33 some
. that spans "reconnaissance drilling, - 38 1,600
I close-grid drilling, and underground ZHag] leact
5t drilling and development.. Kennecott - gixe4 that
1 has- also accumulated considerable- e | thick
: ’ . -, g : ] ; | processing experience with Safford ore = one-]
h. . ELEV. 3,000 ‘ Commmnt o Ioommm oy *-'\‘ (\‘ in a 1-tpd pilot plant equipped for;.‘;zi: relat
d - B ~ . \ NS : : continuous leach and wash cycles and ."y princ
; ) ) , 4 RN an electrolytic recovery section. It:&§ tion
' LEGEND : femmr TS was set-up to study the possibility of I& Ano
e "R BASALT WTW NTERECOLD TUS ) . : a full-scale conventional oxide recovery cons
! X3 AMOESITES, TUFFS, AGGLOMERATES . =
! = wescned carmms ; g SECTION Y-Y' plant. ' prim
i £ DMMCHED OXDE ORE ZOME u S - : . addi
g , 2-billion tons of 0.419%, copper erals
| . , B . . ) o z pyril
iy iing disict, Kennecotts. dissem. at d
t A % mining district, anecott’s dissem- ", a
) % /{.//{;/// W/K/%é// / inated deposit contains a large reserve T
I SRR G of low-grade copper. The test site is west
| eLev 000 centered on the north flank of the | little
1 mineral zone, which is situated within winl
; ) the Gila Mountains at an elevation -y is d
: G- 2y of 5,000 ft. i tabl,
g EN 3000 L= s S ’ After four years of geological and flan
, 7 N A exploration reconnaissance, Kennecott test
/:;7- T T e LS o om purchased the property in 1959 when of 1
o A v . ever
0 g , . . ) N und
2 SECTION X-X' . Geometry of overlying volcanic field
# wastes, enriched oxide and un-
' derlying sulphide zones of depos- of
0003500 0 1000 2000 3000FT. . it, plus absence of water table, capi
- sate . makes orebody an ideal test site. sup{
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. dicated . the possibility of a large
' porphyry copper at depth. At the con-

=% clusion of development drilling, an

F'i-estimated  2-billion-ton reserve had
"I~ been indicated consisting of oxide,
i~ mixed oxide-sulphide and sulphide
Fé‘f,mineralization that averaged a probable
*+10.41% total copper..

'™ The formations exposed in the Lone
E;’,'Star District are predominantly vol-
-+ ~canics with some intrusives. The oldest
"~ pre-mineral rocks are primarily an-
. .desitic volcanics believed to be Cre-
% “taceous. They are cut by several
;& strong, broad, northeasterly trending
"+ fracture zones. Most of the fractures
-~ were intruded by Early Tertiary
'+ .igneous bodies of * rhyolite, latite,
“i. quartz monzonite, granodiorite and
quartz diorite, .

v

2" thickness ranging from 200 to 800 ft.
F-7" The older of these consists of flows
'Z2-of andesite and dacite. The youngest
%8> volcanic rock, which caps the Gila
= Mountain Range, consists of Qua-
=% ternary basalt flows and some inter-
‘%{ bedded tuff beds. These rocks decrease
x¢ in thickness and pinch out in the
vicinity of Kennecott’s deposit, and
‘are not found on the south side of
the range. ’

226 Copper mineralization occurs in the
287 Cretaceous and Early Tertiary vol-
-2+ canics under genperally rugged surface
“4- topography (see accompanying maps
" and sections). In cross section the

= some 3,600 to 4,000 ft long and about
£15- 1,600 ft thick. It is overlain with a
=

‘%;. = leached capping and barren volcanics
P2 that vary from 500 to 1,300 ft in
éég,-thickness. Kennecott says that about
’;.‘%;one-ha]f of the indicated reserve is

725 consists of a mixture of oxides and
e primary and secondary sulphides. In
gt o A . .

;:m_;addmon to the foregoing oxide min-
=22 +erals, other ore minerals include chalco-
%3, pyTite, chalcocite, covellite and minor

77>~ at depth in the sulphide zone.
-#%",  The climate is typical of the south-
3. western desert areas of the U.S., with

' e~ winters. Kennecott’s ore environment
%’ -is dry and above any known water

' table. Exploration holes on the north
.. &~ flank of the deposit, near the proposed
- test site, have penetrated to depths
“Z of 3,000 ft and no ground water has
-, ever been encountered there or in the

" field has been drilled near the town

-of Safford that is estimated to be
. capable of developing an 8,000 gpm
supply, although the flow is rather

> E/MJ—November, 1967 s
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.- underground workings. A water well

Totalténﬁ "oxide i:oppér content‘of ore is flashed against the chimney site-from
data collected in one of Kennecott's earlier exploration drill holes.

-

saline for an electrolytic section.

How ore responds to leaching

Although Kennecott’s pilot plant
test work was aimed at design of a
leaching plant for a conventional min-
ing operation, these conclusions can
be drawn concerning behavior of the
ore in an in-situ leaching situation,
according to the Project Sloop report.

(1) Saflord ore can be treated for
the recovery of copper by a moderate
strength sulphuric acid leaching pro-
cess.(2) In pilot plant testing, overall

‘copper - recovery--on-oxide ore grade -

material ranged from 70% to 80%.
In an in-situ environment 2 somewhat
lower recovery may be anticipated.
(3) Overall acid reagent consumption
in the test work averaged 40 1b per
ton of ore. (4) High purity copper,
approaching that of electro-refining
methods, can be produced by electro-
lysis of strong leach solutions with no
special purification of the feed solu-
tion indicated other than a dechlor-
idization step.

Kennecott started initial metallurg-
ical studies on Safford ore in 1957
using samples of diamond drill core
from earlier exploration holes. These
laboratory scale results when projected
to a vat leaching cycle suggested a
recovery of 76% of the copper from
ores assaying 0.96% copper, and 85%
recovery for higher grade ores averag-
ing 1.00% copper. . .

As part of Kennecott’s evaluation
of the Safford deposit, an 800-ft
development shaft and 3,000 ft of
underground working were driven into
the oxide ore horizons. From these
openings some .52,000. ft .of. under-
ground core drilling were completed’
in 1961. The core and excavated ma-
terial furnished bulk samples for the
1-tpd pilot leaching plant that was
constructed adjacent to the shaft site.
The principal objective of the pilot
was to try the vat leaching and ele-

trolytic studies on a level larger than

laboratory scdlé and to determine the
effects, if any, of the saline well water
developed by the company near Saf-
ford since it would likely be the only
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Surface precipitation plant would be sized to handle 2,600 ren liguor with make-up water and acid'to the chimney in-
gpm of pregnant solution and equipped to return the bar-. put holes. Plant will be forced to use saline water.

process water available for a produc-
tion operation. T

How the chimney is formed

For rock breaking, the. Projeci

'Sloop report expains that a fully con-

tained nuclear blast underground
breaks only about one-seventh of the
rock that might be shattered with a
near-surface detonation that heaves

_fragments into- an inverted cone. The

latter, however, obviously vents radio-
active gases to the atmosphere.

On detonation of a contained nu-
clear explosive, the energy is released
in a fraction of a micro-second. It
vaporizes, melts and crushes sur-
rounding rock with the formation of
spherical cavity that expands around
the blast center until the cavity gas
pressure approaches equilibrium with
the weight of overlying rock.

The molten rock that initially lines’

the cavity walls flows to a pool on
the bottom. As this slag cools and
solidifies into a relatively inert glass,
it traps up to 90% of the radioactive
fission products generated by the ex-
plosion. The cavity roof is fractured
by the shockwave and effectively
undercut starting a caving action. The

120

chimney has a radius approximating
the cavity, and normally extends to a
height of four or five cavity radii.

_The AEC, which has. experience
with over 225 nuclear shots, points
out that similar explosions in granite
yield an extremely permeable rubble
with 75% of the fragmeénts under
12-in. in size. Outside fracturing
beyond the chimney walls may in-
crease original permeability. of sur-
rounding formations for a distance
approaching three cavity radii. With-
out the physical displacement of cavity
collapse, however, this fringe per-
meability would be much lower than
the cavity with its 25% void space.

Experimental design of Sloop

The tentative location for the test
shot is Kennecott's exploration drill
hole G-13 (see maps), which is far
enough from the existing shaft to
minimize damage, according to the
report. Lawrence Radiation Labora-
tory has recommended a group of
pre- and post-shot holes for control
and monitoring of the explosion and
its effects. Co

*Four pre-shot surface holes would
be drilled in the chimney area 200 ft

below the shot depth to establish the "

distribution and amount of copper.

Cores and geophysical logs would be.

obtajned to make studies of the chem-
ical and physical characteristics of the
rock. Borehole photography and drill
stern  pressurization tests would be
conducted to determine in-situ frac-
ture- distribution and permeability. A
fifth pre-shot hole would be bored
outside of the chimney area to verify
geologic data and would be instruc-
mented for shock time-of-arrival,
pressure, and particle velocity measure-
ments. . '

The nuclear device would be em-
placed from the surface in an ap-

" proximate 20-in. dia uncased hole at

the planned 1,200-ft depth. At this
level, it would be about 100 ft below
the existing drift horizon in the mine.
Stemming could be accomplished by
grout plugs and pea gravel. The shaft
would be stemmed for approximately
50 ft with local surface material and
50 ft of sand, charcoal, and asphalt.
Physical effects measurements would
be made in the shot hole and in the
satellite hole. The mine workings and
ground surface would be instrumented
for earth motion, and seismic data
would be recorded at various stations.
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ite could contain explosive yields of
sup to 100 kilotons, the use of a device
=with this much energy would not be
zconsidered until results of the smaller
0 kiloton device were fully evaluated.
<For post-shot studies, LRL suggested
:an 8%-in. vertical hole near the em-
=:placement hole to enter the void at the
‘yt,op of the chimney. It would be used
sfor defining chimney characteristics
rand for leaching studies. LRL also
y recommended two 67:-in. holes to a
depth of 1,400 ft outside the chimney
Gex area. Two whipstock holes would then
e be drilled from each of the last holes
&&-10- intersect the chimney edge and
cavnty bottom.
;;}_Samples of the .atmosphere and a
# complete set of geophysical logs, cores,
downhole photos and TV will be taken
“m -all holes. Chimney volume and
 fracture permeability will be studied
by pumping compressed air into one
‘-of the holes intersecting the chimney.
The collected data would provide an

zenergy and radioactivity, chimney
g=. particle size distribution, and asso-

ciated permeability in- the fracture
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Ex-assessment- of the distribution of heat

zone after the blast is detonated.

The leaching program:

Three leach solution input holes
would be drilled from the surface to
tap the top of the chimney zone.
Underground drift and cross-cut devel-
opment would be driven 200 ft below

the shot point to establish drill stations

for holing the bottom of the cavity
with a solution recovery system. This

development would be about 100 ft.

below the bottom of the cavity. In
addition to cone precipitators capable
of handling a daily throughput of
2,600 gpm, the surface plant will in-
clude facilities for make-up water,
solution pumping, acid storage, and
iron and copper precipitate handling
and storage.

The leaching studies would take one
to three years. A primary concern
during this stage would be potential
industrial radiological safety problems
that might be encountered as a result
of solution treatment of the broken
rock. These would be primarily due

to tritium and to acid soluble fission -

products entering the circulating leach
solution. Investigations indicate, - the
report states, that radiation from the

leach solutions would be at such low
levels that no shielding would be re-
quired for personnel protection. Very
little additional operating cost would
be incurred by the housekeeping type
precautions required to assure com-
plete operational safety in handling
the solutions.

Treated water vapor from leach-

solutions could constitute a hazard in
the underground workings or in the
precipitation plant, if allowed to col-
lect or concentrate where it could be
inhaled or absorbed through the skin.
Process plant design specifying en-
closed pipeline handling of solutions
and adequate ventilation would min-
imize the potential hazard.

The tritium content of process solu-
tions could be greatly reduced by
initially flushing the chimney with
water prior to the start of leaching. The

" flushing fluids would be chemically

controlled in order to dissolve a mini-
mum amount of copper, and if they
become contaminated, they would -be
disposed of in accordance to AEC and
State regulations.

Extensive laboratory studies at Qak
Ridge have investigated the possibility
of radioactive contamination of the
finished copper causing a. health or

marketing difficulty. Copper itself is -
not rendered radioactive for any signi-

ficant time because its radionuclides
are very short lived and decay rapidly.

The 5% to 10% fraction of the
fission products that are not trapped
in the relatively insoluble-glass slag

at the bottom of the cavity would be |
dispersed in the chimney in a :more °

leachable form. Many of these prod-
ucts, however, would be strongly held
on the ore by adsorption mechanisms
and would not build-up to significant
concentrations in circulating solutions.

A portion of the copper precipitates
would be useéd for studies to determine
the most efficient process for refining
the metal commercially. Solvent ex-
traction methods, electrolysis of
dissolved precipitates in acid and
conventional smelting followed by
electro-refining methods would be in-
vestigated. " .

Substantial quantities of cement
copper would be produced from the
test program. After the experimental
requirements of Project Sloop are
satisfied, commercial usage of copper
could be permissible under suitable
regulatory arrangements with the
parties involved in the test.

Distribution of radioactivity

In developing a concept for Project
Sloop, LRL points out that the only
long-lived soluble fission products
which may interfere are:. Cs 137, Ru
106, Zr-Nb 95, Ce 144, Ce 141, Y 91,
Pm 147, Sr 90 and Sr 89. Of the
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_ This Nordberg skid-mounted
_.air compressor agsembly is avail-
" able in several sizes and styles.

* '~ It comes equipped with motor,

starter, safety alarm equipment,
after-cooler, air receiver and air
dryer—or you name the com-
ponents, and let your Nordberg
specialist help you plan the
package.

" Let Nordberg help you think -
-in terms of packaged units for

. your next compressor installa-
tion—forget foundations and
the bother and expense of “‘shoe
horn” layouts. Put us on your
bid list for dependable low cost
delivery of shop air—in a neat,
efficient package.

Nordberg COmMpressors are
available in single or two stage
models for conventional or oii-
- free service. V or W type, 100 to
400 hp. 490 to 3200 cfm Write
for catalog

.©1987, N.M. co. " cwm
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NORDBERG MFG. CO., ’
Milwaukee, Wisconsin 53201
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radionuclides trapped in the glass
‘matrix at the bottom of the cavity,
fess than 5% is solubilized in normal
leaching of the glass at pH of 1.5 to
2.0. Ce 141, Sr 90, and Cs 137, how-
ever, have gaseous precursors,
"Ru 103-106 is a volatile compound
that can be deposited on readily ac-
cessible broken rock at considerable
distances from the melt zone. These
four, - particularly the Sr,
readily leachable and in laboratory
experiments have constituted the bulk
of the activity in the first increment
of solution through the leach bed. Ce
and Ru are about 10 times more
soluble at a pH of 1.5 than at 3.1.

Irradiation of Safford ore at Oak .

- Ridge National Laboratory indicated
that Sc 46, Co 60, Ma 54, Fe 59,
Zn 65 and Se 75 would probably be
the most important induced long-lived
radionuclides. Sc and Fe are significant

at early times, but Co, Zr and Se are’

most important later.
Personnel from Qak Rxdge say that
the ion exchange properties of the

.copper ore are highly important in

regulating the quantities of certain

" radionuclides that dissolve from the

ore. Safford ore adsorbed Cs 137 and
Zr-Nb 95 very strongly from leach
liquors. Sr was adsorbed much less,
_although still significantly.

They also say that the rubble- filled
chimney in a continuous leaching
cycle will function as an ion exchange
column. Radionuclides dissolved from
the ore early in the leach cycle would
tend to be adsorbed on the ore in later
leach cycles. This -would limit the
build-up in concentration of certain
radionuclides in the leach solution to
levels far below those that would be
predicted on the basis of simple batch
tests. The radionuclides formed by
“neutron activation of the ore should
not be of importance in the processing
cycle.

Contamination of copper

Cementation tests showed .that only
Ru 106 and Zr-Nb 95 precipitate with
"the copper to a significant extent.
Certain potential activation products,
such as mercury and silver, cement
quantitatively with copper, but after’
considering the quantities of -éach of
the various radionuclides it was con-
cluded that Ru 106 was the only radio-
isotope that was important in the
contamination picture. Over 50% of
the soluble Ru followed the copper
and ORNL tests determined that 20%
of the Zr-Nb followed copper.

" Direct smelting of Ru-contaminated
cement copper showed that all the
Ru appeared in the blister copper.
Electrolytic refining, however, gave a
relatively pure copper cathode. Fol-
lowing. electrolysis, 66% "of the Ru

and”

are more .

-~

remained with the electrolyte and 33 %
dropped out as anode mud. Only 1%
of the contained Ru content followed
the copper to the cathode. Of ‘the total
induced activity, only 5% went into
“solution and only 6% of this soluble
fraction, principally Zr and Se, ended
up with the cement copper and these
dropped out in the slag during smelt-
ing.

tions by solvent extraction is a poten-
tial alternative to cementation, and this
route will be investigated if Project
Sloop receives approval. Soluble cop-
per taken into the extractant can be
stripped by 2. mol H.SO, and this
solution can be fed directly to electrol-
ysis. Prehmmary solvent extraction
tests have indicated a good separation
of copper from Truthenium as well

as all other important fission products’

with the possnble exceptxon of Zr-Nb
95. . . .. R

Safety considerations

“The scaled burial of the shot is
greater than that which is normally

required from the standpomt of con- .

tainment of the energy.

The probability of a stemmmg -

failure would appear to be extremely
small, however, the possibility of some
minor venting cannot be ruled owt
.says LRL. Because of the competence
of the overlying formations, it has

.been estimated, for the worst “credible

case, no more than 5 x 107 curries
at one minute could be released
through a. fissure and be injected
into the atmosphere-after the shot. ™

In such an eventuality, the pre-
dominant nuclides in the radioactive
cloud would be Kr, Xe, I, and their
decay products. The distribution and
intensity of this fallout can be con-
trolled by detonating the explosive

under specuﬁed ‘meteorological con-

dmons

"It is the judgement of LRL that
in no case will iodine levels exceed
values which, with proper operational
control and monitoring, could lead
to excessive exposure to individuals
in the public. In making this judg-
ment, LRL assumes that radiation
protection guidance published by the

Federal Radiation Council would ap-

ply.

If Sloop demonstrates a new mining
. technology, here is a benchmark on
" what it might do for U.S. reserves. In
-1965 USBM estimated the domestic

total at 75-million tons of copper in
ores of 0.86%; another S5§-million
tons may exist in 0.47% sub-ore. -

1Project Sioop, PNE 1300 Nuclear Explosives —
Peaceful Applications is availatle from the Clearing-
house for Federal Scientific & Technical Information.
National Bureau of Standards, U.S. Dept. of Com-

merce, Springfield, Va, 22151, for $3 (printed copy) .

or 65¢ for microfiche.

E/MJ—November, 1967 -;

Recovery of copper from leach solu-

.,; a

AR PORPPI NTPAPRSS T TR PR Y

v

3

)

.

'

3t e

'

!

e . S co N
v Sh s qeegas Nl L OO . b .
,1*{3"5',_&;«-'3@ R R e e e L L] SR U T IV S PR

)

b

£0 ?‘WWMM"@WM@%Wwu'vﬂwmv"“*

o n bk oo diedis g, o ud i 2idad

it



SUBJ
MNG

KWGC

P = e v

Ty S e

‘THIS MONTH IN. MINING

PRI TR2TT 3F UTAH
RESEARTH INSTITUTE
EARTH SCIENGE LAB.

Kennecott and West German consortium consider cooperation in ocean mining

TALKS OVER POSSIBLE COOPERATION in
ocean mining of manganese nodules are
being conducted by a three-member con-
sortium of West German mining firms—
Preussag AG, Metallgesellschaft AG, and
Salzgitter AG—with Kennecott Copper
Corp. of the US. The talks are still at an
“exploratory stage,” according to Dr.
Hans Amann. chief of Preussag's’ Ocean
Technology Department. ,

Amann told g/MJ that “Kennecott has
asked if we could chip in as much as $30
million to 350 million per year starting in
1974 for ocean projects.” The German
consortium is presently spending only $3.1

- million per year for deep sea mangancse

nodule exploration and mining tech-
nology, and virtually concedes that it
could not afford the ante without far
greater assistance from the German gov-
ernment. Bonn's current plans envision
support of only about $700,000 per year
through 1975. .

The German group, however, does not
view the sums named by Kennecott as
hard and fast. “But Kennecott has been
active in ocean mining research since
1962, has the greatest experience in the
field, and obviously is going to put a price
tag on sharing in its knowhow,” Amann
said. According to the Preussag official,
the talks with Kennecott are onc in a scries
of bilateral.and multilateral talks under-
way which could lead to a new major co-
operative venlure or ventures involving
mining firms and cceanology institutes
from the US. France, Japan, the USSR,
and West Germany.

The German trio, which formally
banded together in a consortium called
AMR last December, has been active in
Pacific manganese nodule exploration and
technology for three years. In 1970 and
1971, it chartered the RV Prospecior from
Deepsea Ventures for Pacific research. and
last December wrapped up what a Mectall-
gesellschaft official describes as a “highly
successful” four-month survey of manga-
nese nodules over a 115.800-5q-mi Pacific
parcel between the Clarion and Clip-
perton fracture zones. some 750 mi south-
east of Hawaii. The group is now using the
German ship RV Valdivia.

Last year's Valdivia expedition had suc-
ceeded in defining a right-angle chain 80
mi perpendicular and 310 mi east-west
containing “sizable stores™ of manganese
nodules at depths of 16.400 to 19,700 ft.
Some results are still being tallied and a

complete report is slated to be released on.

April 15. But the official said that the no-
dules have averaged out 1o over 3% copper
and nickel.

The consortium is presently carrying out
a new, four-month research voyage south-
east of Hawaii from March to July. And
based on the promising results of the latest
trip, Amann told £/MJ that the group is

planning six months of exploration in the |

general region next year. Moreover, the
German companies hope to complete a
feasibility study of manganese nodule
ocean mining by 1977 with about $3 mil-
lion from the German government.
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In ocean mining technology, Preussag
geologist  Fritz-Otto  Poeppel said that
Pacific tests by an international group last
summer have “proven the potential,”
given the right circumstances, of Japan's
Continuous Bucket Linc (CBL) system for
manganese nodule mining. Some 28 com-
panies from six countries—Japan. the US,
Australia, Canada. France, and West Ger-
many-calling themselves the Inter-
national CBL Syndicate, participated-in
the $1.2 million testing project.

Poeppel described a sufliciently level
ocean botlom topography with relatively
constant current conditions as prerequi-
sites 1o use of CBL. Rough topography
and changeable currents generally foiled
success with the system, and entangle-
ments of its 45,900-ft cable were common
under unstable current conditions, as the

- bucket operated at depths of 16,400 ft.and

more.

Poeppel said that modifications are in
order for some components of the CBL
system—for example, the dredging buckets
and friction drive of the hoisting cable.
“But it is all but certain that the system
will be used in regular production for re-
moval of manganese nodules,” he pre-

dicted. Other means of retricval—probably
more costly hydraulic systems—will have
to be perfected for undersea conditions
not suitable for the CBL system, Poeppel
said.

In a roundup of other ocean mining
projects by the German trio, Preussag’s
Dr. Harald Baecker reviewed 1971 and
1972 Red Sea trips aboard the RV Val-
divia for exploration of sca bottom ore
studge. Though the bulk of exploration
concentrated on the Atlantis I and Atlantis
11 deeps. the entire central region of ‘the
sea was studied. Sufficient concentrations
of copper and zinc were found in sludge at
several sites to suggest that mining could
be feasible. and that even ore in place
might fic beneath the sludge at some loca-
tions. “The main problem. however, is fea-
sible technology for separation of the met-
als we want from the worthless
substances.”

Meanwhile. E/MJ has lcarned that a
number of mechanical engincering firms
from West Germany-such as Krupp and
Demag—as well as other metal proccssin&
companics would soon join with the AM
consortium to give a financial boost, espe-
cially in ocean mining technology. [

EPA appoints effluent standards advisory committee

THE ENVIRONMENTAL PROTECTION
AGENCY (EPA) announced in February
that nine persons have been appointed by
administrator William D. Ruckelshaus to
form the Effluent Standards and Water
Quality Information Advisory Committee.
The committee was created by the Federal
Water Pollution Contro! Act Amendments
of 1972 to advise the administrator on the
development of new cfluent standards
and water quality information. It will con-
duct public hearings and provide techni-
cal information to the administrator for
making decisions on the effluent stan-
dards. The standards are used in the is-
suance of wastewater discharge permits as
required by the new water law.

Following is a list of the names of the
commiltee members and their affiliations:

s Don E. Bloodgood. 70. is professor
emeritus of sanitary engineering at Purdue
University. West Lafayette. Ind.. and has
had long experience in the ficlds of munic-
ipal and industrial waste treatment.

& William W, Eckenfelder. Jr.. 58, who
is distinguished professor of environmen-
tal and water resources at Vanderbilt Uni-
versity. Nashville, Tenn,, is an expert on
biological trcatment of sewage and indus-
trial wasics.

s Robert B. Grieves, 37. is a professor
and chairman of the Dept. of Chemical
Engincering at the University of Ken-
tucky. in Lexington. He has specialized in
industrial water and waste treatment.

= Ramon Guzman. 49. a chemical engi-

neer with the School of Medical Science at
the University of Puerto Rico, San Juan, is
a specialist in industrial waste problems
and is in charge of all water and sewage
operations for the Puerto Rico Aqueduct
Authority.

® Llovd Smith, Jr.. 63, a professor in the
Dept. of Entomology. Fisheries. and Wild-
life at the University of Minnesota in St.
Paul, is an expert on the effect of water
quality on fisheries and other aquatic life.

s Martha Sager is a professor and di-
rector of Environmental Systems Manage-
ment Program within the Center for Tech-
nology and Administration, College of
Public Affairs at American University,
Washington, D.C. She specializes in sani-
tary engineering and industrial micro-
biology.

* @ Blair T. Bower. 47, is associate direc-
tor of the Quality of Environment Pro-
gram of Resources for the Eu(urc in
Washington. D.C. A social scientist, he has
workéd with the Delaware River Basin
Authority.

» Robert McCall, 59. is director of En-
vironmental Health Services of the West
Virginia Dept. of Health in Charleston.

® Glenn Paulson. 31 is a stafl scientist
with the Natural Resources Defense
Counci! in New York City. He worked
with Dr. Rene DuBois in the Dept. of En-
viro-Biochemical Medicine at Rockefeller

University in New York. [}
(Continued on p 35)
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