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1. Introduction

Minerals and fuees play a decizive role in economic growth, as well as in econamic
and military security. Therefore. ihe extenl of their resourcas is a mattar ot vital concer
10 governmaent and privale enterpnses,

Therealm of most indusiry's concern over the extent of mineral resoures is gn the
magritude of the suppiies that exist now or that can be developad in the near berm.
Ccourse, this is a matter of public interest, also. )

However, seems that the awareness of the “potential supplies” concept. 2 quas!ian
thatl to be answared properly must take account beth af the extent of wodiscovaraa
deposits, ag well a5 deppaosiis that cannot de producad profitably new, but may bacome
workable in the future (see as an example the faconite deposits), s Becoming mora and
more widespread among governiment officials and enterprises eoedul ives.

It iz a well establishad {act, nowadays. thal the quantity of usable resources s nat
fixed but changes with pregress in science, technolegy and with variations in economic
and strategic conditions.

As presented by McKELVEY (1}, resources may be grouped into there broad
categories: recoverable. | &, the aclual reserves, paramarginal, and submarginal,
Faramarginal resoures being cefined as Lthose recoverable as prices as much as 1.5 times
thosze prevailing now. Deposinz of this cathegory thus become avalablie, in commearsial
terms, al prices increases thal car be borme without serious eccnomic offecls. and
chances are thal improuvemeants n existing technology will make them available at
asprices tittle ar no higher that those pravailing now,

i1 % interesting 1o noie thal many of the fueis and munerats being processed today
wipuld once have been classed as submarginal, 1.e.. those for which no technology has
been devised up 1o the point of their use. o oo coslly to be profilable.

& wery good dlustration of what has just been said is given by Figura 101}, which
shaws the Atundance in Earth crus] (%) versus LLE. reserves. in shary tons of various
elernernts.
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The relationship shown above, of -course, is only an approximaie one, although WETY
useful in order-ci-magnitede estimales. A similar ganaral correlaiion exists between
Abundance of the etemens and the numbaer of minerals in which they are a significant
constitueant (15,

2. Which Factors Determineg The Cut-Off-Grade, Weorkable Limits of Ore
and Completnass of Extraction (217

Other things being cqual, the Ipwer the grade of the poorer the quality of the ore, the
highar will be the cost of racovary of the valuante products, To the extent that there is 8
chgrca of the grade o the ore to o8 mined, there is alsa a chaice of the tatal 1onnage and
af the total product recaverad: the lower the perm ssible grade, the higher Ihe tonrage.
Therefare, the tixing af the suttcft grade in aeposits of irregqular grade-distribution may
requine savaral computations of etarnative fonnages and grades on the bazis of differant
assumplicns as to minaaboa limots.

Equally impariant with grads ig 1he workabitity of the ore which is measurad by the
cost of physical removal of the rocs, Dher factors, such as accessibility from mine
apaenings. thickness and regularity of the ore zene, nardrass and fowghness of he ore,
presence o5 interfering structures. such as faults. weak grounc, ol aliia, all must be
avaluated when the decision on which ore must be lakan shauld b made. )

Yariations i the grage in the workability of an ore body, may go sida.by sde, or they
may partly compensate each other Oras of many dificrent grades and many ditterent
ooaets, but sufficiently similar i cther gualities 1o ba amanable 50 the same reatmeant
process may be mined or bianded to orofitable recovery of otherw.se paramang-nal ang,

Gomplete removal of all availabie ore from mine, or complete extraction of all
valuahble products from the mines ore 5 navar achieved Cast per unil recoveres rise
almost continugusly and usually with ingreas ng steepness as sMemMpls ae made o
Incraase the parcant agtracted. |n the shor! rae, with tha recovery plant goeen, the
percent extractior of metal wil ceoond. Lo aome extent on the grade of the aro itsaolf.

Aoather ompartart  saint i thal the o ourg metnod usaally lands tho recovery of tha
ore in she mine

3 — Which Factors Alfacts the Economics of Paramarginal and Sub-
marginal Resources?

Fiading, produstion, transportation, racycling ard exterra costs ob producing
prirmary raw  material are the majcr iens determaning whether a paramargnal or
subrnargingl resource may @mage to 1het regerve cateqory,

Finding costs are increasing ane will do soan the futare, New hinds involve expans e
techmques and the rate af findings by these tachogques has bean substanbarly iower
than shat ot ihe past.

Proguction casts are, & 50, nsmg for many minerals, tor spome metals a cendury of
decreasing oost apoears to be over (3. Mew technologies, ofcourse, can lower those
costs, allowing more melanals availaba from known  deposits at lower cost. However.
the tact shill remains thal know neposits arg Yiaite and their expioration under ary {ech-
nology Invalves increasing costs, as guantities increase.

Transporialion costs algo tend 10 oncrease or a world wide basis over Yrme; 1he now
depasits tend 1o be more remcie from markel places as times goos on. This is a
tendency which can ben offset, partly. by improuwved techrology in transportaticn and,
an the cther hand, by bringing some paramarginal deposits into use.

External costs gre those whech have net playved thair re e in the past. but which today
are playing &n imgortant share in the cost structare, They azually take the form of
requiations prabibifing cerain mining operations in ocertain araas and delinsating
enyironmenilal protection procedures for the datilization of raw materials

The main point of all 1z discussion s, aimply, 1o incicate Ihat minerals fram new
deposits are likely 1o Increase subslantlalky in cosl over e naxl decades
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In cantrast (4), the cost of recycling new minerals bears a good hope of reduction,
due to the following facts: i

— ihe stack of recycibe materials s becoming larger and larger, with the concen-
trallons of the materials becoming more economic tp utllize,

thoy exist where consumpticn exists, Tharafare thoer otlization brings analmost

rern oost of transportation.

— they share already substantiad cxlernal costs

— rasearch has been very active to create new technaologies tor these materizs,

5 — What is the Place of Alwminium in &1 Thig?

Aluminium s one of the mos! abundant elements an Eadin. Its production. n the me-
sallic form, o5 solely dependent on Aluming coming from Bauxde deposits.

Bauxite reserves are large and no lang run shortage of thas commodity is antecipated
18, Howeavar, due to national securily reasons, such as a desire for less dependabil ity on
tareign raw materials, and because of large quanlitires of paramargmal ang sibmarginal
reserves of &l n the WS &, new processas bor gxtracting Allurmina fron non-hauxte
ares are bemng souwghl.

In a Report of the Mational Materials Advisory Board (6] the varigus pronesses of
ablaining Alumina from scurces other thap the conventicnal one have been described
and evaluated. The Report concludes recommeding turther development wark on HGI
and HHO3 procesaes for producing Aluming from clay.

In a more recent putdication (71, the U.5.B.#. revised and updated cost estimates lar
producing Alumina from domestic raw material

Motwithstanding, the overall problem s net just of a metallurgical nature ona, as
might be apprehen-ﬂed from the previous discussion o0 resgurcas, cul-ofi-grads.
workability limits, and ele..

& — Theratare, Whal is thae Real Problern of Aluminium?

From 1he analysis carried qut in the preceeding paragraphs, one may see that
resources are "living things™: they exist, they become, they are used up and abancaoned
and. sometvmes, retaken again.

Allthis will depand, manly, on economizal as well psycho-sacial prassures — such
as strategy — which in turn, will forea techological innovations.

Thus, seems to me, that, from a purely technical focus. the real efforts in gedting
higher ralurns on the produclion of Aluyminiom will come, net an the worring aboul
getting Allumina from non-bauxila ores, buk. mainly, en searching for better methods of
Alumina reduction, than the chassical Hall-Heroult process.

Lets ciarify this point further.

The following diagram shows a typical mass balance for the conventional Al
oraduction [Bayer + Hall-Heroult processt,

From the diagram, one readly visualize the energy expanditures. of \.hE‘ avers
Drocess,

Of the total energy, reguired Lo preduce Al meatal. B2% of it goes to the Hall — Herculh
cell, which, besides, consumeas alsg, six other highly valuable materials,

Tharatare, taking aside nop-tachnical factars, it'is on the Hall — Hergult cell that
relies the very answes af Aluminium production improdvements.

T — You May Say, All Thes iz Fine, But What Aboul Mon-Technical Factors?

These, of course. are harg to estimate. They will dapend tpon 50 many aspscts,
somea very contradiciary oneg, that just quesses can beesr made.

“ Aluminium proguclion exists, alsg, from Alunite (K2504. AI2(50433. 4AI[OH13, in
u.2.5R. (B}
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It is true, nevertheless, that following the example of the succesful arganization of
petroleum exparting countries, Jamaica, Austrabia, Guyana, Surlnan Sierra Leone, and
Yugoslavia formed tha Internacional Bauxite Associalion.

Az pul by BLUMENREICH (12% "The immediate effact of these actions was 1o ralse
the cost of aluminum substantlally, increase the U5, balance of paymants delicit in
aluminum, make the recovery of aluminum from domestic aluminaus raw matarials rmore
attractive, and weaken the reabiilty of traditional suppliers of aluminum raw material. To
alleviate this situation, the W5, Bureau of Mines and private industry are engaged in
cocperative program to test the extraction processes for domestic aluminous materials. ..
High alumina clays, anorthosite, and alunlte-considered the leasing potencial sources
ol aluminium — are readly available in fhe U5
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Howaver, energy continued to octupy a “primus interpares” position among the
prablams facing the aiuminium industry.

Paradoxically enough, the necessity of anergy conservations has spurred growth
opportunities for aluminivem (12), particularly in automobiles for light waight and
gasoling conservation; in héusing tor lnsulation and heat reflectuvity; in light weight
cans to reduce transportation costs, and alc. .,

Therefore, the nead for aluminium |s raising.

D.P. REYNOLDS addressing, as the chairman of the Aluminum Association, esta-
blished, a3 the objectives tor the Industry: to conserve capital, bauxite, energy and to
reduce poflution.

A5 a practical matter he proposed to incresse the recovery of recycled aluminium by
1977 to 1 billion pounds; each pound of metal thus obtained saves 95% of the energy
required to extract aluminium from virgin materials,

All this bring us Back ta the point discussadearlier — undar the headling: Which
Factors Detarmine Cutl-Of-Grade. .. — |, as wall as o the 82% snergy axpandituras in the
Hall — Haroult celi, Moragver, continding inflation is affecting aluminium cosls (o
several ways. A recent in crease of 273 in elactric power rates was put into effect in the
Paclfic Northwest; also incraasas in gas fual prices and coal are tuming cost of power
tramendously high in mast of the plants.

This iz nat the full stary as yat: the unusual econemic conditions of the 74 year,
mevad up expandituras in raw matarial to a parallal position to those in energy {12}

This reminds me of a speech delivered by AGARWAL — director of research of the
Ledgemeant Laboratorias — Ima Infarmal seminar hald at Columbia University, lasl yvear,
when he teld the attendants that he firmly believed that for the flrst lime in hystory, the
capper prices will show a resarve trand compared to those of aluminium,

8 — Thus, Concluding

KELLO, Professor at Columbia. in the very same seminar referred as above, and
later, Ina artlcle {13}, summarised the energy problem by saying: “Growing scarcity and
rising prices of tuals, eleciric powear and some raw malerials are likely to play havoo with
conventional practices in our mineral and metal producing industries for many vears to
come.,. the tollowing features of this near-future period appear inevitable:

1. Energy prices will be erralic and much higher than those to which we have become
accostomed, i

Z. Industry may find in necessary to change fram one fuel 10 anather, or from fual ta
elactric power (OF visa-versa, in some cases), as dictated by prices, local supply and by
changes in our overall energy supply pattern.

A, Finally, and this serves as the theme of this paper, our processes Industries will
spend much tima and manay on a neglactad aspect of their business — haw Lo improve
the enargy elficlency of thelr process'.

The above quotation brings to our mind a reflectlon; methods of getting alumina from
non-bauxite ares ara fine, but theireconomies can't beat, at the present moment, as well
as in the nearby future, that of the Baver process. This iz mainly so becauwse of the
enarmous control of the economics of these non — bauxite ores exerclised... the
bauxite produecing countries!?

A price alleviation in bauxite and...

Besides, the critical point of producing alumminium is the Hall — Heroult process,
in terms of energy consumption, and aill these proposed methods of getting alumina
from non-bauxite ores will ask, at least today, for the H-H process.

Thus, 4gain, it geems to me mugh more logical to expand effarts, in aither eptimizing
the H-H process or to devalop elternative and competitive processes 1o the H-H cell.

11 — Getting Aluminium from Process Other Than Hall — Heroult

May Improvements on the H-H process have been reported in the tachnical literature,
Improuvements on building and operation of the cells {14), (15), {16), on new cetl models
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117, (18}, on process controb (19), (20), {21}, on the fundamental aspects of the call
reaction (22}, (23}, {24}, (25}, on the power consumption (26), on electrolyte composition
{27}, (28], (29), and others.

Howevar, despite all thesa studles and Improuvemeants the process still lacks, in
anardy afficiency, as rapart before, nesads capital inténsiveness, and operates in very
large scala.

Environmental considerailons, also. plays a very impertant role in the sesking of new
methods of production, as pollution control of existing facilities is difficult and
expensive.

Much research effort has been spent in findind a suitable substitute for the H-H
process, or for the overall Bayer H-H process; bul as yet, nome of these |ab bench and
pilat-plant processes have reached commercial production. Chlerination being the
magic word in all of the mosl promissing reduction processes.

Therefore, before going Inte the description and analysys of these various processes.
lets have a look on the chlorination of aluminium bearing ores and its possibilities.

The Ellinghan diagram presented as follows was drawn based on data given by
OTHMER, NOVAK and DURAK (30). It shows the Gibbs Free Energies of direct
chlarination and reduction-chlorination ot the metal oxides which are of interest to tha
production process af aluminium.

Forthe purpose of clearenass not all the possible chemical reaclions thal may coour
were presented.

The following equations may also occcur
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From the Frae Energy diagram given in the following page, it may be seen that while
direct chictinatlon of the metai axides presents positive freg-enargies, except at very
high temperatures for Fe, H, and Mn. reduction — chigrinalion makas the decompasi-
tion of the oxides feasible.

Four processes, all of them based on the decomposition of Aluminium Trichloride,
have been developed and are claiming significant advantages over the Bayer-Hall-heroukt
process. Thayare the ALCOA, ALCAN, TOTH, and MONOCHLORIDE, with the first two
of these tested on & pilot-plant scale,

A& fifth process. based on the extraction of aluminium from Al-Si altoys by its

electrolysia in molten electralytes has been tasted, on lab scala, by the LS. Bureau of
Mines.
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ALCOA SMELTING PRHOCESS

ALCOA nave axpended 25 million aver 15 years of research, & 15,000 ton per year
il — plam has been reparted under construction $31)

DeTau_ls of fhe process are scarce, bu! a probable fgwsheet has been published oy
PEACEY and DAVENPORT 323

The ligure betow il usiraies da ALGOA Process

Lo/,

3

e A W :
| i - HI‘ ( CICLunE
4 LT AT LN | H‘\ -'I
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s |
: i
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Pha - LiCl - ACLl
I
! ELECTRGOLY 5%
| fis
M

MNCON SMELTING PROESS

Stages:

— Baver alumina |z reduction — chigrninated at 700°C — 9040°C, producing a vapour
mixture of AICIA, CO and CO2.

— AICI3 iz condensated at abou! FO°C. in a fMuidized bad constitutling of solld AICI3
particles.
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— Solid AICIT is, thus, fed continously Into an electrolytic cell, eontaining a fused
salt chloride electrolyte, consisting of:

0% Mall

45 % Lic]
5% AICIE
at 7O0¥ .

— Liguld aluminlem meatal s praduced, apgolying d.c. current to the terminals of the
glectrowinning cell. and geseous chlorine ksn, thus, evoived at the ancde.

— Ghlorine thus formad i3 recyclad to the chiorination stage.
Two cell designs have baan reported by ALCOA (32):

— amangpolar call, similar to the H-H cell, operated at 3.3 ¥ and 13.000 A/ m2, with

a power consumptlon of 11,500 Kb/ matric ton of aliminium, having & currant afficiency
of BE%. :

— a bipolar cell, containing four bipelar electrodes, consisting of a horizontal apode
at the top, a horizontal calhode at the bottom, and a bipolar elactrodes [0 between.

The novel feature of this bipolar cell is that each bipolar electrode behaves as a
calhade on s top surface and as an anode on its bottom serface. This cell, i3 equivelent
ta five monopolar ones in series, has a cell voltage and productivity approximatelly five
timos that of a convactonal H-H cel!, oparating at the same current — density,

Both cell arrangermeants arg claimed (o reduca prowar sonsumption over the H-H
colls, dus to the hikder alaatrial conductivity of the alactralyte (40 aohm-1 em-1 agalnst
2.8 ahm-1 em-1 for cryclite at 8502}, and the smaller interpolar separation.

it has been claimed, also thet the ALTOA process wlll lower electrical enargy

requiraments by as much as 30% over the most efficienl conventional practice,
occugying a much smaller plant area,

ALCAN PROCESS (32}, (33)

Forty mitllon dallars have been elxpe.rl_ded, ower a 12 year period, in the developmen!
and building of 2 5,000 ton par yaar pilat — plant. This plant was ahut down due to stress
corrosion probkems. Although, ALCAN reports the satving of these problems, np further
pifol — plant work has been carried out since seven years ago.

Maxt page is shawn a flowsheet illustralioh of the malon aspects of the ALCAN
PROCESS.

The main features of the flowsheet shown are:

- Bauxite and coke are smelted in an open electric arc-furnace, at about 2000°0,
producing a crude alloy containing:

50 % wi Al
% wt Fe
10% wt 5i
5% wit Ti
5% wi G
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ALCAN PROCESS FLOWSHEET

— [healioy s thus reacied wih paheates 810 5 vapour, ab 13007C, in the converter,
Mear 50%y of the ALCIS reacts wiln melalic aluranium 0 the alloy, yelding Aluaminlam
Morrachioride vapour, according (o 1he reaction:

d oy + fili:l.} - = oa |0

)
— The ahlarida vapours are direcied to the decompeser, being cooled to 770 in &

straam ol maligm aluminium dreplets. This stage allows the decompositiaon of the AlG
b rmesalbic A and the original AICEY which is recyeied,
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~ Capital investment reduction of 50%, lower operating cosls and economical Opera-
tion on a smaller scale, all thls, have been claimed by ALCAM,

TOTH PROCESS

 Applied A uminlum Research Corparation, A.A.R.C., an American based company,
ks trving to rﬂllse about $ 30 million to finanse pilot - glant waork, to test this pProcess.
The folfowing flowsheset illustrates the TOTH PROCESS.
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The oasic points of the process are (341

— Reduction — chlorination of calgined raw matarial {any alumirivm containing
material), producing AIMCI3 vapours which are purifiad. Tha addiion of SICI4 to the
reacior is performed in order to Supress the chigrination of Si02. The extent of
chlarination is astimatad at:

2 AL

90 & N zu_ﬂ
0] L= "

95 % Tc203

0 % 851 O
an = iy

100 % 11(_‘12

— Then main reaction at this stage is:
Al.0, + 3C + 3C1,—=2A1Cl, + 3CU
;" & a

— Liguid AICI2 is reacted wih solid Mn metal to form MnGIZ, at 300 C, and 200 psi,
according to the reaction;
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2&1(:13 + 3iMn — 2a1 + 3Mn+:l:Z

— MRPCI2 is axidized 1o MnO and tha ehlorine (2 recycled ta the chlcorination stage,
according 1ol

EI-‘TL.'I'LCl:2 + {}2 g 2Mn0 + 2[312

— Manganese oxide is, thus, carbothermically reduced to maetailic manganese,_and
the |atter, is recycled:

Mg + ¢ ==—— Mn + CO

TP_'IE_ replacement of electrical reduction by the carbothermic reduction to produce
alumlnlum, a5 wall a5 the direct use of widaly distributed Al begring materials, has been
claimed as one of the big strikes of this process.

Mr, TOTH slatms that the cost of building a plant could be réduced by somawhara
batween 50% and 75%: the production cost reduced by 5D%; that thare coull be a
reduction in the consumption of electrical power of 90%; and thatl poliution probiams
associatad with 1he convenlional Bayer — Hall — Heroolt process would ba eliminated.

However. various questions are pending:

— The use of Mn metal as reductan! does nol appear to be economically feasible
1314, From the stoichiometry af the reaction, at least 3 tons of Mn must ba used for cvary
ton of Al produced. Therefore, Mn hold-ups are fikely to ocour; alsa. the regenera-
ticn of Mn in a blast furnace is likely to be expensive {caloulated figures (32) giving about
5 tons of coke per ton of Al produced), besides the formation of Mn7C3 {35), which has a
limited efficiency in reducing AIGI3.

— Theenergy savings claimed are apen to contestation, for AI203 sianding towarda
the lower part of the Ellingham diagram. will require large energy imputs, no malter the
reute taken,

— The uze of fluid bed chlorinatouwrs. and chlorine vapours in the process streams
might led problems of pollution contral and corrosion.

MONOCHLORIDE PROCESS

Demonsirated on a laboratory scale, actually constituting a PRD thesis ab the U, of
Leeds, England, ihis process produces alumbnium, contaming 5i inclusions, direchy

frarm Bauxite through the carbethermic formatian af Aluminium Monochlorite, according
1o the reaction:
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