
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 30 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Separation & Purification Reviews
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713597294

Technological Innovations in Separation of Particulates in Solid-Liquid and
Solid-Solid-Liquid Systems
I. J. Lina

a Department of Mineral Engineering, Technion-I.I.T., Haifa, Israel

To cite this Article Lin, I. J.(1984) 'Technological Innovations in Separation of Particulates in Solid-Liquid and Solid-Solid-
Liquid Systems', Separation & Purification Reviews, 13: 1, 1 — 42
To link to this Article: DOI: 10.1080/03602548408068405
URL: http://dx.doi.org/10.1080/03602548408068405

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713597294
http://dx.doi.org/10.1080/03602548408068405
http://www.informaworld.com/terms-and-conditions-of-access.pdf


SEPARATION AND PURIFICATION METHODS, 13(1) , 1-42 (1984) 

TECHNOLOGICAL INNOVATIONS IN SEPARATION OF PARTICULATES 
IN SOLID-LIQUID AND SOLID-SOLID-LIQUID SYSTEMS 

I.J. Lin 
Department of Mineral Engineering, Technion - I . I . T .  

Haifa 32000, I s r ae l .  

INTRODUCTION 

The d i sc ip l ine  of ore benefication i s  concerned with develop- 

ment and application of methods and processes i n  comminution, sor t -  

ing, concentration and enrichment of primary and secondary raw 

materials.  It encompasses a wide va r i e ty  of basic processes, ranq- 

h g  from crushing and mill ing,  through screening, sor t ing and clas- 

s i f i c a t i o n  t o  handling and separation of multiphase and multicom- 

ponent systems - sol id-sol id ,  solid-gas, or solid-liquid.  Concen- 

t r a t i o n  and separation techniques a re  determined on the  s t rength of 

d e f i n i t e  techno-economical c r i t e r i a ,  the basic  consideration being 

location of d i s s i m i l a r i t i e s  ( r e l a t i v e  o r  d i f f e r e n t i a l )  i n  physical ,  

chemical and physicochemical properties of t he  set of minerals 
1 (desirable and useless) i n  a given ore . Processes are selected i n  

a d r y  or  w e t  environment (organic, aqueous, or  gaseous f l u i d )  and 

applied i n  accordance with the f e a s i b i l i t y  of r e l i a b l e  and e f f ec t -  

ive separation a t  optimal y i e lds  and e f f i c i enc ie s .  

a mineral f o r  enrichment is determined by i t s  bulk and surface 

properties (whether natural  or  a r t i f i c i a l l y  mcdif ied) such a s  den- 

s i t y ,  s i z e ,  shape, porosity,  colour, l u s t r e  and hardness, coeff ic i -  

ent of f r i c t i o n ,  heat conductivity, radioact ivi ty ,  d i e l e c t r i c  con- 

The capacity of 

1 

Copyright 0 1984 by Marcel Dekker, Inc. 0360-2540/84/1301-0001 $3.50/0 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
5
7
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



2 L IN 

s t a n t ,  e l e c t r i c  conductivity, magnetic suscep t ib i l i t y ,  surface 

po la r i ty ,  water we t t ab i l i t y  and chemical s t a b i l i t y .  

Until  the  ear ly  '70's the  a r t  of ore benefication had been i n  

a s t a t e  of stagnation; 

gress  i n  three direct ions:  

but since then there has been rapid pro- 

( a )  introduction of innovative methods; 

(b) improvement of exis t ing methods; 

(c) automatic process control.  

What follows i s  an abridged survey of technological innova- 

t i ons  i n  physical separation of so l id s  and enrichment i n  t h e  f i e l d s  

of mineral and chemical engineering, ceramics, r e f r ac to r i e s ,  f i l l e r s ,  

pigments and building materials.  

BASIC CONSIDERATIONS AM) GENERAL BACKGROUND 

The "case history" j u s t  described has several  basic  reasons, 

namely : 

(i) Dissat isfact ion with exis t ing processes owing t o  low 

efficiency, l imited yields ,  poor r e l i a b i l i t y ,  short  l ife- 

span of equipment or prolonged residence of the material  i n  

it, high energy consumption, e t c .  

(ii) The need t o  reduce t h e  number of s tages  i n  complex processes. 

(iii) Unattainabili ty of techno-economical t a rge t s  under prevail-  

ing market conditions, due t o  high cos t  of treatment, main- 

tenance and/or energy , high labour requirements (manual 

work!), e tc .  

Civ) Lack of processes or  equipment su i t ab le  fo r  dry or w e t  pro- 

cessing of ce r t a in  ores ( s u i t a b i l i t y  as t o  type and quanti- 

t y )  , or for  t h e i r  subs t i t u t e s .  

N e w  market demand f o r  improved end concentrates or fo r  new 

products i n  t he  market. 

Cv) 

(vi)  The need t o  u t i l i z e  poor qual i ty  ores  (low concentrations 

of desired elements) and increased throughputs i n  mining and 
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SEPARATION OF PARTICULATES 3 

benefication, i .e .  d i f f i c u l t  s t a r t i n g  conditions. 

The need fo r  treatment processes for  mining and other waste 

dumps, with a view t o  u t i l i z i n g  displaced resources (man- 

made o r e s ) .  

( v i i )  

( v i i i )  D i f f i cu l t i e s  i n  tackling extra-fine p a r t i c l e  systems, i n  

the  subsieve o r  col loidal  range. 

( i x )  Ecological constraints  and cross-pressures. 

(x) The des i r e  t o  slow down depletion of our natural  mineral 

wealth. 

The growing world-wide demand f o r  basic raw materials,  the  r i s i n g  

pr ices  of energy and production inputs,  the need for  subs t i t u t e s ,  

considerations of product qua l i t y ,  the need fo r  recycling and re- 

use dictated by considerations of economy and ecology - a l l  these 

f a c i l i t a t e d  the advent of new technologies, some of which a re  a l -  

ready i n  comerc ia l  exploi ta t ion and some s t i l l  i n  the  i n i t i a l  

stages of development. 

Avai labi l i ty  of professional manpower, of a d e f i n i t e  develop- 

ment policy,  and of mater ia l  resources and funds - made progress 

possible and bore the expected f r u i t .  Besides these purely indus- 

t r ia l  R &i D a c t i v i t i e s ,  there  should be close l i nks  and mutual in- 

volvement between industry and the un ive r s i t i e s  as  i l l u s t r a t e d  i n  

Figure 1. 

For the long t e r m ,  the mineral processing industry has a bright 

future  i n  the design of new concentrators. For t he  short  term, the 

most i n t e re s t ing  new developments are  those t h a t  allow exis t ing 

operations t o  reduce costs .  

The hallmark of the cost-effect ive,  e f f i c i e n t l y  operated con- 

centrator i s  the innovative manager or  metal lurgis t .  Most m i l l  

managers w i l l  agree t h a t  technology and equipment a re  only p a r t  of 

the ingredients fo r  successful and p ro f i t ab le  minerals processing 

today. The challenge for  minerals-industry engineers today, faced 

with lower metal pr ices  and higher c a p i t a l  and energy cos t s ,  i s  

greater  than ever before. A t  the  same t i m e ,  t he  too l s  - equipment 
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4 LIN 

RESEARCH INVOLVEMENT 
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FIGURE 1 
Universit ies and industr ies  have separate ro l e s  t o  play i n  research. 

and technology - are f a r  superior today t o  those of the past .  And 

as is  c l ea r ly  shown i n  the chapters t h a t  follow, the  fu tu re  holds 

more promise fo r  b e t t e r  equipment and more e f f i c i e n t  technology than 

ever before . 

EXAMPLES OF INDUSTRIALLY-APPLIED NEW PROCESSES 

The following l i s t  of examples of physical separation processes 

is  by no means exhaustive, nor does it r e f l e c t  t h e i r  order of import- 

ance. 

a t  the Mineral Engineering Research Centre (MERC) of t he  Technion. 

(i) High-Intensity Magnetic Separation. Based on passage of a 

Systematic and up-to-date documentation on them is  avai lable  

sol id  suspension through a ferromagnetic bed i n  a va r i e ty  of 

geometries (spheres, gr ids ,  cylinders,  e tc . )  under a magnetic 

f i e l d  w i t h  constant high intensi ty .  Specific sites on the bed 

medium become trapping zones f o r  p a r t i c l e s  of high magnetic 

suscep t ib i l i t y ,  whereas those of l o w  suscep t ib i l i t y  pass un- 

impeded. Solid-solid or solid-liquid systems, batch-type or  

continuous, a r e  commercially available.  
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SEPARATION OF PARTICULATES 5 

This technique, WHIMS’, is applied fo r  ferromagnetic and para- 

magnetic p a r t i c l e s  Cusing a permanent magnet or an electromag- 

net ,  respect ively) .  

for  aqueous and other l iquid suspensions, and is  being extend- 

ed t o  a i r  suspensions . It i s  used fo r  iron, chromium, urani- 

um and tungsten ores ,  a s  w e l l  a s  for  coal.  It i s  also pract i -  

cable f o r  two additional purposes: (a) s e l ec t ive  pre-implanta- 

t i on  (seeding) of nonmagnetic p a r t i c l e s  i n  a ferromagnetic 

mater ia l  h a g n e t i t e ,  ferr i te ,  f e r ros i l i con)  with a view t o  i m -  

proved suscep t ib i l i t y ,  thereby rendering the aggregate trap- 

pable; (b) u t i l i z a t i o n  of paramagnetic l iquid medium (e.g. 

aqueous manganese chloride) fo r  solid-solid separation of high- 

suscep t ib i l i t y  components. 

In t h e  f i r s t  case the treatment consis ts  i n  s e l ec t ive  adsorp- 

t i o n ,  r e su l t i ng  i n  a r t i f i c i a l  increase of the suscep t ib i l i t y  

of one of the com>onents, e.g. by means of iron carbonyl 

(MAGNEX process) ; i n  the second, the medium is  chosen so a s  

t o  f a l l  between the suscep t ib i l i t i e s  of t he  two fract ions , 
being used t o  select ively wash away captured pa r t i c l e s .  

MERC a t  the Technion and the I n s t i t u t e  of Cryogenics a t  the 

University of Southampton are pioneering methods of using 

magnetic f l u i d s  as  t he  medium fo r  separation. 

I t  i s  simple and r e l i a b l e  and i s  applied 

3 

5 

6 

The 

(ii) High-Intensity, High-Gradient Magnetic Separation. This 

method (HGMS) i s  mainly used fo r  benefication of i ndus t r i a l  

minerals such a s  clays (Kaolin), and resembles WHIMS i n  prin- 

c iple  . The ferromagnetic bed consis ts  of s t e e l  wool; the 

acting forces a re  of larger  order (see Table I ) ,  permitting 

effect ive removal of f i n e  and ul t ra-f ine paramagnetic impur- 

i t ies.  Commercial un i t s  up t o  200 t / h  capacity are available.  

The p a r t i c l e  range i s  100 t o  0.1 micron. Glass sand, b a l l  

clay,  s i l i c a  f l o u r ,  bentonite,  t r i p o l i ,  t a l c  and bauxite are 

amongst those indus t r i a l  minerals whose qua l i t y  may be i m -  

proved. 

While the pr inciples  of magnetic separation remain r e l a t ive ly  
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SEPARATION OF PARTICULATES 7 

simple, t h e  u n i t  opera t ion  continues t o  improve and new appl i -  

ca t ions  are found. 

n e t i c s  and magnetic separa t ion  equipment are j o i n t l y  by 

equipment manufacturers and minerals-industry companies. 

Applications f o r  both HGMS and WHIMS a r e  l i s t e d  in T a b l e  I1 

and compared with t y p i c a l  appl ica t ions  f o r  conventional mag- 

n e t i c  separa tors  (Table 111). 

U s e  of extraneous ore-treatment agents with a view t o  enhanc- 

ing  mineral p rope r t i e s  and generating a reas  of higher mag- 

n e t i c  s u s c e p t i b i l i t y ,  might possibly extend t h e  range of t h i s  

technique. 

To a l a rge  degree,  developments i n  mag- 

U s e  of superconducting magnets is another area of p o t e n t i a l  

development. 

the  matrix would be replaced by a stream s p l i t t e r ,  thereby 

I n  a separa t ion  process based on such a magnet 

CONTROL UNIT 
I 1 

FIGURE 2 
Laboratory batch-type HGES u n i t  
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8 LIN 

TABLE I1 

Applications for  High-Gradient Magnetic Separators 

+era1 Beneficiatio; 

Coal 

Thorium 

Uranium 

Cobalt 

Si l icon 

Vanadium 

Antimony 

Arsenic 

Beryllium 

Bismuth 

Cadmium 

Copper 

Gallium 

Gold 

Indium 

Lead 

Magnesium 

Mercury 

Platinum-group metals 

Radium 

Scandium 

Si lver  

Tellurium 

Sulphur 

Thallium 

Zinc 

Zirconium 

Asbestos 

Feldspar 

Graphite 

Lithium 

Mica 

w_ater_Tre_atment_lor_Removal_of : 

Magnetic suspended so l id s  

Nonmagnetic suspended sol ids* 

Dissolved sol ids* 

O i  1s 

chemicaL?2oc_esslnq 
Recovery of weakly magnetic f i n e  p rec ip i t a t e s  

Deposition and recovery of substances on magnetic p a r t i c l e s  

* By magnetic seeding and flocculation. 
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SEPARATION OF PARTICULATES 

TABLE I11 

9 

Typical Applications for  Conventional Magnetic Separators 

(Dry or W e t )  

hame-Iro!?-Eemov_ai 
Food processing Cooling f l u i d s  

Chemicals Scrap metals 

Minerals Water, g l a s s ,  cork, t e x t i l e s ,  
miscellaneous materials 

Pharmaceuticals 

Mineral Beneficiation 

Chromium Rhenium Rare ear ths  Diamond 

Columbium Tantalum Tin Garnet 

Iron Tungsten Titanium Kyanite 

Manganese Aluminium Y t t r i u m  Talc 

Molybdenum Germanium B a r i u m  

Nickel Hafnium Clay 

Iron Recovery 

Solid waste 

Heavy media (e.g., f e r ros i l i con ,  magnetite) 

__---------- 

obviating the  maintenance problem of t h e  former ( the  need fo r  i n t e r -  

mittent washing while t h e  magnet is kept switched on) .  

would be capable of high throughput without use of moving p a r t s  

(e.g. Oxford Instruments, U.K.). 

(iii) Dielectric Fi l trat ion and Separation. Dielectr ic  separation 

Such a u n i t  

is a new technology t h a t  appears t o  hold g rea t  promise fo r  

processing material  f i nes .  

and o i l  ( lubricant and edible) industr ies ,  with po ten t i a l i -  

t i es  i n  other areas ,  such as  l iquefact ion of coal.  

pr inciple  on passage of a suspension of so l id s  (nonconducting 

Used i n  the metal, petrochemical 

Based i n  
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10 LIN 

medium with lower d i e l e c t r i c  constant) through a ceramic bed 

under a constant high electric f i e l d ,  p a r t i c l e s  being trapped 

while the l iquid passes unimpeded (see Fig. 2 ) .  The f i e l d  is 

periodical ly  switched off ( i n  cyclic-type un i t s )  or a l terna-  

t i ve ly  the matrix is taken out of the f i e l d  ( i n  continuous 

uni ts)  and the captured p a r t i c l e s  are washed o f f .  Analogical 

t o  WHIMS and HGMS, highly effect ive,  su i t ab le  fo r  p a r t i c l e  

sizes down t o  the sub-micron range, and competes with mechani- 

cal  f i l t r a t i o n  f o r  suspensions i n  nonconducting l iquids  . 
Applied a t  t h e  MERC fo r  solid-solid separation and f o r  clari- 

f i ca t ion  of l iquids.  C m e r c i a l  batch-type and cyclic-action 

equipment available f o r  a range of capaci t ies ,  comprising a 

se r i e s  of modular elements i n  pa ra l l e l .  Continuous u n i t s  are 

i n  development . 
U s e  of a i r  instead of l i qu id  as  the f l u i d  medium has been sug- 

gested, t o  minimize the problem of fluid-drag forces  i n  the 

f i n e  s i z e  range. 

8 

9 

( iv )  Gravity Separation. Several refinements and modifications 

have recently been introduced i n  conventional equipment: 

vibrat ing (shaking) table, pneumatic t ab le ,  Humphry s p i r a l ,  and 

heavy-medium cyclones; new solid-separation methods, based on 

the inclined-plane pr inciple  , have a l s o  been developed", such 

a s  t h e  Reichert cone, t he  GEC Duplex Concentrator and the B a r t -  

les-Mozley concentrator. Throughputs have been increased, 

e f f i c i enc ie s  improved, and ranges extended t o  cover addi t ional  

raw materials.  

The recent ly  marketed Knelson concentrator f o r  f i n e  gold reco- 

very from placer deposits outperforms other gravi ty  methods a s  
11 regards recovery f o r  minus ?+" p a r t i c l e s  down to a few microns . 

The upgrading r a t i o  is typ ica l ly  1000 t o  1 or b e t t e r ,  i n  a 

s ingle  pass through the separator a t  high capacity (40 t/hr). 

The basic reasons f o r  the f a i l u r e  of gravi ty  concentrators i n  
the u l t r a - f ine  s i z e  range are not currently known. 
suggested t h a t  i n  t h i s  s ize  range, p a r t i c l e s  begin t o  lo se  

It has been 
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SEPARATION OF PARTICULATES 11 

t h e i r  i den t i ty  and a c t  a s  f l u i d s .  

separation based so le ly  on differences i n  spec i f i c  gravi ty  

becomes almost impossible. 

Under such conditions, 

(v) Magnetohydrostatics. The MHS technique is based on imparting, 

by means of a nonhomogeneous external  magnetic f i e ld12 ,  a su i t -  

able a r t i f i c i a l  density p r o f i l e  t o  a para- or ferromagnetic 

f l u i d .  (Examples of the former are: aqueous solut ions of t h e  

chlorides and sulphates of manganese, chromium, i ron ,  nickel,  

holmium, etc . ;  of the latter - f e r ro f lu id ,  which i s  a stable 

suspension of magnetite o r  f e r r i t e  p a r t i c l e s  i n  the 75-150 A 

range i n  an aqueous or  hydrocarbon medium). The smooth ve r t i -  

c a l  density gradient  thus created permits s e l ec t ive  multifrac- 

t i on  separation according t o  densi ty  and magnetic suscepti- 

b i l i t y .  The process ( e i the r  batch-type or  continuous) i s  su i t -  

able for  diamonds13, precious-metal concentrates , nonmetals, 

etc . 

0 

A modification of t he  f e r ro f lu id  technique, current ly  under 

study, i s  based on the  screening e f f e c t  of a series of t h i n  

films of the  medium (dispensing with a container) a t  d i f f e r e n t  

l eve l s  between the  poles of a permanent magnet. The process 

is a l so  mult i f ract ional .  

14  (v i )  Eddy Currents . Based on appl icat ion of a time-varying mag- 

net ic  f i e l d  t o  pa r t i cu la t e  metals. 

l a t t e r  causes time-variation of the magnetic f l u x  and induces 

eddy currents  i n  the conductors, thus permitt ing separation of 

non-magnetic components. 

ponents controlled i n  d i r ec t ion  and i n  in t ens i ty  (Lenz's 

electromagnetic law!) permits continuous concentration. The 

technique (only su i t ab le  fo r  extra-coarse materials)  served 

i n i t i a l l y  fo r  removal of non-magnetic metal l ic  components from 

municipal and indus t r i a l  waste, and may f ind appl icat ion f o r  

semi-conducting minerals. 

The r e l a t i v e  motion of t he  

Di f f e ren t i a l  displacement of the com- 

( v i i )  New HydrocycZmes. There are  approximately 20 major manufac- 

t u r e r s  of cyclones i n  t he  world today, supplying u n i t s  with 
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12 LIN 

diameters ranging from l o r n  t o  50". 

attempts have been made t o  increase t h e i r  capacity and e f f i -  

ciency t o  develop new designs with minimised operating d i f f i -  

c u l t i e s  or  f o r  specialised applications,  and t o  develop mathe- 

matical models f o r  simulating cyclone performance. 

design modifications have been applied t o  conventional hydro- 

cyclones with a view t o  an extended range and improved per- 

fonnance15. Examples: A small unit'' used for  c l a s s i f i ca -  

t i o n  or  fo r  c l a r i f i c a t i o n  of solid suspensions, resolving 

power down t o  5 micron (Mozley type) ,  was developed i n  the 

U.X.; a self-cleaning device ensures against  choking of t he  

narrow i n l e t  and ou t l e t s .  

hydrocyclone type was developed i n  Sweden. 

choking-free cyclone was developed i n  Japan17, with the  con- 

centrate  f r a c t i o n  (under flow) removed continuously through 

the  bottom of the cone by means of a s p i r a l  (worm). A d i f f e r -  

ent example i s  the  lock-bottom hydrocyclone, with a single  in- 

let  and ou t l e t ,  f o r  solid-liquid separation processes or fil- 

tration-thickening un i t  operation, with the so l id s  b in  serving 

as thickener; it i s  used fo r  concentration and enrichment, 

fo r  c l a s s i f i ca t ion ,  or  f o r  c l a r i f i c a t i o n  with a view t o  reduc- 

ing the  load on f i l t e r s  and centrifuges.  (These un i t s ,  

s ing le  or i n  ba t t e ry  form, are used f o r  removal of suspended 

so l id s  from wall water, gas and crude o i l ;  f o r  p r e f i l t r a t i o n  

i n  sprinkler- and d r i p  i r r iga t ion ;  fo r  protection of l iquid 

pipelines i n  industry and of domestic water piping, etc. (see 

Fig. 3 ) .  Cleaning i n  special  cases is  effected by means of a 
f l e x i b l e  w i r e  i n s t a l l ed  along t h e  hydrocyclone ax i s ) .  

cyclones of a new type a r e  used fo r  processing iron ore, dia- 

monds and coal  by the "heavy-medium" technique (with ferro-  
s i l i con  or  magnetite), again with a view t o  improved e f f i -  
ciency and product qua l i t y  . 
ca ta lys t s  and r e s ins  with implanted magnetic  component^'^ are 

being developed with a view t o  magnetic handling and separa- 

I n  the l a s t  10 years, 

Several 

A new device of the s p i r a l  cone 

A high-throughput 

18 

( v i i i )  New Adsorbent8 and Ion Exchangers. New types of adsorbents, 
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SEPARATION OF PARTICULATES 13 

FIGURE 3 
Lock-bottom hydrocyclone with a s i n g l e  i n l e t  and o u t l e t ;  
( l e f t )  laboratory test u n i t ;  ( r i g h t )  i n d u s t r i a l  u n i t  
used f o r  removal of suspended s o l i d s  from w e l l  water. 

t i o n  (dry o r  w e t ) .  The carbon-in-pulp technique f o r  ex t r ac t -  

ing gold f r o m  so lu t ions  through adsorption on ac t iva t ed  car- 

bon2' is a revolu t ionary  development i n  bene f i c i a t ion  of 

aur i fe rous  ores ;  

increased recovery t o  99.9%. 

ca l l ed  "magchar1121 mer i t s  cons idera t ion  i n  new CIP c i r c u i t s  

(see Fig. 4 ) .  

it has d isp laced  more c o s t l y  techniques and 

The magnetic adsorption medium 

( i x )  Sorting Techniques. The s t ages  of the  comminution process - 
crushing and grinding - are heavily energy-consuming, so t h a t  

pre-concentration (by so r t ing  o r  heavy-medium separa t ion)  

saves energy i n  any case.  Manual so r t ing  (based on colour 
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SEPARATION OF PARTICULATES 15 

and l u s t r e  difference between ore components) is  st i l l  common 

i n  regions with cheap labour, but i s  being supplanted by ad- 

vanced automatic techniques with each fragment examined 

separately and with perfect  operational synchronization (as  

shown i n  Fig. 5 ) .  Photometric sor t ing is su i t ab le  fo r  ores  

with d i f f e ren t ly  coloured minerals (gypsum, magnesite, t a l c ,  

chalk, ba r i t e ,  f l i n t ,  g l a s s  scrap, argenti-  and auriferous 

ores ,  e t c . ) ,  and where coarse consti tuents a re  unlocked. 

Electronic sor t ing with the a id  of various r ad ia t ions  (x-ray, 

gamma, fluorescence, I R ,  e t c . )  i s  used for  diamonds and f o r  

uranium, tungsten, gold, sulphide ores  e t c .  . Ins t a l l a -  

t i ons  f o r  the 10-2OOmm s i z e  range, with capaci t ies  up t o  

150 t / h ,  are available;  (examples: Model 19 Conductivity/ 

magnetic response Q-sorter; RTZ ore s o r t e r s ) .  Possible 

22 

FIGURE 5 
system block diagram. 
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16 LIN 

l oca l  applications which should be examined a re  beneficiation 

of c a l c i t e  and f l int-clay (photometric) coarse f r ac t ions  of 

phosphate (radiometric),  and o i l  shale (fluorescence) scrap 

metal separation (conductivity/magnetic) a s  w e l l  a s  glass- 

scrap recycling (photometric). Automated ore-sorting 

machhes are rapidly gaining worldwide acceptance i n  the 
mineral dressing industry as a p rac t i ca l  a l t e rna t ive  t o  other 

forms of sor t ing and beneficiation such as hand-picking, truck 

discrimination, s e l ec t ive  mining, bulk mill ing of mixed ore 

and waste, and ( i n  some instances) t o  heavy-medium separation. 

The effectiveness of preconcentration depends on the eff ic ien-  

cy with which most of the valuable'mineral can be reduced t o  

a s  small a concentrate mass a s  possible. 

In the f i e l d  of energy s tor ing minerals, presorting of o i l  

shale by the above means i n t o  high- and low-grade f r ac t ions  

should prove useful i n  the surface or  ex-situ r e to r t ing  pro- 

c e ~ s ~ ~  permitting exploi ta t ion of otherwise marginal or  sub- 

economic deposits,  a t  reduced operating- and waste-disposal 

costs.  

High-Intensity, High-Gradient CylindricaZ Magnet. Originally 

invented i n  Scandinavia; consis ts  of a drum with permanent 

(samarium-cobalt) magnets; used f o r  separation (dry or wet) 

of magnetic pa r t i c l e s ;  t he  magnetic c i r c u i t  is suboptimal. A 

d i f f e ren t  model, developed i n  the ear ly  80's i n  I s r a e l  and 

marketed commercially under the  name "Perm Roll", permits pro- 

cessing of coarse mater ia l  (see Fig. 6 ) .  I t  has a longer 

range of action than the IMR (where the magnetic force decays 

rapidly with distance,  according t o  the induced-field prin- 

c i p l e ) ,  and was f i r s t  applied i n  South Africa f o r  processing 

andalusite (a ceramic) and diamonds . 24 

(xi) Surface Roughness-Based Techniques. 
t r i a l  techniques based on f r i c t i o n ,  there  are  a few u t i l i z i n g  

surface roughness. Examples a re  separation of f ibrous miner- 

als (e.g. asbestos) ,  and of ag r i cu l tu ra l  seeds (e.g. clover 

While there  a re  no indus- 
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SEPARATION OF PARTICULATES 17 

FIGURE 6 
The Permroll separa tor .  

and a l f a l f a )  which have a smoother sur face  than  t h e  parasite 

impurit ies25. 

elephant hide" e f f e c t :  when a fine-grained ferromagnetic 

powder (ferri te or i ron )  is  admixed, it pene t r a t e s  t h e  creases 

of t h e  "elephant hide" and permits dry  separa t ion  i n  weak mag- 

n e t i c  f i e l d s .  The process w a s  adopted a t  t he  "Hazera" p l a n t s  

i n  I s r ae l .  

The mechanism is  known as the  "baby skin/ 

( x i i )  Grinding. (a) Additives: This appl ica t ion  is  common mainly 

i n  t h e  cement and mineral i ndus t r i e s ,  and cen te r s  on the  

search f o r  chemical a i d s  i n  comminution, mostly i n  grinding . 
These a i d s  (whose mechanism of ac t ion  c o n s i s t s  i n  reducing 

agglomeration, weakening i n t e r p a r t i c l e  bonds, reducing suspen- 

s ion  v i s c o s i t y  and preventing microcrack hea l ing ) ,  acce le ra t e  

26 
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18 L IN 

t he  comminution process, improve the fineness p r o f i l e  (higher 

specif ic  surface a rea l )  and save energy. Examples are summar- 
ized i n  Table N. 

(b) “Orebed’l magnetic l ining i n  m i l l s :  A recently patented 

new concept. 

enclosed i n  rubber and attached t o  the m i l l  s h e l l ,  a t t r a c t i n g  

ferromagnetics t o  i t s  imer surface so as t o  form an orebed 

(see Fig. 7). The material i n  the m i l l  thus grinds against  

the orebed, which while continuously reriewing i t s e l f ,  p ro t ec t s  

the l i n e r  against  w e a r  and d i s to r t ion .  This i n  turn obviates 

the need f o r  periodic replacement of the l i n e r  - as i n  con- 

ventional u n i t s  presently i n  use - with correspondingly less 

down-time; 

(c) As the  most expensive u n i t  operation i n  a mineral dressing 

plant ,  the  grinding c i r c u i t  is natural ly  the object of a g rea t  

deal of a t tent ion.  The angular s p i r a l  l ining (ASL) system de- 

veloped by Waagner-Biro of Austria has been t e s t ed  and evalu- 

ated f o r  g ra t e  discharge b a l l  m i l l s 2 7  and found (through i t s  

modifying e f f e c t  on t he  c i r cu la r  cross  section) t o  reduce 
energy and grinding-medium consumption. 

The device i s  based on a powerful ceramic magnet 

it a l s o  permits reduced thickness of t he  l i n e r .  

EXAMPLES OF N E W  PROCESSES I N  DEVELOPMENT 

The processes reviewed below are a t  present a t  d i f f e r e n t  s tages  

of development. 

mineral engineering. 
The examples refer t o  possible  applications i n  

(i) Mechano-Chemistry. A r e l a t i v e l y  new f i e l d ,  which comprises 

processes i n  which external mechanical act ion is applied t o  

s ingle  or  multi-component so l id s  with a view t o  physical or 

chemical modification of t he  particles - polymorphic transfor- 

mation, sol id-s ta te  reactions,  and surface coating . The 

underlying pr inciples ,  range of applications and scope of 

a c t i v i t y  were described i n  d e t a i l  a t  the 5th Mineral Engineer- 

ing Meeting i n  I s r a e l  (198C1)~’. 
f i e l d  a t  t he  MERC has been expanded t o  include: 

28 

Recently, a c t i v i t y  i n  t h i s  

(1) new poly- 
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20 LIN 

TABLE IV 

Additives Used i n  Comminution 

Wet 
or 
Dry 

Grinding 
Rate 

Factor* Additive 
% 

Added Material Ground 

Water 0.06 
0.06 
0.04 

Ceramic enamels 
Marble 
Cement c l inker  

D 
D 
D 

- 
1.6  
1.3 

Alcohols and phenols 
Methanol 
Isopentanol 

Quartz 
Quartz 
Iron powder 
Quartz 
Soda l i m e  g l a s s  
Iron powder 
Cement 

- 
1.29 

20.0 
1.4 

20.0 
0.5 - 

s-Octanol 
Ser ies  normal alcohols 
G 1 yc er o 1 
Phenols and polyphenols 

- 
- 
- 

0.01- 
0.25 - 

D 

Ketones 

Mines  

Acetone 

Triethanolamine 
Flotigan (C12-Cl.4 amine 

ax coconut o i l )  

0.2 Cement clinker D 1.37 

2.2 
1 .7  

0.02 
0.02 

Quartzite 
Limestone 

Sulphonic acids 

acid (RDA) 
Arylalkyl sulphonic 

0.06 
0.06 

Graphite 
Cement 

- 
1.3 

Fat ty  acids  
Oleic acid 0.003 Limes tone 

Zinc blende 
Quartz 
Pumice 
Limestone 
Quartz 
Lime stone 

1.1 

1.27  
- 
- 
- 

2.0 
2.0 

Butyric acid 
Stearic acid 

- 
1.0 

0.1 
0.1 

- 
Sodium oleate  

Vinsol r e s i n  (calcium 
s t ea ra t e )  0.05- 

0.10 

0.15 

0.5 

- 
- 

Limes  tone 

Sodium s t ea ra t e  Dolomite 
Cement c l inker  
Cement 
Chrome ore- 

magnesi t e  
Chrome ore- 

magnesite 

- 
1.2 - Aluminum s t ea ra t e  

Capri l ic  acid 

Marine o i l  
D 1 .2  

0 . 5  
D 1.1 
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SEPARATION OF PARTICULATES 21 

W e t  Grinding 

Additive Added Material Ground Dry Factor* 
% or  Rate 

Beef tallow 
Wool grease 

- 
5.0 - 

Other carboxylic acids 
Napthenic acid 0.1 
Sodium napthenate 1.0 
Sodium sulphonapthenate 1.0 

n-alkanes, various - 
Hydrocarbons 

E s t e r s  

Others 

Anylacetate 

Carbon black 

Sodium s i l i c a t e  
Sodium hydroxide 

Sodium carbonate 
Sodium chloride 
Carbon dioxide 

Aluminum chloride 

0.08 
0.32 
1.16 

0.008 
0.02 
0.08 

- 

- 
- 

0.03 - 

Ammonium carbonate - 
Hardwood p i t ch  - 
Sodium polymetaphosphate 

(Calgon) 0.01- 
0.04 

Kaolin 10.0 
Thalium chloride 0.02 

Limestone 
Gypsum 

Cement c l inker  
Quartzite 
Quartzite 

Soda lime g la s s  

Quartz 

Cement 
Cement 
Clay s l i p  
Magnesite 
Limestone 
Limes tone 
Quartzite 
Magnesite 
Dolomite 
Quartzite 
Carbon black 
Graphite 
Talc 
Mica 
Vermiculite 
Pumice 

Lead-zinc ore 

Sulphur 
Quartzite 

D 1.33 
W 1.40 
W 1.80 

D 10.0 

1.23 

1.3 - 
- 
- 

1.5 
2.0 
1.2 - 
- 

W 1.55 - 

1.3 

D 
W 1.65 

- 

* Grinding r a t e  f ac to r  = new surface produced with additive/new 
surface produced without additive.  

Source: G.C. Lowison, Crushing and Grinding, CRP Press, 
Cleveland, 1974. 
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morphic transformations i n  spec i f i c  c r y s t a l l i n e  systems; cold 

chemical react ions fo r  formation of f e r r i t e s  and spinels  and 

fo r  decomposition of hydrates, carbonates, etc.: deeper in- 

s igh t  i n to  the mechanism, kinet ics  e t c .  of prolonged dry 

grinding processes under controlled conditionsi (2) f l u i d  

mechano-chemistry, e.g. shearing of l iquids .  

(ii) MagneticaZZy-Controlled Fluidized Bed. An innovative Ameri- 

can invention (Exxon), based on admixture of ferromagnetic 

p a r t i c l e s  (controlled i n  s i z e  and quantity) t o  a f luidized 

bed and regulation of i ts  physical and dynamic behaviour by 

means of an external magnetic field3'; 

sor t ing and separation of sol ids ,  i n  drying and combustion 

processes, etc.  

In general, t he  technology centres  on a magnetically s t a b i l -  

ized bed (MSB) i n  which bubbles and turbulence normally found 

i n  conventional f luidized beds, are  completely eliminated. A 

su i t ab le  magnetic f i e l d  i s  imposed on a gas-solid bed, i n  

which the so l id s  have 

desired ( i .e .  ca t a ly t i c )  character is t ics .  

p o t e n t i a l i t i e s  i n  

a magnetic component a s  w e l l  a s  other 

(iii) CycZone-Magnet Combination. A hydrocyclone f o r  aqueous SUS- 

pensions containing a heavy m e d i u m  (ferromagnetic p a r t i c l e s ) ,  

combined with an electromagnet with spec i f i c  i n t ens i ty  and 

or ientat ion,  with a view t o  control of t he  p a r t i c l e  t ra jecto-  

ries. 

magnetic f r ac t ion  is shif ted towards the lower or upper o u t l e t  

of the hydrocyclone. I f  successful, t h i s  technique may re- 

place the  standard magnetic-drum type separators used fo r  re- 

cycling magnetite or f e r ros i l i con  i n  HMS processing of dia- 

monds, i ron ore  and coal,  a s  w e l l  as fo r  separation of magne- 

t i t e  or pyrrhot i te  i n  beneficiation processes. The s implici ty  

and r e l i a b i l i t y  of t he  technique promise rapid development and 

immediate app l i cab i l i t y .  

Boxmag-Rapid (U.K.) have developed a low-intensity magnetic 

hydrocyclone thickener31 capable of inducing very f i n e  magne- 

Sorting or  separation are effected accordingly a s  the 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
5
7
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



SEPARATION OF PARTICULATES 23 

t i c  p a r t i c l e s  t o  report  t o  the cyclone underflow, while non- 

magnetic p a r t i c l e s  remain unaffected. The magnetic f i e l d  is  

shaped so a s  t o  have a r a d i a l  component - perpendicular t o  t h e  

axis  of t h e  cyclone - with an outward gradient,  a s  a r e s u l t ,  

the  net magnetic force acting on a p a r t i c l e  i s  a l so  r a d i a l l y  

outward. By t h i s  means the apparent spec i f i c  gravi ty  of the 

material  is enhanced, so t h a t  the behaviour of a p a r t i c l e  i n  

the cyclone resembles t h a t  of one of somewhat larger  diameter. 

Bio-Sorting. Based on the  f e a s i b i l i t y  of t r a in ing  animals f o r  

sor t ing and separation operations. Birds are  used f o r  loca- 

t i o n  of printed c i r c u i t s  i n  the Japanese electronics  industry,  

and fo r  a e r i a l  photography and reconnaissance - i n  t he  U.S. 

Navy. The proven special  cha rac t e r i s t i c s  of pigeons, i n  terms 

of vis ion and d i s t i n c t i v e  a b i l i t y ,  may be put t o  use i n  ore 

sor t ing . 
Cyclone as Flotation C e l l ,  
cyclone with porous walls,  operating under a centr i fugal  f i e l d  

32 

A new system, based on a hydro- 

(see F i  8 ) .  Special r e s u l t s  w e r e  obtained i n  processing of 
COB1 3 3 - 1 4  

Thermz l  Separation. 
cesses : 

(1) Dielectric Heating35 ( famil iar ly  used i n  bonding of vinyl 

This category comprises several  new pro- 

p l a s t i c  book bindings).  On se l ec t ive  heating of a mixture 

of pa r t i cu la t e  p l a s t i c s ,  the components acquire diss imilar  

d i e l e c t r i c  propert ies  and lend themselves t o  e l e c t r o s t a t i c  

or magnetic separation. When the process is  applied t o  

coal,  t h e  p y r i t e  absorbs more electromagnetic energy and 

i s  heated more rapidly.  

(2) Differential IR Heating (frequencies above the  range of an 

electronic  amplif ier) .  When applied t o  a mixture of rock 

s a l t  with dark gypsum grains ,  the lat ter acquire a higher 

temperature a t  which the picoplast ic  coating of t h e  con- 

veyor b e l t  softens and t r aps  them, thereby effect ing com- 

p l e t e  separation. 
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THE STABlLlZlNO PROPERTIES 

CIRCULATION VELOCITIES IN 
TnE CENTER OF THE CYCLONE 
CREATE A VERY QUIESCENT 

FINE PARTICLES, REOUIRINO 
HIGH FORCE FIELDS IN ORDER 
TO FLOAT, ARE INJECTED AT 
THE POINT OF MAXIMAL 
CENTRIFUQAL FORCE 

OF TnE morn AND THE LOW 

FROTH COLUMN FOR 
H YDROPHOBIC PAR TIC1 ES 

- .  
HYDROPHILII: PARTICLES 
REJECTED WITH rnE 
MAJOR PORTION OF 
THE WATER 

?- INJECTION OF AIR 4- THROUOH THE POROUS 
'- CYCLONE WALL. WHERE 

0;- THE SHEAR RATE IS 
d- MAXIMAL, ENSURES THE 

FORMATION OF SMALL 
AIR BUBBLES 

FIGURE 8 
Sparged Hydrocyclone 

(3)  Eddy-&went Heating. Eddy currents are associated with 

se l ec t ive  heating, which can be used i n  f l o t a t i o n  of sul-  

phide ores,  with improved separation of metal l ic  pa r t i c l e s .  

( v i i )  Integrated Processes. Multistage processes are common prac- 

t ice  i n  chemical and mineral engineering. Treatment of ores 

and other raw materials begins with comminution (crushing and 

grinding) combined with sor t ing,  and proceeds through concen- 

t r a t i o n  and enrichment t o  the f i n a l  "polishing". Addition of 

ex t r a  s tages  t o  a process e n t a i l s  increased cos t  and inter-  

mediate means of handling, while not necessarily ensuring i m -  

proved efficiency. By contrast ,  in tegrat ion (e.g. comminution 
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SEPARATION OF PARTICULATES 25 

combined wi th  separa t ion  and concentration as an independent 

u n i t  operation) opens the way f o r  new technologies,  such as: 

- Jaw-crushing i n  a heavy l iqu id ,  r e l eas ing  des i r ed  matrix- 

locked components w i th  simultaneous " f loa t / s ink"  separa t ion .  

- E l e c t r i c a l  or mechanical crushing between t h e  poles  of a 

magnet (nonhomogeneous f i e l d )  with a magnetic f l u i d  as 
medium, thereby e f f ec t ing  simultaneous comminution and 

separa t ion  according t o  dens i ty  and magnetic s u s c e p t i b i l i t y .  

- Ball-milling i n  a l i q u i d  so lvent  which simultaneously ex- 

t r a c t s  ( leaching o r  so lvent  ex t r ac t ion )  one of t he  compon- 

en ts .  Kopper's Tower m i l l  (capable of up t o  60% power sav- 

ing  compared wi th  b a l l  m i l l s  i n  i d e n t i c a l  se rv ice)  was 

f i r s t  introduced i n  1953 a s  an a l t e r n a t i v e  t o  b a l l  m i l l s  

i n  regr ind  appl ica t ions .  Essen t i a l ly  a v e r t i c a l  ball  m i l l  

with a g i t a t i o n  of t h e  medium provided by an i n t e r n a l  screw 

f l i g h t ,  it has been used i n  Japan f o r  a wide v a r i e t y  of 

minerals ( s i l i c a ,  limestone, coa l  and copper).  A u n i t  in- 

tended f o r  simultaneous grinding and leaching of gold t a i l -  

ings  is  being i n s t a l l e d  by t h e  Langlea Mining Co. of 

Canada a t  Macassa, Ontario. 

36 - Simultaneous grinding and f l o t a t i o n  

5 J  - Simultaneous gr inding  and s iev ing  . 
( v i i i )  ChernicaZ Crushing. Use of chemicals with a view t o  s e l e c t i v e  

a t t ack  on p a r t  of t h e  components, accompanied by comminution. 

The technique i s  under study f o r  coa l ,  using ammonia i n  con- 

cent ra ted  aqueous so lu t ion  o r  i n  gaseous form. 

Biodegradation of rocks and minerals: 

on t h e  p o s s i b i l i t y  of using microbes t o  promote biodegradation 

of rocks and minerals is under inves t iga t ion  a t  the  Warren 

Spring Laboratory ( U . K . ) .  Survey work has shown t h a t  some 

minerals ( fo r  example, o l i v i n e  and nepheline) are s ign i f i can t -  

l y  more degradable than o thers ,  while c e r t a i n  microbial  m e t a -  

b o l i t e s ,  i n  p a r t i c u l a r  che la t ing  agents l i k e  c i t r i c  and oxa l i c  

some specu la t ive  work 
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26 LIN 

acids,  consis tent ly  more effect ive than others i n  the same 

context. Such a process,  if economically viable ,  could 

materially reduce the energy requirement fo r  l i be ra t ion  grind- 

ing of ores. 

New Methods Based on DeZiberate Artificial Modification of 
Mineral Properties. 

- Implantation and/or seeding of ferromagnetic materials fo r  

( i x )  

trapping diamagnetic p a r t i c l e s  i n  suspension. 

- Controlled heating so a s  t o  increase the magnetic suscepti-  

b i l i t y  of weakly magnetic minerals (e.g. py r i t e ,  chalco- 

p y r i t e  and other iron-bearing minerals),  with a view t o  

select ive separation. 

- Selective surface adsorption of a magnetic medium (ferro- 

f l u i d )  on minerals, again fo r  increased magnetic suscepti- 

b i l i t y .  

- Implantation and/or seeding of highly d i e l e c t r i c  mater ia ls  

(e.g. t i t a n a t e s )  with a view t o  dielectrophoretic f i l t r a -  

t i o n  or separation. 

- Low-temperature treatment for  modification of physical  

propert ies  with a view t o  improved g r indab i l i t y  (applicable 

i n  production of rubber, p l a s t i c s ,  foodstuffs,  and explo- 

s ive combustible substances) . 
- Selective colouring with a view t o  visual  d i f f e ren t i a t ion :  

e.g. spraying of boulders or quarry faces  with methylene- 

blue solution, for  d i s t i nc t ion  between f l i n t  and chalk i n  

quarrying fo r  t he  Portland cement industry.  

- Selective colouring with a U . V .  surface-active reagent with 
38 a view t o  application of e lectronic  sor t ing . 

CX) AggZ~rneration~~. Agglomeration i s  useful i n  the context of 

heap or percolation leaching of ores  containing clays and 

excessive f i n e s ,  which has become a p rac t i ca l  processing 

a l t e rna t ive  over t he  l a s t  few years. Its importance is  asso- 

c ia ted with the tendency of the f i n e s  t o  migrate in to  voids 
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SEPARATION OF PARTICULATES 2 7  

between l a r g e r  rock fragments, and thus  c r e a t e  impermeable 

barriers t o  so lu t ion  flow. This "plugging e f f e c t "  i s  mini- 

mized by t h e  agglomeration process,  whereby t h e  o re  i s  mixed 

and tumbled with water and a s m a l l  amount of binder (Portland 

cement). The agglomerates are cured and p i l ed  i n t o  s t a b l e ,  

porous heaps t h a t  do not d i s i n t e g r a t e  even when soaked i n  

so lu t ion .  

For an ore containing mostly f i n e s ,  f l o w  through an agglomera- 

ted  heap may be 5000 t i m e s  f a s t e r  than through an unagglomera- 

ted  one. 

M I N I N G  USING SOLUTION-EXTRACTION TECHNIQUES 

This novel form of mining (which may be categorized under t h e  

concept of un i f i ca t ion  of processes) i s  appl icable  i n  underground 

opera t ions  [sulphur,  potash,  gold,  uranium, copper, s a l t  ( h a l i t e ) ,  

t rona ,  and boron minerals] a s  w e l l  a s  i n  in - s i tu  leaching (heap- 

and dump leaching) .  Combining t h e  func t ions  of mining, t r anspor t ,  

comminution, leaching and so l id - l iqu id  separa t ion  i n  a s i n g l e  opera- 

t i o n  it can be use fu l ly  applied i n  reassess ing  p a r t i a l l y  depleted 

mineral resources  which are too  uneconomic f o r  t r a d i t i o n a l  mining. 

W e l l  technology ( l a rge ly  an area of petroleum indus t ry  expe r t i s e )  

i s  used t o  recover mineral va lues  by in j ec t ing  leaching so lu t ions  

i n t o  t h e  o re  body v i a  one s e t  of bore holes  and removing t h e  preg- 

nant so lu t ion  containing the  des i red  element v i a  a second set. Some 

of i t s  advantages and assoc ia ted  p o t e n t i a l  problems a r e  summarized 

i n  Table V. Unlike t h e  s i t u a t i o n  i n  so lu t ion  mining, t h e  ore f o r  a 

heap-leach process must be mined, t ranspor ted  and sometimes com- 

minuted before chemical ex t r ac t ion  can begin ( see  Table V I ) .  

On-site research  i n t o  so lu t ion  mining i s  being c a r r i e d  out by 

Conzinc R io t in to  (CRA) a t  E a s t v i l l e  (Vic tor ia )  ( see  Fig. 9 ) .  I n  

t h e  case  of gold,  so lu t ion  mining o f f e r s  a systematic means of 

ex t r ac t ion  with economic and environmental bene f i t s .  

s i t e  i s  a water-permeable alluvium ly ing  b e l o w  t h e  water table ( t h e  

groundwater must be v i r t u a l l y  s t a t i c )  and overlying an impervious 

basement rock. 

A prerequi- 

Other p r e r e q u i s i t e s  a r e  a l a rge ,  dependable supply 
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30 LIN 

FIGURE 9 
Mining by leaching techniques - w e l l  f i e l d  cross  section. 

of solution and a cheap energy supply (solution may be preheated, 

air may be compressed f o r  pumping the solution t o  the surface,  etc.)  . 
Once posit ion,  depth and grade of the deposit  have been determined 

by exploratory d r i l l i n g ,  the pat tern of inject ion and extract ion 

w e l l s  can be drawn up and plant  i n s t a l l ed  on the surface.  

is dissolved by one of several  types of solution (thiourea,  thiosul-  

phate, cyanide); recovery of the metal e n t a i l s  hydrometallurgical 

methods using e i t h e r  r e s ins  or  active carbon (CIP, see p. 12 above). 

Precautions have t o  be taken t o  prevent contamination of t he  ground- 

water by the chemicals. Monitor w e l l s  on the periphery of t he  min- 

ing area should ensure t h a t  no leach solution escapes. 

The gold 

Another promising sector i n  t h i s  context i s  crude o i l .  AS is 

well-known, the  decline i n  production from primary o i l  stimulated 

t h e  use of secondary recovery techniques such as  water flooding and 

gas inject ion which increased the average amount of extractable  o i l  

by 17-38%; these were duly followed by t e r t i a r y  techniques t h a t  
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SEPARATION OF PARTICULATES 31 

have so f a r  been only p a r t i a l l y  successful and would r a i s e  cumula- 

t i v e  recovery expectation t o  35-36?.. 

access t o  the untapped reserves suggested by Hutchins e t  a 1  , in- 

volves petroleum mining. 

world where o i l  mining may be pract icable) .  

va r i e ty  of processes such as: 

The next s t ep  i n  gaining 
40 

(Table V I I  indicates  the areas  of t h e  

The idea may cover a 

Mining below conventional reservoirs  containing mobile o i l ,  

and recovery by gravi ty  drainage. 

Stripping exposure of shallow heavy o i l  deposi ts  by v i scos i ty  

modification, chemical treatment, surfactants  or pressure. 

Mining below heavy o i l  reservoirs .  

Combined mining and cavern-jett ing above or  below heavy o i l  

deposi ts  . 
Mining above, below or i n t o  tar sand. 

Extractive mining of conventional o i l ,  heavy o i l  and tar sand 

deposits . 
Figure 10 i l l u s t r a t e s  the proposed gravity-drainage technique. 

A shaf t  is sunk through the  reservoir  and horizontal  tunnels are 

TABLE V I I  

Potent ia l  O i l  Mining Areas 

Africa North America South America 

Angola* Canada (Alberta only) Argentina 
Algeria U.S. Bolivia 
Congo B r  az i 1* 

cen t r a l  America Chile 
Peru* 

Mexico Venezuela 

Egypt 

Asia 

Burma Europe 
- 

Austria India 
Indonesia France 

F.R.G. U.S.S.R. 

* Denotes countries with offshore prospects. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
5
7
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



32 LIN 

FIGURE 10 
Proposed gravi ty  drainage scheme t o  co l l ec t  o i l  from w e l l s  
driven upwards from underground workings. 

driven underneath t o  the  f u l l  l a t e r a l  extent.  Collection w e l l s  a r e  

driven f r an  the workings up t o  the oil-bearing formation. 

wells drain o i l  i n t o  a cen t r a l  col lect ion system from which it is  

pumped t o  the surface.  

pressure control devices. 

may contain very high pressures i n  the range 172 kPa t o  1.7 MPa). 

These 

It may be necessary t o  protect  t he  mine by 

(Even "pressure-depleted" reservoirs  

The authors a re  a t  pains t o  point out  some of t h e  d i f f i c u l t i e s  

which would be encountered i n  implementing such techniques. 

Another a l t e rna t ive  is conventional underground mining of 
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SEPARATION OF PARTICULATES 33 

primarily- and secondarily-depleted petroleum depos i t s ,  using a 

method s imi l a r  t o  o i l  sha l e  mining (huge mining and ma te r i a l s  

handling).  

I t  seems s a f e  t o  p red ic t  t h a t  t h e  f u t u r e  w i l l  see acce lera ted  

exp lo i t a t ion  by oil mining both of unconventional hydrocarbon 

depos i t s  and of t h e  s u b s t a n t i a l  suppl ies  of petroleum s t i l l  p resen t  

i n  conventionally pumped-out r e s e r v o i r s  . 41 

CONTROL AND MEASUREMENT 

It has been s t a t ed  t h a t  technology has been t h e  main contribu- 

t o r  t o  conservation of t h e  world's economic reserves  of most 

minerals. An important p a r t  of t h i s  technological advance l i e s  i n  

more sophis t ica ted  processes and more e f f e c t i v e  cont ro l .  I n  f a c t ,  

i n  t he  l a s t  10 years  no aspect of mining has advanced a s  much as 

process cont ro l .  The ob jec t ives  of t h e  l a t t e r  are: maintenance of 

product spec i f j ca t ions  while minimizing t h e  consumption of energy, 

reagents and o the r  ma te r i a l s  used i n  t h e  process,  and maximized 

recovery ( i .e.  minimal waste) of the  va luable  elements. 

Modern con t ro l  techniques,  based on chemical ana lys i s ,  on 

radiometric s i z e  measurement, or on DP systems, y i e l d  real-t ime posi-  

t i o n  readings and information, wi th  everything t h i s  e n t a i l s  i n  terms 

of improvement . Available equipment includes w e t  and d ry  systems 

yielding p a r t i c l e  d i s t r i b u t i o n s  a t  any des i red  stage; measuring 

cont ro l  systems f o r  dens i ty ,  pH, s o l i d s  content ( i n  suspension) and 

elementary composition; discharges;  continuous dosage devices;  

power-reading instrumentation, f a u l t  loca t ion  and advance-warning 

devices;  power-reading instrumentation, f a u l t  loca t ion  and advance- 

warning devices ( sa fe ty  aspect!). There is automatic instrumentation 

f o r  simultaneous ana lys i s  of s eve ra l  elements i n  a given flowchart ,  

and f o r  d ry  ana lys i s  of carbon, moisture, ash,  sulphur,  e t c .  - i n  

energy-storing minerals43. 

course,  e spec ia l ly  i n  the form of microprocessor app l i ca t ions  . 

42 

Further innovations a r e  expected i n  sho r t  
44 

The growing recourse  t o  on-line (or in-plant)  ana lys i s  i n  pro- 

cess con t ro l  i s  a demonstration of t h e  genera l  p r i n c i p l e  t h a t  
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effect ive exploitation of resources is achieved through improved use 

of information rather  than through energy consumption. 

TRENDS AND TARGETS I N  DEVELOPMENT 

O r e  benefication i s  defined a s  physical treatment of mineral 

r a w  mater ia ls ,  without a l t e r ing  t h e i r  mineralogical i den t i ty ,  i n  t he  
course of t h e i r  conversion i n t o  marketable products. 

Recent technological advances! t he  massive demand fo r  effect-  

increasingly rigorous require- 

attempts t o  reduce prcduc- 

ive treatment of new types of ores: 

ments with regard t o  product standards: 

t i on  cos t s  and improve process eff ic iencies;  
low-grade raw materials - i n  large masses - or  f i n e  fract ions;  

( l a s t  but  not l ea s t )  environmentalist pressures - a l l  these have 

extended a c t i v i t y  i n  ore  beneficiation t o  its physical,  chemical and 

physio-chemical areas. 

problems i n  tackling 

and 

A s  regards future  developments i n  I s r ae l ,  a report  on loca l  

trends and t a r g e t s  i n  the f i e l d  of i ndus t r i a l  minerals has been pub- 

lished15, encompassing a wide range of poss ib i l i t i e s :  

- While there  a re  top-level plans f o r  regular S t a t e  support i n  

such areas a s  water resources, agricu1ture;or t he  aviat ion and 

munitions industr ies ,  there  a r e  none f o r  intensif ied exploita- 

t i on  of natural  resources ( t e r r e s t r i a l  or  marine): nor a r e  

the re  national development-planning f a c i l i t i e s  f o r  t h i s  purpose. 

- The poss ib i l i t y  of importing bulk ores or  concentrates fo r  

l oca l  processing ( in  both the c i v i l i a n  and mi l i t a ry  sectors)  

should be examined: 

from ilmenite,  or  production of tungsten powder from schee l i t e  

or wolframite. 

fo r  example - extraction of titanium oxide 

- Local production i n  specif ic  sectors  should be stimulated: 

l i thium from Dead Sea br ine,  aluminium from clays,  f i l l e r s  from 

indus t r i a l  minerals, i ron from Manara ore ,  sophisticated ceram- 

i c s  from loca l  c lays ,  soluble s a l t s  from quartz sand, new phos- 
phate der ivat ives  and sophisticated f e r t i l i z e r s ;  maghemite and 
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SEPARATION OF PARTICULATES 35 

f e r r i t e  (magnetics); synthet ic  zeo l i t e s ;  new building materi- 

a l s ;  treatment of energy-storing minerals. 

Greater economy i n  displaced resources: there  is no nat ional  

recycling scheme f o r  re-use of i ndus t r i a l  and mater ia l  waste, 

coal ash, etc; information on recycling i s  generally incom- 

p l e t e ,  and the problem should be tackled. 

Development of new technologies: 

p o t e n t i a l i t i e s ,  both with regard t o  export of know-how and t o  

design and construction of sophisticated equipment f o r  l oca l  

and overseas use, ahead of other advanced countries . 
Examples: new ion-exchangers; improved solvent-extraction 

techniques; extraction of precious metals and uranium from 

sea-water; new techniques fo r  separation and enrichment (dry 

or w e t )  i n  fine-grained systems; d i e l e c t r i c  f i l t r a t i o n ;  pro- 

cesses with reduced energy consumption per u n i t  product, and 

with reduced waste yields;  

l iquid and so l id  by-products; 

concentration/sorting techniques f o r  enrichment of l oca l  phos- 

phates; 

f i e l d ;  

ses; separation processes based on f e r ro f lu id  (whose p r i ce  i s  

continuously dropping); new separators based on superconduct- 

ores o r  on permanent magnets . 
Intensif ied processing of by-product suspensions from benefici-  

a t ion plants  and chemical industr ies ,  for  improved recovery of 

valuable elements. 

A f i e l d  with high loca l  

46 

processes f o r  u t i l i z a t i o n  of 

adaptation of radiometric pre- 

c lass i fying devices u t i l i z i n g  an electromagnetic 

new synthet ic  products based on mechanochemical proces- 

47 

Examination of upscaling problems i n  separation processes a t  

the R & D or laboratory stage.  

Examination of basic  problems s t i l l  i n  t h e i r  infancy, such a s  

characterization and microprocessing of p a r t i c l e  systems, 

tension-based comminution ( u t i l i z i n g  low t e n s i l e  strength) , 
flow around p a r t i c l e s  i n  l iquid media, e t c .  

- Ins t i t u t iona l i za t ion  of problems of design and execution, a t  
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36 LIN 

present tackled largely on a "rule  of thumb" basis .  

Interested c i r c l e s  and the government agencies concerned, i n  colla- 

boration with loca l  un ive r s i t i e s ,  should take posi t ions on the above 

subjects.  

CONCLUSION 

In the above, the reader i s  introduced t o  a va r i e ty  of innova- 

t i ons ,  some of them already applied indus t r i a l ly ,  others s t i l l  on 

t h e i r  way. 

throughs are expected - given i n i t i a t i v e ,  motivation, imagination, 

inventiveness, creativeness,  and access t o  current  and up-to-date 

information. 

They are obviously only a beginning, and fur ther  break- 

The need t o  reduce costs,  t o  tackle  large bulks and high yields ,  

t o  exploi t  low-quality resources, t o  convert from energy- and labour- 

intensive processes t o  a l t e rna t ive  ones - i n  conjunction with the 

environmental aspect - is bound t o  accelerate  these new developments. 

High mining cos t s  due t o  poor ore qual i ty ,  t o  geographical remote- 

ness, t o  lack of an infrastructure ,  t o  depth of deposition, or t o  

non-selective removal ( resul t ing i n  large yields  of superfluous 

materials)  - a l l  these,  combined with the energy c r i s i s ,  c a l l  fo r  

special  solutions (such as  pre-concentration) or fo r  t o t a l l y  new 

approaches. 

There a re  three main ways of reducing c a p i t a l  and production 

costs.  The f i r s t  i s  t o  eliminate one or more of the operational 

s teps  i n  the production sequence; t he  second i s  t o  transform or 

modify the  techniques o r  equipment applied; 

t h e  grade of t he  material  t reated a t  an ea r ly  stage i n  the process. 

Examples of each of these methods are given i n  Table V I I I .  

the  t h i r d  i s  t o  r a i s e  

Because mining and processing cos t s  are  proportional t o  the 

mass of raw mater ia l  t reated,  t h e  owners of high-grade deposits a r e  

i n  a more favourable posi t ion thanks t o  the lower u n i t  production 

cos t  of t h e i r  commodity. In the  case of low-grade deposi ts ,  pos- 

s i b l e  fu tu re  trends may include greater  emphasis on use of low-cost 

production routes such as: elimination of operating s teps  (e.g., 
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SEPARATION OF PARTICULATES 

TABLE V I I I  

37 

Class i f i ca t ion  of Techniques f o r  Reducing Treatment Costs 

Elimination of Modification of 
Operating S teps  techniques or equipment Preconcentration* 

In-situ leaching 

(i) Solution 
mining 

(ii) Heap leach- 
ing 

Uni f ica t im*of  
processes 

(i) Comminution/ 

(ii) Comminution/ 
leaching 

(iii) Comminution/ 

Resin-in-pulp 

Solvent-in-pulp 

Carbon-in-pulp 

s ink- f loa t  

f l o t a t i o n  

New magnetic separa tors  Automatic so r t ing  

New and modified so r t ing  HMS** 
machines 

Modified hydrocyclones Magnetic scalping 

New g rav i ty  separa tors  D i f f e r e n t i a l  c l a s s i -  

High-rate th ickeners  Se lec t ive  mining 

f i c a t i o n  

Improved mixer -se t t le rs  

Continuous ion exchange 

Modified f l o t a t i o n  c e l l s  

New monitors 

New f i l t e r s  

* Addition of a preconcentration technique a t  the  f r o n t  end of a 
p l a n t  can be a cos t -e f fec t ive  method of boosting p l an t  capac i ty .  

Including an anhydrous heavy-liquid separa t ion  process f o r  
cleaning coal.  

*** See ( v i i )  on In tegra ted  Processes i n  Examples of New Processes 
i n  Development (pp. 19/20 above). 

** 

i n - s i tu  leaching) ,  modification of techniques (e.g. ,  continuous ion 

exchange) and u t i l i z a t i o n  of preconcentration methods (e.g., 

e l ec t ron ic  so r t ing ,  s e l e c t i v e  screening, magnetic sca lp ing ,  heavy 

media separa t ion ,  e t c . ) .  

A c e r t a i n  amount of r i s k  i s  incurred i n  a dec is ion  t o  make use 

of new technologies.  T h i s  is p a r t i c u l a r l y  t r u e  f o r  production from 

a low-grade ore  which might depend f o r  its p r o f i t a b i l i t y  on success- 

f u l  appl ica t ion  of a novel type  of equipment or processing rou te .  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
5
7
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



38 LIN 

Techniques proven on one s i te  may not be t ransferable  to another 

application because of unforeseen differences i n  the cha rac t e r i s t i c s  

of t he  ore,  or i n  environmental conditions. For years,  one of t he  

main ambitions of ore dressers  and extract ive metal lurgis ts  had been 

t o  develop continuous process because they give greater  productivity,  

b e t t e r  materials efficiency and improved thermal economy. 

Advanced separation theories ,  u t i l i z a t i o n  of force combinations, 

and increase of i n t e n s i t i e s  and gradients - are a l s o  bound to open 

the way f o r  innovations. Advances i n  e l e c t r i c  and magnetic 

separation techniques are i n  f u l l  swing; 

being revolutionized, thanks t o  the advent of new magnetics and of 

improved c i r c u i t s  based on permanent magnets. 

siderable progress i n  adaptation of ores  t o  techniques, through con- 

t ro l l ed  a r t i f i c i a l  changes. 

the l a t t e r  are i n  f a c t  

There is  a l s o  con- 

There w i l l  be d i r e c t  implications for  various industr ies .  

Trans-application from one f i e l d  of engineering to another is  rela- 

t i ve ly  easy; 

t he  needs, and executive a b i l i t y  reinforced by steady and consis tent  

e f f o r t s ,  w i l l  bear f r u i t  i n  short  course. 

Larger mineral processing equipment, increased u t i l i z a t i o n  of 

computer modelling, improved understanding of t he  basic processing 

pr inciples ,  and much more careful  analysis  of the economic ramifica- 

t i ons  of operating s t r a t eg ie s ,  reagent select ion,  and equipment 

u t i l i z a t i o n  characterize recent t rends i n  mineral processing. 

knowledge of t he  s t a t e  of t he  art, understanding of 

The economic recession t h a t  has prevailed fo r  the l a s t  two 

years has led to a severe slowdown i n  the expansion of the minerals 

industry, but has not precluded advances i n  processing technology. 

In f a c t ,  the  lack of cheap cap i t a l  has forced development of new 

equipment, processes, reagents, and operating techniques t h a t  may 

s ignif icant ly  lower operating costs ,  while minimizing c a p i t a l  

investment. 

and al locat ion of funds w i l l  make short-cuts possible. It  should 

be noted t h a t  most of t he  research t h a t  brought about these improve- 

ments da t e s  from before the  recession, and the  innovations are j u s t  

A sound R & D policy,  t r a in ing  of professional Cadres, 
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SEPARATION OF PARTICULATES 39 

now being t e s t ed  on an i n d u s t r i a l  s ca l e .  A s  of now, t h e r e  has been 

a s i g n i f i c a n t  reduction i n  research  a c t i v i t y ,  which may manifest  

i t s e l f  a l ready  i n  the  near fu tu re .  

Application of bas i c  processes i n  mineral and chemical engineer- 

ing w i l l  open t h e  way f o r  new processes i n  recycling municipal and 

i n d u s t r i a l  waste 48r 49. 

o res )  i s  the  order of the day. 

Re-use of secondary resources  (man-made 

Industry must deepen i t s  involvement i n  innovative development, 

i n  middle- or long-term considerations.  Collaboration with t h e  

academic world is e s s e n t i a l  f o r  pu t t i ng  ideas  i n t o  p rac t i ce .  

Industry appears very r e l u c t a n t  t o  r i s k  c a p i t a l  on "chancy" proces- 

ses t h a t  are not  commercially proven. P a r t  of t he  problem may also 

be connected w i t h  t he  c y c l i c a l  nature of metal p r i ces .  

are too  high, t h e r e  

technologies and no one is in t e re s t ed  i n  "crazy ideas".  

a r e  bad, no funds are ava i l ab le  f o r  research  and development, and 

no new technologies can be c rea ted  t o  he lp  p u l l  through t h e  economic 

hardships. Mineral companies must show some f o r e s i g h t  and encourage 

s c i e n t i s t s  t o  cane up with t o t a l l y  new concepts, r a t h e r  than  with 

m e r e  improvements on o ld  ideas.  

When they 

is too much p r o f i t  t o  be made wi th  known 

When t i m e s  

1. 

2. 

3.  

4. 

5. 

6. 

7. 

8. 
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