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ABSTRACT

A desinn procedure fo r  agitated leachinn vessels is not v/el l- 

estadlished. The n a jo r i t y  o f  previous Invest igations have 

tended to concentrate on k in e t ic  studies perfoned batchwise 

in which the information obtained is not d i re c t l y  useful 

in  d e s i in im  continuous systems. The leaching o f  a reduced 

manganese ore is chosen as the topic  fo r  invest igat ion since 

the oroduction o f  manganese is of great importance to both 

the e le c t r o l y t i c  manganese metal and manoanese dioxide 

indus t r ie s .

The system chosen is complicated by the presence of i ron ,  

some of which leaoes in the ferrous state out is  oxidised 

by dispersing a i r  in tne tank to an insoluble f e r r i c  hydroxide, 

’ langanous ions nay also be oxidised to insoluble manganic 

hydroxide. The control o f  pH is  important since i f  i t  f a l l s  

below 5,5 a large amount of iron dossolves wnercas above 6,5 

tne Teaching rate is  slow.

These factors are studied experimental ly and a leachinn model 

is proposed. An examole of the use or  th is  model in design 

o f  a leach process is given.
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1. INTRODUCTION

1.1 The History of E le c t ro ly t ic  Uannanese

I n i t i a l l y ,  the production of e le c t ro l y t i c  manganese was considered 

impossible (1 ,2 ) .  Metal lurg ical author it ies c? ie to this conclusion 

in the early T h i r t ie s ,  a f te r  extensive invest igat ion c f  the e lec tro ­

l y t i c  orocess.

From s t r i c t l y  theoret ica l  considerations, manganese 1 too high in 

the e lec t rom ot ive  series to be readily denosize i from aqeous 

so lu t ions.  0 Derating conditions must be ca re fu l ly  contro l led w i tn in  

narrow ooerating bands, or hydrooen nas w i l l  be produced instead of 

neta 1.

Despite the d i f f i c u l t i e s  in the production of manganese 'e ta l , 

there were strong incentives fo r  developing a workable process.

Manganese is widely used as a valuable a l loy ing material fo r  s tee l ,  

aluminium and )ther metals and the higher qua l i ty  al loys,such as 

stainless s tee l ,  cannot to le ra te  more than trace amounts of carbon, 

sulphur and phosphorous. This indicated that pure manganese, i f  

commercially avai lable , would become an important major constituent 

of both ferrous and non ferrous a l loys.

In 1935, the U.S.Bureau of lines under Dr. R.S.Dean (5) undertook a 

major program of e lectrometa llurg ica l inves t iga t ion ,  one of  the 

f i r s t  objectives being the production of oure manganese. In 1939, 

the Electro-Manganese Corporation was formed to develop the production



of e le c t r o l y t i c  manganese on a commercial scale, based on the 

U.S. Bureau of lines laboratory process.

By 1942. the world 's production capacity of e le c t ro l y t i c  manganese 

was 365 tonn;-s per annum and by 1977 th is  had increased to 76900 

tonnes oer annum.(3)

1.2 Uses of E le c t ro ly t ic  'ianoanese

E le c t ro ly t ic  manganese due to i t s  high p u r i ty  can be ured fo r  

v i r t u a l l y  every apoli cation where manganese is required. In 

oa t i c u la r ,  i t  is  used in  oolh the ferrous and non-ferrous industries 

in  tne production of alloys such as stainless s tee l .  High Strength 

Low Al loy (H.S.L.A), other special stee ls ,  aluminium, n ickel ,  t i tanium 

magnesium, s i l v e r ,  zinc and cobalt a l loys.  Manganese is also used 

extensively in  the f e r r i t e  (magnetic ceramics) and chemical industries

Potential market areas fo r  e le c t r o l y t i c  manganese include:

a) production of methyl eye lopentadi enyl manganese t r i  carbonyl (TIT) 

used as an anti-knock compound fo r  petrol as well as a combustion 

improver in  d i s t i l l a t e  fuels ( e le c t r o ly t i c  manganese is an ideal 

source of manganese fo r  producing Mnf.l,, which is  used to 

produce T IT ) ,

b) e le c t ro ly t i c  manganese powder fo r  p u r i f i ca t io n  in  zinc e lec t ro ­

winning processes,

c) manganese-copper dampening a l loys,  and

d) production of high strength lev/ a l loy  stee ls .
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1.3 The Production of E le c t ro ly t i c  'lanqanese in South Afr ica

In 1954 the f i r s t  e l e c t r o l y t i c  manganese in South Afr ica was oroduced 

by Harris (2,3) on an experimental basis at the University of the 

Witwatersrand, Johannesoura, South A fr ica .  A p i l o t  plant was subseq­

uently erected at Jest Rand Cons in Krugersdoro. This plant produced 

e le c t ro ly t ic  manganese from manganese hydroxide o r ig ina t ing  from 

uranium e f f lu e n t .

In 1960, the olant (no/ known as E'ICOR) started producing e k e t r o l y t i c  

manganese from manganese ores mined in  the North Western Cane.

These ores raised a whole series of new problems mostly connected with 

the re la t i v e ly  high iron content of the ores, which were subsequently 

solved.

In 1974, another company (Delta Manganese ( Pty.) Limited, Nelsorui t )  

commenced production of e le c t r o l y t i c  manganese from manganese ore .

This process is discussed be lav.

3y 1977, South Afr ica was producing 50 per cent of the wor ld 's  

e le c t ro ly t i c  manganese and supplied 75 to 80 oer cent of the metal 

available fo r  free t rade(3).

1.4 The Delta Manganese Process

To understand f u l l y  the ro le  of leaching in the production of 

e le c t ro ly t i c  manganese, a b r i e f  description of the Delta Manganese 

process is presented. The flowsheet of the process is given in



Figure 1.1. The process consists essenti a l l y  of four main steps:

a) reduction of the ore from manganese (IV) to manganese ( I I )  to 

so lub i l ize  i t  in  sulphuric acid,

b) leaching of  t  ie reduced ore in  spent e lec t ro ly te  using techniques 

to minimize the d issolu t ion of iron ( iron in terferes with the 

electrowinning process in the cell  house),

c) p u r i f i ca t io n  of the leach l iquor  to remove a l l  the elements

that w i l l  adversely a f fec t  the electrodeoosit ion of manganese, and

d) e lec t ro lys is  of the pu r i f ied  so lu t ion to plate pure manganese 

metal.

1.5 Type of Mamanese Ore Used

Throughout tn is  project,  ore from tne North estern Cane (v ia  Delta 

Manganese ) was used. The ore had already been processed in the 

f i r s t  stage of the overal l  operation i . e .  mil led and reduced from 

manganese (IV) to manganese ( I I ) .  A tyn ica l  analysis of the ore is 

gi ven in  Table 1.1 (3).

Table 1.1

Typical Analysis of the Seduced Manganese Ore

langanese ( to ta l ) 54,0 tv

Si l ica

I ron

Nickel 26opm

C o b a l t 76pnm

Zinc 153pnm

Moisture content 0,4-0,3'.
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1 .6  Aims of th is  Investigation

Fror.1 the -SC us si on, i t  is clear that  the production of man­

ganese is of great importance to both the e le c t r o l y t i c  manganese metal 

and manganese dioxide industr ies .  In previous work (6,7) both the 

reduction of the manganese ore and the e lec t ro lys is  of the puri ' ied  

solu t ion to plate pure manganese metal have been modelled. Thus, the 

leaching of the reduced manganese ore was chosen as the topic  fo r  

invest iga t i  on.

The broad aim of th is  invest igat ion is to determine the rates at which 

manganese leaches as a function of pH and concentration. Further, 

a design procedure fo r  agitated leaching vessels is not wel l -establ ished. 

Most k ine t ic  studies are performed batchwise and this information is 

not always d i rec t ly  useful in design'ng continuous systems. I t  is fo r  

th is reason that the leaching was performed continuously.

The system cnosen is complicated by the presence of i ron ,  some of which 

leaches in the ferrous state but is oxidised by dispersing a i r  in  tne 

tank to an insoluble f e r r i c  hydroxide. Manganous ions may also be 

oxidised to insoluble manganic hydroxide. The control of pH is thus 

important since i f  the pH fa l l s  be low 5,5 a large amount of iron w i 11 

dissolve, which on subsectiont p rec ip i ta t ion  forms a bulky prec ip i ta te  

which sett les out very slowly and is d i f f i c u l t  to f i l t e r  and wash. I f  

the pH goes above 6,5 the leaching -ate becomes very s 1 ow.

These factors were studied experimental ly and the results were then 

f i t t e d  to an appropriate design on'ented model.
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2. THEORETICAL ASPECTS OF REDUCED TVl'l/VIESE L:AC! 1:11 

2 .1 THe Theory of Leaching (H,9)

Leaching is fundamentally a reparation process. In this resnect i t  is 

l ike  a l l  other unit  operations in extract ive  metal lurgy. Very rare ly  

is leaching applied in such a way as to t o t a l l y  dissolve the raw 

material being treated. This means that leachin ] is almost always 

wedded to a l iq u id -s o l id  separation plant,  in which the so l id  is 

e i the r  an undissolved mater ia l,  a prec ip i ta te  that foned  during 

leaching , or a combination of both. The solids that are rejected 

nearly always contain residual unleached values, par t ly  as undecomposed 

minerals, par t ly  as adsorbed or absorbed components in  the prec ip i ta tes,  

and part ly  as entrained leach so lu t ion.  The presence of unde composed 

mineral usually arises because the leaching process is k in e t ic a l ly  

slow, and when the residence t ine has been too short . The presence of 

adsorbed or absorbed metal in precipi ta tes is due to thermodynamic 

conditions that pa r t i t io n  the leached metal snecies between the two 

phases - the so l id  prec ip i ta te  and the aqueous so lu t ion .  The entrained 

leach solu t ion is a resu l t  of an imperfect l iq u id -so l id  separation.

i leaching recoveries are less than 100%, the problem usually warrants 

invest igat ion to ascertain whether i t  is  a k in e t ic ,  a thermodynamic, 

or a physical problem. The invest igat ion may give an ind icat ion of 

the most appropriate methods of improving the performance of the 

leaching operation.



2.2 Solution Production

The most conn on reagents used for  leaching are acids, of ,/hi ch sulphuric 

acid is the most widely used, but hydrochlor ic acid also f inds a 

l im ited app l ica t ion .  Other reagents used include a lka l ies ,  oxid iz ing 

agents and reducing agents.

The use of  a p a r t icu la r  leaching . ant or combination of leaching 

reagents is determined u lt imate ly  of  course, by the overal l  economics 

o f  the process. A number of factors can be l i s te d  as being of major 

signif icance in evaluating leacning reagents:

a) The leach so lu t ion should be selective to  the e> : iha t  i t  dissolves 

the desired metal values rapidly,  and reacts with che valueless 

minerals slowly or most desirably, not at a l l .

b) The s o lu b i l i t y  of the leaching reaoents should be s u f f i c ie n t l y  

high to achieve adequate reaction rates. The s o lu b i l i t y  of the 

metal compounds produced should also be high to minimize the 

volume of solutions to be handled.

c) The leach solutions should present the minimum of problems with 

regard to corrosion of equipment.

d) The oresence o f  residual amounts of the reagent in plant e f f lue rc  

should not be harmful to tne environment.

e) The reagents should he available at low cost or such that they can 

be simply regenerated or converted to useful by-products.

2.3 "he Leaching of Manganese

On the Delta Manganese olant,  the nannancse is leached from the reduced

ore on a continuous basis with *he suent e lec t ro ly te  ( anolyte)



fron the e le c t ro ly t i c  c e l ls .  The leach so lu t ion used in th is orojec 

was s i n i l a r .  I t  is  an anmoniun sulnhate-man^anese sulphate solution 

having a composition as indicated in Table 2.1.

Table 2.1.

Composition of the Anolyte so lu t ion

Amcniun sulphate. 

danganese ( t o t a l ) 

Sulphuric a c id . . . .

107 kg/m3

12,2  kg/n 3

31,3 kg/m3

< 1

The reduced ore is added to the anolyte at such a rate as to control 

the pH at between 5,5 and 6,5. ( In  th is  inves t iga t ion ,  the pH 

was varied between 2,0 and 7 ,5) .  I f  the pH f a l l s  below 5,5 a large 

amount of i ron w i l l  ae dissolved, which on subsequent p rec ip i ta t ion  

forms a bulky prec ip i ta te  which se t t les  out very slowly and is 

d i f f i c u l t  to  f i l t e r  and wash. I f  the oH goes above 6,5 the leaching 

rate becomes very slow. I f  the pH goes above 7,0 the reduced ore 

reacts with the anmoni un sulphate l ibe ra t ing  ammonia gas which 

w i l l  p rec ip i ta te  manganese hydroxide from the leach so lu t ion.  The 

manganese hydroxide thus precip i ta ted w i l l  react with a i r  in the 

solution to form insoluble manganese dioxide which w i l l  be lest in 

the leacn residue.

Bryson and Rodrigues (10) have shown that a manganese sulphate- 

immoni in sulphate solut ion in  the pH range 6,0 to 8,0 w i l l  contain 

H^O, 'in > , HH+ j ,  Mn.lH^, NĤ  and SOy " as the major species. To 

determine the concentrations of various components fro m  equil ibrium
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constants (K) , i t  is necessary to know a c t i v i t y  coe f f ic ien ts .  

Since very l i t t l e  data is available fo r  concentrated so lut ion 

mixtures, equil ibr ium ratios K' have been measured or estimated 

by Rodrigues (7).  At equil ibr ium i f  there is any ’InO remaining, 

the surface of th is  MnO w i l l  probably be completely hydrolysed, 

i . e .  in  the form of Mn (OH)2 . The fo l lowing e q u i l ib r ia  can then 

be expected:

2
Mn + 2H20 = 'In(OH) 2 (s) + 2H

Mn
2+

flhj MnNH/* + H+

( 2 . 1 )

(2 .2 )

NH ♦ H NH (2.3)

The above reactions are then also the leach reactions. The fol lowing 

equil ibrium coef f ic ien ts  then apply:

>2 c2
— 2__L

Y 2  C
2 1

N (2.4)

v T ,c , c
I A  K.
Y Y C

1 3

(2.5)

Y2YsC2C5
(2 . 6 )

The equil ib r ium ratios fo r  the above reactions have been modelled

by Rodrigues (7) over the temperature range 295 <T<330 by the 

fol lowing equations:
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2

Ks

C
3 = exp ( - 6 5 , 17 + 0,10251) 

Ci
(2 .7 )

Kc = = exp ( -34,57  + 0,0511) 
C1C3

(2 .8 )

k;
r

1 — «—  = exp (40,32 - 0,0641)

C2C5

(2 .9)

The fo l lowing mass balances can also be w r i t ten :

Cms * Ci * c4 (2.10)

CA * C3 + + C5 (2 .11)

Ci .  -ci
Ki

(2.12)

Cu ■ Cms " C1 (2 .13)

C3 .  CjC, B M .  -  .C J

Cl%c C,K;

(2 .14)

C5
.  C, -  M  -  Ci 

c2k;  c . k ’ k;
(2.15)

by rearrang ing equat ions (2 .10)  to  (2 .15 ) :

r . -  C^(CnS -  Zl )  f  ,  r  + C~y; -  CjL (2.16)A
C,K' "m$ C , K ^

^ms
.  cA *  c2/k;_ ♦ c L ♦ 1/KAKj

Ca/CiK* + 1 ♦ V C ^ ' k ;
(2 .17)

By subst i tu t ing  equation (2.17) in to  equation (2.16), the 

equil ibrium manganese concentration (Cns) is :

c .  M e ,  .  c , / ^  .  c ■ .  
ms

C z / K ^  ♦  C ,  t  1 / K ^ K '
(2 . 18)



2 .4 Theory of Non-Catalyti c L iquid-Solid Reactions.

12

Altnough there has oeen a vast amount of rev-earcii in to  non-cata ly t ic  

l iq u id -s o l id  reactions, information re la t ing  to reduced manganese 

leaching is  scarce (1,2,3,4,11,12). Most studies on par t icu la te  

systems have concentrated on the develooment of models to explain 

the reaction of the so l id  phase with the l iq u id  phase.

The models reported in the l i te ra tu re  range from simple models 

based on single rate con t ro l l ing  steps (14,15), through generalised 

models including the effects  of convective mass t rans fe r  (17), 

reaction with porous solids (18) to quite sophisticated models 

incorporating oore size d is t r ibu t ions  (19,21) and simultaneous 

noncatalyt ic s o l i d - f l u id  react ions(22). Models based on variable 

act iva t ion  energies (23) and dif fuse interfaces (24) have also 

been develooed.

In th is invest igat ion some of these models j'*e discussed and 

compared with experimental data.

Wen(14) has reviewed, in some d e ta i l ,  the processes involved 

in d i f fe ren t  types of s o l i d - f l u id  reactions. For the most 

general case with botn f l u id  and so l id  reactants and products, 

which is typical of leaching processes,

A(1) + nb3(s) - ncC(l)  + nDP(s) (2.19)
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The reaction proceeds through f ive consecutive stens*.

i ) Dif fusion of l iq u id  reactant A throunh the f i lm  surrounding

the par t ic le  to the surface of the so l id  3.

i i )  Penetration and d i f fus ion  of A through the pores of the so l id  

to the reaction s i tes .

i i i )  Reaction of A with 3 at this s o l id  in ter face.

iv )  Diffusion of C through the pores of the so l id  to the outer

surface of the p a r t ic le .

v) Dif fusion of C across the boundary layer f i  In surrounding

the par t ic le  to the bulk l iqu id  ohase.

I f  the concentration dr iv ing force of any of the above processes 

is much larger than the others, then that  process is the one which 

apparently controls the overal l  process. The other, faster,  processes 

nay be considered to be at equil ibr ium when formulating a model of 

the reaction system. I f  a l l  of the concentration dr iv ing forces arc 

of a s im i la r  magnitude tnen toe contribut ion of each to the overal l  

reaction rate must be included in  the model.

2.5 The Unreacted Core Snrinking 'lodel

The e a r l ie s t  heterogenous io n -ca ta ly t ic  f l u id - s o l id  reaction model, 

proposed by Yagi and Kunii (13) has been discussed in sore deta i l  by 

Levenspie 1 (14) and Smith (15). This model, the so-cal led unreacted 

core shrinking model, v/hich is depicted scnemati cal ly in  Figure 2.1 

is cased on the assumption that the reaction occurs only at a 

discrete interface between tne so l id  reactant and product.
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L i q u i d  f i l m
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FEPRESE N T'TIO . OP 77 iF UNPEACIED Q'-FE SHRINKING MDDEL



/

w

This implies that the i n t r i n s i c  reaction rate is very much faster  

than the rate of l iq u id  d i f fus ion  in the unreacted core. This con­

d i t ion  is realised in  i n i t i a l l y  non-porous materials but the 

model is not applicable to the chemically contro l led reaction of 

an i n i t i a l l y  porous so l id ,  fo r  in th is  case the l iq u id  would d if fuse 

throughout the so l id  pa r t ic le  before any aopreci able conversion 

occurred, and the reaction would proceed homogeneously.

In view of the l iqu id  concentration pro f i les  in  the so l id  pa r t ic le  

defined by the assumptions in a r r iv ing  at the un reacted core shrinking 

model, i t  is c lear that at least fo r  mass t ransfer  and d i f fus ion 

control of the reaction there w i l l  be only one reaction interface 

regardless of the number of so l id  phases present.

In the case of chemical reaction control , the dense core could shrink, 

leaving behind a porous, grainy "ash" throuoh which the l iqu id  

would d if fuse witn no resistance. The remaining grains would now 

act as ind iv idual  part ic les  and react according to the un reacted 

core shr inking model, possibly becoming grainy in  tu rn . Park and 

Levenspie 1 (30) have described a s im i la r  model, cal led che crack l inn 

core model.

2.5.1 Diffusion Through Liquid Film Controls

Whenever the resistance of the l iqu id  f i lm  controls, the concentra­

t ion  p ro f i le  of l iq u id  reactant A w i l l  be is shown in Figure 2.1(a) .  

From this f igure i t  can be seen that no reactant is present at the 

surface; hence the concentration dr iv ing force, given by (Cv^-Cv ),



is  constant at a l l  t ines during the reaction of the o a r t ic le .  Now 

since i t  is  convenient to derive the k in e t ic  equations based on 

available surface, attention is focused on the unchanging ex te r io r  

surface of a p a r t i d e . S ^  . Levenspiel (14) thus arrives at the 

conclusion that the l iqu id  f lux  though the boundary layer l iqu id  

f i lm  is proport ional to the rate of disappearance of the so l id  

reactant, i . e .

-  1 - 1 d N p  - d N ft
~  i f  i f

The radius of the unreacted core in t e n s  of f rac t iona l  t ine fo r  

complete conversion is  (Appendix 1 0.1)

V

T his can also be w r i t ten  in terns of the f rac t iona l  conversion 

X-, (Appendix 1 0.1) as

' %  kg ' CAb "  CAs’ 

" nb k9 CAb

= constant (2 .2 0 )

(2 .2 1 )

B (2 .2 2 )
r R

Tlius the re la tionship between time , radius and conversion is



2.5.2 Diffusion tnrouqn Ash Laver Controls

Figure 2.3 (b) i l l u s t r a te s  the s i tua t ion  in  which the resistance to 

d i f fus ion  through the ash controls the rate of reaction. Levenspiel 

(14) has argued that i f  the rate of advance of the unreacted core 

boundary is slow ccimared with the rate of  reactant d i f fus ion  through 

the ash layer surrounding the core, then the in terface is essen t ia l ly  

stationary with resoect to reactant f lux  at any t ine .  The 

concentration gradient o f  reactant l iq u id  is then gi,en by the 

steady state d i f fus ion  '-elation

- U l i  ,  4 * r 2DA ^  (2.23)

dt dr

vhich in  terms of the f rac t iona l  conversion becomes (Appendix 10.2) 

j  ■ 1 -  3(1 -  XB) ^  t  2(1 - XB) (2.24)

2 .5 .3  Chemical Reaction Controls

Figure 2.1  (c) i l l u s t r a te s  concentration gradients w i th in  a par t ic le  

when chemical reaction con t ro ls . Since the progress of the reaction 

is  unaffected by the presence of  any ash layer, the quantity of 

material reacting is proport ional to the available surface of unreacte- 

core, the rate of di s a or*1 a ranee of the so l id  is given by

^  '  U r l  S r Ab (2-25)

The decrease in radius or increase in f rac t iona l  conversion of the 

par t ic le  in terns of  r is thus found to be (Appendix 10.3)



2.5.4 Combination of Resistances

The above conversion t i n e  expressions assume tha t  a s in g le  res is tance  

co n t ro ls  throughout the reac t ion  o f  the p a r t i c l e .  However, the 

r e l a t i v e  importance o f  the l i q u i d  f i l m ,  asn laye r ,  and reac t ion  

steos w i l l  V i ry  as conversion progresses. For example, f o r  a constant 

s ize  p a r t i c l e  the l i q u i d  f i l m  res is tance  remains unchanged, the r e s is ­

tance to  reac t ion  increases as the sur face o f  the unreacted core 

decreases, w h i le  the ash la y e r  res is tance  is  n o n -e x is ta n t  a t the

s t a r t  because no ash is  oresent,  but becomes p rog ress ive ly  more

and more impor tan t  as the ash laye r  b u i ld s  up.

T o account f o r  the simultaneous ac t ion  o f  these res is tances i s  

s t r a i g h t  forward s ince they act i n  se r ies  and a l l  are l i n e a r  i n  

c o n c e n t ra t io n . Thus, on combining equat ions (2.20) , the i n te g ra te d  

form o f  (2 .23)  and (2 .25)  w i th  t n e i r  i n d i v i d u a l  d r i v i n g  forces ana 

e l im in a t in g  in te rm ed ia te  concen t ra t ions ,  i t  can be shown th a t :

“ t o t a l  t<r11m * t ish * ' re a c t ion

S i m i l a r l y ,  f o r  complete conversion

1 t o t a l  * ‘ f i l m  *  ' ash + reac t ion  (? .? 8)

2 .5 .5  An A l te r n a t iv e  d e r iv a t io n  o f  the Unreacted Core Shr ink ing  Model

Bryson (34) has considered an a l ternat ive  derivation of  the un re acted



r
t

R
(2.26)

2.5.4 Combination of Resistances

The above conversion t ine expressions assume that a single resistance 

controls throughout the reaction of the p a r t ic le .  However, the 

re la t ive  importance of  the l iq u id  f i lm ,  csn layer, and reaction 

steos w i l l  v iry as conversion progresses. For example, fo r  a constant 

size pa r t ic le  the l iq u id  f i lm  resistance remains unchanced, the res is ­

tance to reaction im  eases as the surface of the un reacted core 

decreases, while t ie  ash layer resistance is non-existant <_t the 

s ta r t  because no ash is oresent, but becomes progressively more 

and more important as the ash layer builds up.

To account fo r  the simultaneous action of these resistances is 

s t ra igh t  forward since they act in series and a l l  are l inear  in 

concentration. Thus, on combining equations (2.20) , the intenrated 

f o n  of (2.23) and (2.25) with tn e i r  ind iv idua l  dr iv ing forces and 

el iminat ing inte'mediate concentrations, i t  can be shewn that:

2.5.5 An Alternat ive Oerivaticn of the Unreacted Core Shrinking Model

'"total vf i lm  + \ s h  + ^reaction

S im i la r ly ,  fo r  complete conversion

1 to ta l  " ‘ *1 1m * ash * reaction (2.28)

Bryson (34) has considered an alternative derivation of the un re acted
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core shr  nking model. In  th i s  d e r i v a t i o n ,  var ious rate exnressions 

are examined and i t  is  found th a t

r^  = -ka  f  (2.29)

(For discussion leading up to the formulation of equation (2.29) 

see Appendix 10.4)

The unreacted core s h r in k in g  model can a lso be w r i t t e n  fo r  non- 

spher ica l  p a r t i c le s  by d e f in in g  aopropr ia te  s ize and shaoe f a c to r s .  

The f o l lo w in g  d e f i n i t i o n s  are found to  be convenient :

1 = s ize  o f  unreacted core

= (volume o f  ^ a c te d  core) ^  (2.30)

0 = shaoe o f  unreacted core

= (exposed sur face  area o f  unreacted co re ) / ! 2 (2 .31)

Provided a l l  p a r t i c le s  have the same s ize  and shape fa c to r :

a = N 9 V  (2.32)

and r .  = -kN9l 2f  (2.33)

Fur ther
1 - OgNl3 (2.34)

E l im in a t in g  1 between equat ions (2.33) and (2.34)  gives

rA ,  - k . V K ^ , ) 2'5 ( ’ .35)
3b

Toe rate expression now not only takes i n t o  account the e f f e c t  o f  

.oncen t ra t i  on o f  the l i q u i d  snecies, but a lso  the v a r ia t io n  in  

sur face area o f  the reac t ion  i n t e r f a c e .  This ra te  expression can 

also he w r i t t e n  in  a d i f f e r e n t  form by s u b s t i t u t i n g  f o r  ‘1 from

eouation (2.34) i n t o  equat ion (2 .35)
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-k ‘ l

O-jl
Of (2.36)

The r e s u l t  a r r i v e d  at f o r  the unreacted core s h r in k in g  model (Apoendi x 

10.4) i s
2 ,  3

1 -  - L  » 3 —  -  6(— ) + 6 ( 1 - ) '  ( l - e x p ( ^ )  )
M.

where 1 - —*  is  the f r a c t i o n a l  conversion
Mo

(o r  f r a c t i o n a l  leach e f f i c i e n c y )  and

(2.37)

M

t *  * (2.38)

kN 4 f

Equat ion (2 .37)  is  o lo t te d  in  Figure 2 .2 .

Thus a t e s t  o f  the a p p l i c a b i l i t y  o f  the unreacted core s h r in k in g  

model is  to  p lo t  1 - M; /M0 versus ? /  t *  from experimental  data

and to  compare w i th  the tn o r e t i c a l  values as shown in  Figure 2 .2 .

2.6  The Porous S o l id  Model

Unl ike the un eacted core s h r in k in g  model, t h i s  model assumes tha t  

the s o l i d  p a r t i c l e s  are i n i t i a l l y  porous and th a t  the leach s o lu t io n  

is  able to  d i f f u s e  e a s i l y  th roughout the s o l i d  p a r t i c l e .  The s o l i d  

p a r t i c l e  i s  represented di agranat i  c a l l y  in  Fioure 2 .3 .

' n Figure 2 .3 ,  the black gra ins are the re a c t ive  component (such 

as the manganese in  the case o f  leaching a reduced mannanese o r e ) .

The l ines represent pores o r  c racks. The fo l lo w in g  tynes o f  reac t ive  

minera l  g ra in  can bo i d e n t i f i e d :



FIG.2 .3 : Representat ion o f  the So l id  P a r t i c l e  in  t i e

Porous S o l id  lodel
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a) gra ins exposed to  the reagent a t  the sur face o f  the p a r t i c l e  

(e .g .  g ra in  numbered 1) ,  and

b) gra ins exposed to  tne reagent v ia  oores or cracks (e .g .  

gra i  n ninhered 2) .

With the reagent in  a surround ing l i g u i d ,  the ra te  o f  reac t ion  between 

i t  and the re a c t i v e  minera l  i s  c o n t ro l l e d  by the ra te  o f  mass t ra n s ­

f e r  o f  a product from the n ra in .  However, i f  the p a r t i c l e  is  h ig h ly  

porous ( i . e .  the leach l i q u o r  i s  able to  d i f f u s e  e a s i l y  throughout 

the porous o a r t i c l e )  then the ra te  o f  reac t ion  i s  l i k e l y  to  be 

c o n t ro l le d  by the ra te  at which reac tan t  can d i f f u s e  through the 

l i q u i d  to  the s o l i d  p a r t i c l e .

By using an ana lys is  o f  the s i t u a t i o n  s i m i l a r  to th a t  in  sec t ion

2 .5 .5 ,  i t  can oe shown th a t  (Appendix 10.5)

r A " -XM (2 . 39 )

where x * (2 .40)

P3

And by applying th i s  ra te  to  a continuous system (Appendix 10.5) 

Equation (2.41) i s  p lo t te d  in  F igure  2 .4 ,

Thus , a p lo t  o f  1 - versus X t  from exper imental  data w i l l





25

t e s t  the a p p l i c a b i l i t y  o f  t h i s  rode l  to  a given system.

0 .1 C a lcu la : ion of the D3tes o f  React ion

A convenient and simple way of  calculating the rates o f  reaction 

in  a leaching process is v ia  the mass balance of the system. This 

method gives tne ra tes and at the same time overcomes the model l ing  

problem. The rate determined in  t h i s  way is  exnressed as a func t ion  

o f  the concen t ra t ion  o f  reactant  o r  oroduct in  e i t h e r  the f l u i d  or 

so l id  phase.

The leaching apparatus used i n  t h i s  i n v e s t i g a t i o n  i s  shown in  Figure

2 .5 .  The a g i ta te d  tank is  ass i red  to  e an ide a l  CSTR.

The f r a c t i o n a l  leach e f f i c i e n c y  ,g, w i l l  be given by

n ,  - ' ; i5i

wo9o

(2.42)

The rate o f  reac t ion  based on the aqeous phase ( Anpendi x 10 6) i s

^  (C‘ ' c°> (2.43)

and the rate of reaction based on the s o l i d  phase (Appendix 10.6) 

l l i

r \ 3 (2.44)

Thus the ra te  o f  leaching can be c a lcu la te d  from a knowledge o f  

e i t h e r  the s o l i d  or l i q u i d  p rope r t ies  .



26

LEACH SOLUTION
ORE FEED Flowrate = Q0 1/min

Feedrate

mass f r a c t i o n  In

' l 0 n/min
'In concen t ra t ions  g /1

DISCHARGE
leachina ra te S o lu t io n  f lo . / ra te=  R I /ml

S o lu t io n  dens i ty=o i  n/1

:in concentra t ion=Ci  a/1 

S o l id  discharge ra te *  Wj 

lass f r a c t i o n  Mn* n

s o l i d / l i q u i d

reac to r

F IS .2 .5 :  Leachi no i n  an A g i ta te d  Vessel
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3. CATCH LEACHr;ri 1[':TS

3.1 In troJuct i on

In a batch reactor the reactants are i n i t i a l l y  charged in to  a container,

are well mixed, and are l e f t  fo r  a certa in period to react. The

resul tant mixture is then discharged. This is an unsteady-state operation

where comoosi t i  on changes with time; however, at any instant the

composition throughout the reactor is uniform. Batch reactors

are often u t i l i z e d  in k in e t ic  studies because the reactor is simole,

needs l i t t l e  suoporting equipment and i t  is easy to control variables

such as temperature, pressure and volune. However these

k inet ic  studies i re  not easi ly  applied to continuous systems since

the composition of the f l u i d  cont inually changes with time. In so l id -

l iqu id  systems, a l l  of the part ic les at any given time have the

same charac ter is t ics .  This is d i rec t ly  opposite to continuous

systems . In continuous systems operating at steady-state the

f l u i d  character is t ics are constant, whereas the part ic les have a

residence t ine d is t r ib u t io n .

During th is  invest igat ion,  a number of batch experiments were con­

ducted fo r  the fol lowing reasons;

a) o gain an idea of the approximate recovery of manganese 

that could be expected.

b) To tes t  the a p p l ica b i l i t y  of equation (2.18) since the batch 

tests were performed for  a time long enough to achieve e q u i l ib ­

rium (or very nearly).



3.2 Experimental Apparatus

The experimental apparatus consisted of  a lar^e water bath with l i d .  

The temperature of the water bath was thermostat ical ly  contro l led.

As many as ten glass f r u i t  ja rs  could be simultaneously used as 

leach reactors by suspending them in to  the water bath through holes 

in the water bath l i d .  Five of the reactors had a volume of one 

l i t r e  each and the other f ive a volume of ha l f  a l i t r e  each. 

Prevision was made to s t i r  the contents of each reactor, and a l l  

ten s t i r re rs  could be simultaneously rotated at a speed of about 

3*30 r.p.m. by a single e le c t r i c  motor. Baffles were f i t t e d  to each 

reactor to increase turbulence and to prevent the s e t t l i n g  of the 

leaching so l ids .  F ina l ly ,  Buchner funnels were used to separate 

the solids and l iqu id  under vacuum at the completion of a run.

3.3 Procedure for  a Run

In a l l  of the experimental runs conducted, the fol lowing procedure 

was used:

a) The leacn solut ion was an ammonium sulphate-manganese sulphate 

solution with a composition as given in Table 2.1.

b) D i f fe r ing  amounts of reduced manganese ore were added to each

of the reactors so as to give a f in a l  pH value varying from 

1,35 to 7,55 .

c) AH experimental runs were performed at a temperature of 60°C .

d) ^11  experimental runs were allowed to proceed for  a period of

s ix  hours in  an attemot to achieve equ i l ib r ium.
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e) At the end o f  the run, the f i n a l  pH values o f  each o f  the

reactors was measured using a Metrohn 632 nH meter f i t t e d  

w i th  hi gh-temnerature Schot t  combination pH e le c t r o d e s .

f )  A f t e r  the dete rm inat ion o f  pH, each o f  the leach s l u r r i e s

was f i l t e r e d  using Buchner funnels under vacuum.

g) A f t e r  c o l l e c t i o n  o f  the leach f i l t r a t e s ,  the s o l id s  residues

were washed w i th  d i s t i l l e d  water.

h) F i n a l l y ,  Doth s o l i d  residue and l i q u i d  f i l t r a t e  samples were 

sent to  The Council  For M inera l  Tech-''-’ y  (MINTEK) f o r  

a n a l y s i s .

3.4 Results

The re su l t s  o f  the batch leach inn tes ts  are tabu la ted  in  Append x 10.7. 

These re su l ts  are p lo t t e d  in  Figures 3.1 and in  Figures 10.2 and

10.3 (Aopendix 10.7 ) .  Figure 3.1 shows the manganese in  the leach 

f i l t r a t e  as a fu n c t io n  o f  pH. Figure 10.3 (Appendix 10.7) shows the 

percentage o f  manganese e x t ra c te d  as a func t ion  of pH.

Since a l l  o f  the batch experiments were al lowed to  proceed f o r  a per iod 

o f  s i x  hours, i t  is  l i k e l y  th a t  the process is at e q u i l i b r i u m .  Thus 

equat ion ( 2 .1 8 ) , i  . e .

c .  M C A  + C :/K 'r  *  C! + I/K 'rK 'a )
™  Cz/ V  *C ,  >  l / K V /

which represents the e q u i l i b r i u m  manganese concentra t ion  should aoree w i th  

the exoerimental  values reoresented in  Fiqure 3.1. The t h e o r e t ic a l  and 

exoerimental  values are uresented i n  Figure 3.2. The e q u i l i b r i u m
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manganese concentrat ions can only be compared at the higher pH values 

since at the 1 ower pH values, equat ion(?. IS) predicts  a tneore ti  cal 

manqanes-1 concentrat ion fa r  in  excess of  tha t  ohys ica l ly  possible.

Table 10.2 (Appendix 10.7) l i s t s  the values used in p lo t t i n n  Figure 3.2.

This point is  c l a r i f i e d  by considering Figure 3.1. Supoose tha t  the leachinc 

ooeration was being oerfomed at a pH o f  5,1 .  Equation (2.18) then predic ts  

an equ i l ib r ium  manganese concentrat ion of 3,26 X 10  ̂ g /1 . This is  

c le a r l y  phys ica l ly  impossible. Figure 3.1 shows an equ i l ib r ium  

mangnaese concentrat ion of  2 6 g / l .  Thus, in th is  pH range, the 

maximum amount o f  manganese possible in  so lu t ion  is  l im i ted  by t i e  

system mass balance, and not by the e q u i l ib r iu m  concentrat ion. This 

means that  two d i s t i n c t  renions are defined shown in  Figure 3.3. The 

d isso lu t ion  o f  manganese oelcw the curve A£. is  l im i ted  by the system 

mass balance whereas the d isso lu t ion  o f  manganese be lew the curve BC 

is con t ro l led  by the e q u i l ib r iu m  manganese concentrat ion predicted by 

equation (2 .18) .  The in te rsec t ion  of  these two regions occurs at  a nH 

value of  about 7,1.

3.5 Pi scussi on

As can be seen from Finure 3.2, toe experimental and theore t ica l

values do not agree very w e l l .  This could be due to a number of  reasons:

a) The manganese ore is not f u l l y  reduced, thus a smaller a lount

of manganese is  soluble and ava i lab le f o r  learning than would 

be the case i f  the ore was f u l l y  reduced.

b) The composition c f  the so lu t ion  used in th is  inves t iga t ion  nay

have a s l i g h t l y  d i f f e re n t  comoosi t ion to that  tested by Rodrigues 

(7).



33



34

c) The a m ly te  used as a leaching l i q u id  in th is  " i v e s t i n a t io n  is

a r t i f i c a l l y  made up and i t  is  l i k e l y  to have d i f f e r e n t  character­

i s t i c s  to an anolyte which is returned from e l e c t r o l y t i c  ce l ls

on a manganese oroduction plant.

d) The system reactions may not ye t  have reached equ i l ib r ium.

e) The manganese ore may be reox id iz ing  during the experiment,

but th is  is u n l ike ly  a., no a i r  was provided to the batch 

reactors to improve ag i ta t ion .

f ) The theore t ica l  manaanese eq u i l ib r iu m  concentrations as modelled

by Rodrigues (7) were modelled in the temperature range

295<T<330. The batcn experiments were performed at T=333.

In view of the above, i t  was decided to modify equation (2.7) s l i g h t l y  

in  order to achieve a b e t te r  f i t  between theo re t ica l  and experimental 

re s u l ts .  According to Rodrigues (7 ) ,  th is  equation is  the one most 

susceptib le  to e r ro r ,  since i t  is  the equi l i o r i  un r a t i o  o f  the reaction

In 2+
+ 2H20 = Mn(0H)2(s) + ?HU +

(2 . 1)

in  which he assumes that the surface of  any 'InO remaining is completely 

hyd ro lysea . i .e .  in  the form Mn(0H)2.

Thus, i t  is  found that  i f  equation ( 2 . 7 ) , i . e .  

Kj ■ e xp ( -6 5 ,17 + 0.1025T)

is  changed to

* exp(-66,00 + 0,10251) (3 .1)

a b e t te r  agreement resul ts  between measured and theo re t ica l  manganese



equil ibr ium concentrations. This is shown in Figure 3.4.

3.6 Conclusions

F rom these elementary batch experiments, i t  appears that the optimum 

operating range fo r  continuous experiments is in the pH range 6,0 to

6,3 since th is  allows fo r  a high recovery of manganese as well as 

fo r  a high throughput of reduced manganese ore.
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4. CONTINUOUS LEACHI'ifi EXPERIMENTS

4.1 Experimental Apparatus

The general 1 out of  the experimental aonaratus is shown in  F ig tre

4.1 .  The apparatus consisted of  the fo l low ing  i tems:

a) An anolyte storage vessel w i th  a capacity of 450 l i t e r s .

b) The anolyte so lu t ion  was heated by fou r  te f lon  heating pads

to maintain the anolyte at 503C ( the pads used are manufactured 

by Heat f lon^  , U .S .A . ) . The pads were the rm osta t ica l ly  

con t ro l led .

c) The heignt o f  the storage vessel was twelve metres above that

o f  the leaching vessel.  This was done to create a pseudo 

constant head tank making i t  eas ier  to contro l the anolyte 

f lowrates at  a constant leve l .

d) The pin ing bet/een the anolyte storage vessel and the leaching

vessel was ..e l l  insu la ted. A heating tape was also attached 

to the pip ing to keep the anolyte so lu t ion  ho t .  (The tape 

used was an isopad isotape type ITI//SS - 33/13m with a 

maximum temoerature o f  170°C).

e) Tne anolyte f lowrate was con t ro l led  by means of a conventional

glooe valve, the f lowrate being ,measured by means of  a 

r o ta m e t f  (type metr ic  7S, Rotameter MFG Co., England).

f )  An ore feeder consis t ing of  an adjustable funnel in  which the 

ore is  held. The one is  fed by a v ib ra t in g  channel, the 

frequency of which can be con t ro l le d  . (The oi-e feeder is

manufactured by Fr i tsch labore t te ,  type 74.002).
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g) Loth the ore and anolyte so lu tion  are fed in to  a funnel in  

such a way as to completely wet the ore before enterino

the leach re a c to r .  This prevents the ore from f l o a t i n g  on top

of the leach s o lu t io n  i n  the reactor .

h) The leach re a c to r  i t s e l f  had the fo l lo w in g  c h a r a c t e r i s t i c s :

i ) A volume o f  four teen l i t r e s .

i i )  A g i t a t i o n  by means o f  a mechanical im p e l le r  connected to an

e l e c t r i c  motor (M u l t i  f i x  Record va r ia b le  speed m o to r ) . The

speed o f  r o ta t i o n  of the im p e l le r  was about 300 r.p .m.

i i i )  u r th e r  a g i t a t i o n  by the in t r o d u c t i o n  of compressed a i r  

through the bottom o f  tne reac tor .

i v )  Three b a f f l e s  to  increase turbu lence and to prevent the 

s e t t l i n g  o f  leach ing s o l id s .

v) The o u t l e t  o f  the re a c to r  was an ove r f low .  The o v e r f l o /  

was covered by a sec t ion  o f  pipe (see Figure 4 .2 )  to  prevent 

any bypassing o f so l id s  ( i . e . t o  prevent any s o l id s  from 

f l o a t i n g  on top of the leach s o lu t io n  d i r e c t l y  to  the o u t l e t ) .

v i ) P ro v is io n  was made to sample the o u t l e t  (once the system had

achieved steady s ta te )  over a given per iod by a l low ing  the 

so lu t io n  to f lew d i r e c t l y  i n t o  a Buchner funnel under vacuum. 

This al lowed the immediate separa t ion  o f  the s o l i d  and l i q u i d  

phases.During periods when no sampling was performed, the 

leach s o lu t i o n  was d iscarded.

v i i )  The leach reactor was assumed to be an ideal  CSTR.

4.2 Procedure f o r  a Run

The procedure f o r  an experimental  run was as fo lV w s :
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FIG.4 .2 :  Top view o f  the Leach Reactor
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s) ; he desired ore f  1 o.vrate was set and the anolyte so lu t ion

flow rate varied to obtain results at d i f fe re n t  pH values.

b) The pH and temperature of the ou t le t  stream was measured

by a Net room 6 32pH meter f i t t e d  with high temperature Schott

combination pH electrodes. The temperature was measured 

by means of a thermometer (as was the i n l e t  anolyte so lu t ion) .

c) "nee steady state was realised, the ou t le t  was sampled.

The sample was immediately f i l t e r e d  to prevent the fu r the r  

leaching of sol ids .

d) A f te r  co l lect ion of t re  leach f i l t r a t e ,  the so l id  residue was 

wasned with d i s t i l l e d  water and then dried in an oven .

e) The l iqu id  f i l t r a t e  and so l id  residue were then sent to 1INTEK 

fo r  analys is .

The ca l ib ra t ion  curves *or the ore feeder and rotameter are included 

in Appendix 10.9.



5 .EXPERIMENTAL RESULTS

5.1. Leaching of Manganese

Three d i f fe ren t  experirental runs were conducted. In each of the 

runs, the ore feedrate was set at a certain value and the anolyte 

f lcwrate was then varied to give results at d i f fe re n t  dH values. 

These results are presented in  Aopondix 10.10 (Tables 1 0 .6 -  

10.8). During each experirv>nt , the fol lowing were measured:

a) In le t  anolyte flow rate (0o)-

b) In le t  so l id  f la / ra te  ( l r ) - constant fo r  any par t icu la r  

set of runs.

c) in le t  concentration of manganese in  the anolyte (Co) - 

constant fo r  a l l  exoerimental runs.

d) 'ass f rac t ion  of manganese in the ore feed (gQ) - constant 

fo r  a l l  experimental runs.

e) Outlet solution f lowrate ( 0 ^ .

f )  Outlet so l id  discharge rate ( I ; ) .

g) Outlet concentration of manganese in  the solution (Ct ).

h) Outlet mass f rac t ion  of manganese in  the so l id  ( g j .

Kncwing the above information, i t  is possible to calculate both 

the rate of leaching and the f rac t iona l  leach e f f ic iency .

The leaching rates at d i f fe re n t  oil values are calculated from 

e ither equation (2.4 3) i . e .
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o r equation (2 .44 ) , i . e .  

r  = •  W i l l

Vl

In th is case, the leaching rates were calculated f ro r  equation 

(2.44) since analyses of so l id  nhases are oeneral ly no re accurate 

than the analyses of l iq u id  phases. The rates of reaction as a 

function of pH are tabulated in Tables 10.9 - 10.11 (Appendix 10.10) 

and a typical run is presented Graphically in Figure 5.1. (The 

rest of the results are presented in Figures 10.f  - 10.A in 

Appendix ; .  10)

The fract iona l  leach e f f ic iency  can he calculated fron equation 

(2.42) , i .e.

n ,  wl 9 l

V o

These values are tabulated in  Tables 10.9 - 10.11 (Appendix 10.10) 

and a typical set o f  results are presented in Finure 5.2. (The 

rest of the results are presented in Figures 10.9 - 10.11 in 

Appendix 10.1

An example of how the leaching rate and the f rac t iona l  leach 

ef f ic iency are calculated is  a included in Appendix 10.10.

For completeness of t'.e experimental resul ts ,  part i c l*  size determin­

ations of the so l id  residues at one pH values were also conducted. 

These values are ni ven in Appendix 10.10.









5.2 Leaching of the Minor Elements

During th is invest igat ion,  i t  was decided to analyse fo r  seme 

of the more imoortant minor elements at the sane t ine as analysing 

for  the manganese. These elements are i ron,  s i l i c o n ,  zinc, 

cobalt and n ic k e l .

The above elements, i f  present in  large quant i t ies,  have a 

deleterious e f fe c t  on the current e f f ic iency  during the manganese 

electrowinning process. Although the leach so lution is pu r i f ied  

before e lec tro / inn ing ,  i t  is important to at tenot to keen 

the levels of impurit ies low during the leach process. Leaching 

at pH values of between 5,2 and 6,2 minimizes the dissolut ion of 

iron and any iron ( I l )  in solution at th is stage must be oxidized 

with a i r  to levels of less than 50mg/l (50ppn). The p r e c i p i t ­

ation of iron in  the leaching section plays an important part 

in the pu r i f i ca t io n  of the so lu t ion since some chromiun and copper 

and most of the arsenic, molybdenum, and s i l i c a  are co­

precipi tated wi th the i ron .

All  metals more noble than manoanese, i f  present in quant it ies 

above certa in c r i t i c a l  l im i ts ,  w i l l  decrease the current e f f i c ­

iency at which manganese can be plated. Since the only metals 

less noble than manoanese are aluminium and the a lka l i  and 

alkal ine earth metals, p rac t ica l ly  a l l  the other metals w i l l  

have a deleterious e f fe c t  on the current e f f ic iency .  Good



current e f f ic ienc ies  are therefore laroely a function of  e lec t ro ly te  

p u r i ty .  The maximum levels of some impur4r i .s  that can be to lerated 

in the cell  feed solu t ion without af fect inq the current e f f ic iency  

are given in Table 5.1(3)

Table 5.1

'axi-iun Levels of Impurit ies in Cell Teed Solution

pom
I ron( fe r rous) .............................................15

S i l i c o n ........................................................ 10

Zinc.............................................................. 10

Cobalt.......................................................... 0,3

Nickel .......................................................... 1

I t  has been proved (3) that a combination of immunities often has 

a greater negative e f fec t  than any one impurity alone. This is 

especial ly the case with cobalt, which on i t s  own has the greatest 

negative e f fe c t  of a l l  the Impurit ies l is ted .

Although Table 5.1 l i s t s  the maximum impurity levels a f te r  pu r i f ica t ion  

of the leach so lu t ion,  i t  does give a good idea of the levels to be 

aimed at during the leacning process.

The results fo r  tne leaching of the minor elements are oresented in  

Tables 10.20 - 10.22 (Appendix 10.14), and a typ ica l  resul t  is shown 

in Figure 5.3. The complete set of results are presented in Appendix 

10.14, Figures 10.23 - 10.37.
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No attemot has been made to model these results since very l i t t l e  

data concerning the equi l ibr ium concentrations of these elements 

at d i f fe ren t  pH values are knavn. Instead, the concentration o f  

each element in solu tion as a function of pH is given.



6 . MATHEMATICAL MODELLING

The two theoret ical f l u id - s o l id  models presented e a r l ie r ,  i . e .  the 

unreacted core shrinking model and the porous so l id  model can be 

viewed as two extreme cases. In the former, the so l id  pa r t ic le  is 

assumed to be non-porous, with reaction occurring only at a discrete 

in terface between so l id  and l iq u id .  In the la t t e r ,  the so l id  is 

assuned porous, with the reaction between so l id  and f l u id  proceeding 

homogenous ly throughout the so l id .  Thus, both of these models w i l l  

be tested and should neither of them agree with experimental data, 

a model between these two should model the real s i tua t ion .

Both o f  these models are tested with the ra te  o f  reac t ion  being mass 

t r a n s f e r  contro l led. Sherman ( 6 ) discusses- tne reduction of mannanesc 

ore and concludes that i f  the ore is pronerly reduced, the available 

manganese is readily leach able. Thus, < t  is un l ike ly  that the reaction 

w i l l  be chemically contro l led.  The rate of react,cn is l i k e ly  to be 

control led by the rate at which the f lu id  (anolyte) is able to di ffuse 

to the s i te  of reaction. Of the two d i f fus ion  processes ( i . e .  f l u i d  

f i lm  d i f fus ion and ash layer d i f fus ion ) ,  the f l u id  f i lm  d i f fus ion  node! 

is tested f i r s t  , since the data needed is readily available from 

the experimental resu l ts .

6 .1 A p p l icab i l i ty  of the Unreacted Core Shrinking lodel

Since this model is the most widely used model in describing f l u id -  

so l id  systems, i t  is compared with the experimental data f i r s t .



From equation (2.36) 

-kM

For a mass t ransfer  contro l led reaction,

= c c
( 6 . 1 )n

S u b s t i tu t in g  (6 .1 )  in t o  (2 .36)  gives

r * JS2 M 
m PB

( 6 . 2 )

The rates o f  reac t ion  ( r n ) have already been c a lcu la te d  (Apmendix 10 

I f  the f l u i d  p rooer t ies  are kept constant and ke is  assumed to  be 

independant o f conversion ( t h i s  is  t rue i f  a l l  p a r t i c le s  arc assumed 

to  be o f the same shaoe and tha t  k i s  e s s e n t ia l l y  constant f o r  each 

set  o f  runs) ,  then a p l o t  o f  - r n vs M/1 * ( C ^  - C^) w i l l  y i e l d  

ka/PB from the slope of the p lo t .

‘low , from equat ion (2 .33)  i . e .

kN*f

and s u b s t i t u t i n g  f o r  y from equation (6 .1 )  and N from equat ion

(2.34) gives

k) II
(6 .3 )

Thus , t *  can oe ca lcu la te d .

The residence time , t , o f  the leach reac to r  i s  ca lcu la ted  *rom
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Thus , r / t *  can be calculated, and since the f rac t iona l  leach 

e f f ic iency  (n or l - ,,1/Mo) is known (Appendix 10.10), a p lo t  of 

r / t *  versus 1- h A 1Q fo r  the exoerimental values can be compared 

with the theoret ical p lo t of Figure 2 . 2 .  The comparisons are 

presented in  Tables 10.13 - 10.15 (Ancendix 10.11) and a typical 

resu l t  is presented in  Figure 6.1. (The connlete set of results 

are presented in Figures 10.14 - 10.16, Appendix 10.11). An 

example of hew t*  is calculated from exoerimental data is oiven 

in Apoendix 10.11.

6.2 A p p l icab i l i ty  of the Porous Solid Model.

In the reduction of manganese ore, the manganese part ic les give 

o f f  oxygen molecules. Since some of the manganese is contained 

w i th in  the so l id  pa r t ic le ,  th is  means that the oxygen must di ffuse 

out of the pa r t ic le .  As i t  does so, the oxygen leaves behind 

pores or cracks in the so l id  pa r t ic le .  Thus the f l u id  is able to 

enter the matrix of the so l id  par t ic le  and react homogenously 

with tne so l id .

From equation (2.39)

and subst i tu t ing  for  x from equation (2.40)

- r n .  (6.5)

For a mass t ransfer  contro l led reaction, from equation (6.1)
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C.

and the rate becomes

( 6 . 6 )

I f  k Is again tjsuned to be essent ia l ly  constant fo r  a set of

experimental runs, then a p lot  of - r  versus M(C - C ) wi l lrr, f’ls n
y ie ld  a s t ra igh t  l ine of slope kp/oq.

From equation (2.40) i . e .

i t  is then possible to calculate the value of \  fo r  each experiment.

To test the a p p l ic a b i l i t y  of this model, t ie  f ract ional leach 

e f f ic iency  ( 1 - 1  / ’1Q) can be plotted against \ t  and the experimental 

results compared with the theoretical values predicted in Figure 2 .4 . 

These comparisons are tabulated in Tables 10.16 - 10.18 (Apneodix

10.12) and a typical resul t  is p lot ted in  Figure 6.2. (The complete 

set of results are presented in Figures 10.17 - iO. 19, Appendix

10.12). An example of the calculation of X is given in Appendix

10 . 12.
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7. DISCUSSION

7.1 As can be seen from Finure 5.1, tne rates of reaction decrease 

with an increase in  the pH value fo r  any of the experimental 

runs.

7.2 From Figure 5.4, i t  is noted that the fract iona l  leach 

e f f ic iency  also decreases with an increase in pH fo r  any 

exoerimental run.

Both of the above observations agree with the batch leaching 

results although the fract iona l  leach e f f ic ienc ies  in the 

continuous runs are s l i g h t l y  higher than these foun' n the 

batch experiments. At a pH of below 5,5 a large amount of 

iron w i l l  dissolve, forming a bulky precipi ta te  which is 

d i f f i c u l t  to f i l t e r  and wash. On the other hand, i f  the pH 

goes above 6,5 , the leaching rate becomes very slow. I f  the 

pH goes above 7,0 the reduced manganese ore reacts with the 

amoniurn sulpnate l ibe ra t ing  ammonia gas which precipi tates 

manganese hydroxide from the leach so lut ion.  The manganese 

hydroxide thus precipi ta ted w i l l  react with a i r  in  the 

solution to form Insoluble manganese dioxide which w i l l  be 

lost in the leach residue.

7.3 I t  is  also noted that for  each of the experimental runs,

d i f fe re n t  leaching rates at s im i la r  pH values are found. This 

is due to the form of the rate expression as given in equation

(2 .35) , i  .e.

r .  = *k‘lov(-g—t) ■
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or equation (2 .3 6 ) , i .e .

Thus, the leaching rate is dependant on the system since fo r  

each run, the ore feedrate is d i f fe re n t .  This means that ‘ 1 varies 

(the greater the ore f lowrate, the bigger the value of M). 

k nay also change from run tn run, due to the d i f fe ren t  

number of par t ic les ,  'I, in the reactor fo r  d i f fe ren t  ore 

f lowrates. For a par t icu la r  pH value, tne value of the 

equil ibr ium manganese c o n c e n t ra t io n , ^  , is the same, but the 

value of Cn is bigoer fo r  higher ore feedrates since there is 

more manganese available fo r  leaching. 3 and 1 remain essent­

i a l l y  unchanged fo r  each run, assuming that the part ic les a l l  

have the sane shape and size (at a pa r t icu la r  pH value).

Larger leaching rates are thus expected when the ore feedrate 

is bigger. This is more easi ly  seen from equation (2 .44) , i . e .

r ,  = I z lo  ■“ wl 9l
V

1

for a bigger ore feedrate, /1 q \ is bigger since l-l 1g1

does not change as much as . This observation is con­

firmed in Figures 11.6 - 10.Q(Appendix 10.10). Thus,the 

leaching rates in this investigat ion are only d i rec t ly  

applicable to systems which have the same character is t ics .

7.4 From Figure 6.1 and Figures 10.14 - 10.16 (Append1xl0.11), 

i t  is  noted that the experimental values agree f a i r l y  well 

with the unreacted core shrinking model wi th mass transfer  

con tro l l ing .  The average percentage difference between



experimental and theoret ical values is 10,a. However, the leach 

recoveries experimentally obtained are always greater than those 

predicted by the model for  a par t icu la r  value of i / t * .

Figure 6.4 and Figures 10.17 - 10.19 (Appendix 10.12) indicate 

that the porous so l id  model with mass t ransfer  control provides a 

car better  agreement between experimental and theoretical obser­

vations. Here, the aver ge percentage difference is only 0,1.

This observation agrees wUh that of She man ( 6 ) in discussion 

of the reduction of th is  manganese ore. During the reducing 

process, the ore is reduced from namanese (IV) to manganese ( I I )  

In or !er fo r  th is to occur, the manganese part ic les have to 

l iberate oxygen molecules, each manganese atom l ibe ra t ing  two 

oxygen atoms. Since at least some of the manganese is contained 

with in  the ore pa r t ic le ,  the l iberated oxyoen leaves behind pores 

or cracks in the pa r t ic le ,  thus forming a porous so l id  p a r t ic le .  

The l iqu id  reactants are then eas i ly  able to dif fuse throunhout 

the so l id  par t ic le  and to react homogenously with the p a r t ic le .

I t  is also obvious that the rate of reaction w i l l  then be con­

t ro l le d  by the rate at which l iqu id  reactant diffuses to the s o l id  

part ic le  since the par t ic le  is  not l imited by d i f fus ion in the ash 

layer. Further, the reduced manganese is readily Teachable at 

pH values below 7 making chemical reaction an unlikely con tro l l ing  

process.

5 In the calculation of t*  fo r  the unreacted core shrinking model 

the calcu’ ati  on of X in the porous so l id  par t ic le  model, the



Teaching rate is plotted against sone function of M and to 

obtain unknown constants from the slope of th is  olot.(See 

Appendices 10.11 and 10.12). The form of this olot should be as 

shown in  Figure 7.1. However, fo r  each of the exnerimental 

runs, the p lo t  resembles that sfrown in Figure 7.2. This is 

due to the fac t  that r ,  1 and C . are related via a mass balance 

(Appendix 10.13) of the form:

r  « - 2  ( 7 . 1)
Vi

Thus a p lo t  of r  versus M / t  w i l l  give a s t ra igh t  l i . ie having 

a slooe of -1  and intercept —a2£.

This is in  actual fact the case (see Figures 10.20 - l r'.22. 

Appendix 10.13). The theoret ica l and experimental values 

for  the slope and intercept are given in Table 10.19. As 

can be seen, the values agree / e l l .

I t  can then be concluded from the above that the correct 

method of oerfoming continuous experiments is to run a set 

of experiments at a constant Vi0 /Q0 ra t io .  This w i l l  generate 

a set of experimental reaction rates at tne same pH value, 

resul t ing in a plot s im i la r  to Figure 7.1. The metnod ur d 

he re , i .e . ,  se t t ing  an ore feedrate ('A0 ) and varying the 

anolyte flov/rate (Q0) generates data as shown in  Figure 7.2 

(and corresponding to point Q in Figure 7.1). By running 

experiments with No/Q0 constant, the remaining points 

between point A and point B in Figure 7.1 w i l l  be generated.







From figures 10.12 and 10.13 (Anpendix 10.10) i t  can be seen 

that the mean par t ic le  size i n i t i a l l y  increases with pH to a 

pH value of about 5 and then the par t ic le  decreases in size.

This means that at the lower pH values, the part ic les are 

almost completely reacted, with the smaller par t ic le  sizes 

reacting completely. Thus, at a pa r t icu la r  equivalent 

spherical diameter, there is a smaller amount of part ic les of 

that size at the lower pH values than at the higher pH 

values. This trend occurs up to a pH value of about 5 

corresponding to the s i tua t ion  in which a large amount of iron 

dissolves in to  the leach so lut ion.  As the pH goes above 5, the 

leaching rates become slower resul t ing in  tne incomplete reaction 

of the p a r t ic le .  Thus, at any pa r t icu la r  equivalent spherical 

diameter, the cumulative mass percent should be greater, which i t  

i s .  As the pH goes above 7, the reduced manganese ore forms 

manganese dioxide which precipi tates from the leach so lu t ion.  In 

fact ,  tne mean par t ic le  diameter at this pH is almost the same 

as that of tne feed.

r rom the above discussion, i t  can be concluded that the Porous 

Solid 'lodel gives an excellent f i t  between theoretical and 

observed data. This model is described by the fol lowing equa-

:i . is:

-xM (2.39)

\T (2.41)
H at

From the equations above i t  vould anoear that any leach recovery 

between 0 and 100 per cent is possible. T i is  is not the case,

ana 1-
M
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since the value of M cannot be smaller than some value,"* say. 

This is  due to the observation that sone of toe mnoanese in 

the ore is unleacnabic, regardless of the residence time or 

volume of the leach reactor. (This is confirmed in the batch 

experiments, where complete recovery was unobtainable in snite 

of a lengthy residence t ime).

Thus, the above equations which describe the leachino process 

are subject to the fol lowing l im i ta t io n :

where the value o f  'I* is given by equation (13.45)(Appendix

10.13), i . e .

V
m 1,+ -Q C ms
Qi Oi v

Then designing a leach s y s te m ,  the above l im i ta t ion  must always 

be considered.

7.3 An example of the design of  a leaching vessel is niven below. 

For the process considered in th is  invest igat ion,  the leach 

reaction is

MnO + H2S0 u = *ln004 + M23

The process is shown in Figure 7.3. All  the symbols have th e i r  

usual meaning and F refers to the hydrooen ion concentration.

Assume that do*^o.^i,C0 ,F0, 30 and o l are known. Then from 

consideration of e le c t r ica l  n eu t ra l i ty ,

:i = Co + 5( f0 - F j ( 7 .2 )



/

V  Co* F0 t Pn

r i q . 7 . 3 :  Leachlnq of  Mn oxide
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Tie o ve ra l l  mass balance is  given by equat ion (13.35)

■'o + *0% * ' I, « ,  0,

The o v e ra l l  manganese ass balance is  niven by equat ion (10.36)

V o  + Co V  + c if)i

and the aqueous phase mass balance f o r  manganese is  given bv 

equat ion (10.37)

Co^o * Ci^1 e‘ r i Vl 
An i n e r t  mass balance . / i l l  then be

(1 -go)-i0 ■ ( i  - 9 i )U i  (7.3)

Thus, the fo l lo w in g  equat ions describe the system and can be used

in  design:

'■I. ( ^  ) (7.3)
0 H i

c, -  C0 .  i ( F 0- F , )  (7.2)
Q .  i l l  Q .  i l f l  ( 1-  H

■o
1 “ 1v 1-9i (7.4)

H i a _ [   (10.37)

Vl S  " ^0 ^  Go

and can be solved by s u b s t i t u t i n g  ( 7 .3 ) ,  (7 .2 )  and (7 .4 )  

...CO (10 .36) .

Example: Suppose tha t  data f o r  the leaching o f  manganese is

given as fo l low s :  

leach e f f i c i e n c y * ^ ;
.6 ,4

pH = 6 ,4 ( th e re fo re  F j a l O  )

0 * 1000 1/hr



I f  the sane type o f  anoly te  and ore is  used as was used dur ing 

th i s  i n v e s t i g a t i o n ,  then the fo l lo w in g  is  a lso  known:

CQ = 12,24 g/1 (0,2? mol/1)

Fg = 0,64 mol/1

0o = 0,54

cQ and p j  are assumed to  be the same as th a t  o f  w a t e r , i . e .

oc = p i * lOOOg/’

no*■/, 1- --2— = Sa -T-.Q . =
M0 9c(1-9i)

therefore      ‘
0,54 - o,54gi

Oi = 0,11

C, " C, + H F ,  - F;) 

= 0,22 + i  (0,64 - 1

C; - C,54 mol/1

or Ci = 29,7 g/1

From equat ion (7 .3) ,

Wl •  w ( Jbaa.)
1-5,

4 '  W52H0

and from equation (7.4)

Ql .  I B M I O I O L .  + (1-0,52)

1000 1000

Ql = 1000 + 4,03 X 10' \

and from t i e  o v e ra l l  manganese mass balance,
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and subst i tu t ing  fo r  and 0^ in terns of :/o aives

.''O(0,54).  0,52’,lo( M 1 )  + 29,7(1000 + 4,30 X 1 0 ~ \ )  

-(12,24)(1000)

Wo(0,54 - 0,06 - 0,01) = 29700 - 12240 

VI „

thus

------- -—;-----------»

% = 1013 1/h r

and

W = 19317 g/hr

Fron the equations aesc b im  the Porous Solid Model,

- r  = x t

r ron Table 10.16 (Appendix 10.12), the value of X at a pH of 6,4 

Is

X * 0,35 mi n" “

and

M * J - l l l

Ql

M .  (1931 7) (0 ,11)
(1018)

M = 2.99 o / l^

At th is  point,  the value of  ’! must be checked to ensure that i t  

is greater than the value of M*, as discussed in section 7.7.

M* is calculated fron equation ( 10.45 ) , i . e .

M* = + ia  c - CQ o ms
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Thus I* = 1,73 q/1 (Cms « 30 n/1)

Since M>'1* , the Porous Solid Model equations may be used.

- r  = X M

- r  = 0,73 q/1 nin (C3,3 q/1 hr)

and the volume of the Teaching vassal is calculated from the 

aqueous phase namanese balance

v ,  = c r ' \  -  \
- r
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8 .COICLUSIONS

8.1 Having established a leaching model, i t  is  new possible 

to predict the rate of leaching fo r  a given sys ten which 

could lead to a better  oDerating procedure. A l te rna t ive ly ,  

i t  is possible to design new systems and oe able to predict 

the volume of toe leach reactor fo r  a given conversion or 

out le t  concentration.

3 .2 Various phenomena that have been observed during this

invest igat ion have led to a better  understanding of the 

leaching process and have agreed with other l im ited ob­

servations in the l i te ra tu re .

8.3 Perhaps the best method of confirming the results of this 

invest igation w i l l  be to perform a set of experiments at 

constant '^0/90 rat ios as discussed in section 7.6.

8 . 4  The leaching model which best f i t s  the experimental results

is the Porous Solid Model. This model is described in section

7.7 and an example of i t s *  use given in section 7.8
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10. APPENDICES

10.1 Solution of Unreacted Core Shrinking Model vnen Diffusion 

through Liquid Film Controls

The d i f fe re n t ia l  equation describing the system is

-  dN n, dN
4nR2 dt nbkgCAb

(2 .20)

The amount of so l id  reactant w i th in  the shrinking core is

NB ■ l>3V
4 3
3 * r cPB ( 1 0 . 1)

The decrease in  volume or radius of unreacted cone accompanying 

the disaooearance of INg moles of so l id  reactant or dN. moles 

of l iqu id  reactant is then given by

-d.Nrj * -n^dNA = -OgdV = -Ogd(^ ? r^  )

=  - 4 i r O g r ^  d r c ( 10 .2 )

Subst itut ing (10.2) in to  (2.20) gives tne rate of reaction 

in terms of Ihe shrinking radius of unreacted cone, or

'ex dt R2 dt hknCAb (10.3)

Rearranging and in tegra t ing ,  we f ind hew the unreacted core 

shrinks with time. Thus,

.  f a
R2

J  r ‘ drc .  DkgCAbJ dt



t  = f u J L  .
3nbkgCAb

( 1 -  ( ^5 ) ; ) (11.4)
R

Let the t ine fo r  complete reaction of a par t ic le  be r . 

Then by taking r c = M n  equation ( 10 .4 )

The radius of unreacted core in terns of f rac t iona l  t ine for  

complete conversion is obtained by combining equations ( 10 .4 ) 

and (10.5), or

ibis can be w r i t ten  in terms of f rac t iona l  t ine fo r  conversion 

by noting that

1 - Xg « / volume of unreacted core ^
to ta l  volume of oa r t ic le

t
2 (2 .2 1 )r R

(10.5)

Therefore
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Solution of the Unreacted Core Shrinxing Model when Diffusion 

through the Ash Layer Controls

The d i f fe re n t ia l  equation describing d if fus ion in  the ash 

layer is

'• ^ A  = 4 ir r2DA (2 .2 3 )
dt dr

Integrating across the ash layer from R to r c

•0d!l
dt I  5  “  4” da j

R CAb
dCA

Or .  f l a  (_L .  _L) = 4irOACAb (10.7)
dt r c R

This expression represent; the conditions of a reacting par t ic le  

i t  any time. Next, le t  the size of the unreacted core change 

-vith time. For a given size of unrea ted core, dN./dt is 

constant; hwevor, as the cone shrinks the ash layer becomes 

thicker,  lowering the rate of d i f fus ion of A. Consequently, 

in tegrat ion of equation (10.7) with resnect to time and 

other variables should give the requi red re la tionship . But 

equation (10.7) contains three variables, t ,  NA, and r c, one 

of which must be el iminated or w r i t ten  in terms of the other 

variables. As with f i lm  d if fus ion,  N, can be w r i t ten  in terms of 

r r . This relationship is given oy equation (10.2); hence replacino 

in equation (10.7), separating variables and in tegrat ing , 

ve obtain
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-P. ) r cdrc = nbDACAb f
J

dt

or
pr R2

6nbDACAb
(1 - 3 ( l£ )  : + 2(lC) ) ( 10.8 )

For complete conversion of a p a r t i c l e , r c = 0, and the time 

rgqui red is

r = M l

6nbDACAb

(10.9)

The progression of reaction in terms of  the time required fo r  

complete conversion is found by div id ing equation ( 10.8 ) by 

equation ( 10 .9 ),

— s 1 -
r  2 r  3

3(—•) + 2 (1 4
R R

( 10 . 10)

which in terms of f ract iona l  conversion becomes

■S ■ 1 -  3(1 -  Xp)  ̂ ♦ 2(1 - Xg) C.24)



1 0.3 Solution of the Unreacted Core Shrinkino Model when Chemical

Reaction Controls

The d i f fe re n t ia l  equation describing this process is given by 

-  ‘  4» r c ks CAb (2-25)

Writ ing Ng in  terns of the rhr ink ing radius, as given in  equation 

( 10 .2 ) gives

f  ‘  - °n f  ■ "b k5 CAb ( ’0.11)

which on in tegrat ion becomes

•=B f  d rc '  nb ks CAb 
R

r c
dt

or t  = - -3 ---------  (R - r  ) (10.12)
nb ks C/'.b

The t ine requi red fo r  connlete conversion is given when r ,  * 0, or

r .  -2 2 2   (10.13)
nb ks CAb

The decrease in radius or increase in f rac t iona l  conversion of 

the na r t ic le  in  terns of r is found by combining equations 

(10.12) and (10.13) to give

-  " 1 - ^  * 1 -  (1 -  Xb) V3 (2.26)
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10.4 Transport Phenomena in the Liquid the Solid 'I' jrtaco

In most cases of pract ical in te res t  (such as leaching), the flow 

character is t ics of the l iqu id  in “ he neighbourhood of a so l id  

surface are very complicated. Ely usinn the stagnant f i lm  node 1, 

however, a simple expression can be obtained fo r  the mass transfer 

rate in terms of the overal l  concentration dr iv ing force. The 

f i lm  model is shown di aoramati cal ly in Figure 10.1. The rate of 

ma s t ransfer  of A from the surface is

dC *
r A ’  - DA *

dX

or rA .  - 0Aa(CAB - C . J  /  s

* -,to" CAs) (10.14)

10.4.1 Adsoroti on on Solid Surfaces

Experimental evidence suggests that two types of adsorption mecnanisn 

occur, namely physical adsoroti on and chemi soroti  on. The f i r s t  

type is non-specif ic and the forces a t t rac t ing the l iqu id  to the 

so l id  surface are re la t ive ly  weak. The second type is  spec i f ic  and 

the adsorbed molecules of tne l iqu id  phase are held to the so l id  

surface by valence forces of the same type as those occurring 

between atoms in molecules.

I t  is widely accepted th chemi sorot i  on plays a major role in deter 

mining the kinetics of reactions in both ca ta ly t ic  and non-catalyt i  c 

systems. The Langmui r model (35) is coimonly used to in te rp re t  

k ine t ic  measurements for  both types of adsorption processes,



H In node! annroxination

actual n ro f i le

FIG.10.1: The Film Model
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although Langmui r  o r ig in a l ly  derived i t  fo r  physical a is^ 'o t ion  

under f a i r l y  res tr ic ted  condit ions. According to the node 1, the 

rate of adsorption of a single component A has the form

r Ap = ka (1 - e) (10.15)

The rate of desorption is s im i la r ly  given by

r  -i k'ao (10.16)
Ad

At equilibrium with no reaction taking place, r A - r Ad and thus

d
kC'As-

3
kCh .
1 + KC/V5 (10.17)

where K » k / k 1

10.4.2 Part iculate Systems

Most s o l id - l iq u id  reactors ire designed such that the so l id  

appears in a part icu la te  form. This results in large sur ace to 

volume ratios fo r  the so l id  and c rrespondingly high reaction rates. 

In part iculate systems where the so l id  phase is modified by reaction 

, a commonly used model to simulate this e f fec t  is the unreacted 

core shrinking model, shown diagranmatically in Mgure . 1 .

Examining the rate expressions given by equations (10.14),( I T . 15)
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(10.16)-.

rx - -ka? (2.29)

3y def ining appropriate size and sh tpe factors fo r  the so l id  

part ic les ,  and provided a l l  the part ic les have the same factors,

or r. k;i

(2.35)

(2.36)

Although batch leaching is not comonly used on an in d us t r ia l  

scale, i t  is often convenient as a teal fo r  studying kinet ics 

Consider the same reaction discussed in section 2.4, i . e .

A( 1) + nb3(s) = ncC(l) ♦ n P(s) (2.19)

A d i f fe re n t ia l  mass balance gives

,11
Tt * r. (10.18)

Using the unreacted core shrinking model given by equation 

(2.35) 

dll

dt
" -kll *?(-—- )?

I f  M0 is  the i n i t i a l  value of M, 
•H

kN 6't

(°R'0

dt

(10.19)

( 10.2 0 )
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Defining t *  = ?1n
kfl w

and in tegrat ing the left-hand side of equation ( 10.2 0 )

Defining t *
(2.33)

MV3 -M0 V3= -MoV3 f  - -

or

I f  the f l u id  properties are kept constant ( i . n . constant Y) 

and k> is independant of conversion, then equation ( 10 . '’ I) 

nay be integrated to give

In a CSTR, such as a continuous leach reactor, the concentration 

of each f lu id  species is uni fern throughout the reactor.

Provided k > is constant, t*  nay be assured to be independant of 

the residence t ine of the pa r t ic le .  I f  En(t)dt is the f raction 

of part ic les leaving the reactor which have resided fo r  tines 

between t  and t  + d t ,  then a nass balance fo r  3 in the so l id  

phase at the reactor out le t  w i l l  be

1 = ’1o( l  - t / t * ) 3, fo r  t  *  t *

and M = 0 fo r  t> t* ( 10 .2?)

(M) batch Ep(t)dt

o

(10.23)

Substi tut ing equation (10.22) fo r  (’1) batch

o'

(10.24)



For a C5TK

Ep(t) = V :e x p ( - t / r )

Therefore

—  = C ( 1 - 3 — + 3 - ( ~ ) " 3 }— exo (—■)
M q  0J  t *  t *  t *  T

1 - 3 — 4- 6(— ) - 6 (-L-) (1 - exp (— )
t *  t *  t *  T

86

(10.25)

d t

)

or 1 - - ill * 3-1 - 6 ( - l ) : > 6 ( - l j  (1 - exp(— )) (2.37)
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13.5 The Porous SoVi_J Inhgl

Consider very porous part ic les a l l  of an i n i t i a l  size 1 havinn 

a mineral content 2^=1 . For the system under consideration -p 

and v are constant.

Since the par t ic le  is i n i t i a l l y  a l l  mineral, the available 

surface area 'or  reaction is proportional to the volume of the 

p a r t ic le ,  or 

a «* v

i . e .  a = pv (10.26)

This s i tua t ion  is an approximation to a system in which the 

so l id  part ic les are very oorous. This is because, in this 

derivation, the mineral content and the nangue o c c u r r i n g  in 

each par t ic le  are treated as discrete part ic les themselves.

I f  the reaction were to occur in a batch reactor, the d i f fe re n t ia l  

mass balance on so l id  reactant B would be

Rate of accumulation of B/ unit  volume + rate of leaching of B = 0

or A H Z lll + kHa ¥ - 0 (10.27)
d t

Substitut ing fo r  a from equation (10 26) in to  equation (10.27) 

j i v e s :

j(:tlV >  . -knv:iy
dt



dv , - 1 2 !  v (10.28)or
d t  PS

defin ing X =» ^ — ■ (-  • 40)
°3

gives 4^ a -xv (10.29)

Equation (10.29) can uc integrated between the i n i t i a l  value of 

v, v, (at t ine t * 0 ) and v (at a t ine t  = t)  i . e .

V t

or * exo (- Xt) (10.30)
o

No/, s ’ nce tne volume of the oar t ic le  is d i rec t ly  related to the 

mass of so l id  reactant by

I ® c 3 v (10.31)

equation (10.30) may also be expressed as

—■ = exp (-  xt)  (10.31)
■’ o

Equation (10.31) can be d i f fe ren t ia ted  with res|x?ct to t ine  to 

gi ve

2 L 1 /M  ,  -x exp (- xt )  (11.32)
dt

Substitut ing equation (10.31) in to  (10.3°) nives



r A ” - x:l (2.39)

The aoove equation represents tne rate of reaction.

In a CSfR the concentration of each f lu id  soecies is uni fom  through­

out the reactor. Provided k$ is constant, > (ray be assumed to be 

independant of the residence t ine of the p a r t ic le .  I f  Ed(t)dt 

is the f ract ion of oart icles leaving the reactor which have resided 

for t ines between t  and t  + dt, then the mass oalance fo r  3 at the 

reactor out le t  is jiven by equation (10.23), i . e .

Subst itut ing for  ( ‘1) ^ ^   ̂ f n n  equation (10.31) and fo r  En(t)dt 

fron equation (10.25) gives

batch

exp x— ) dt

or (10.33)

which nay be integrated to give

(13.34)

o 1 + X t

or, in  terns of the fract ional leach e f f ic iency
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( 0 . 4 1 )

10.6  Calculation of Rates r f  Reaction fron the Systen Mass Balances

Referring to Figure ? .5 , the overal l  mass balance is

Wo + ° o 4 o  " " i  + P ' (10.35)

The mass balance fo r  manganese is

'-'o-o +C0<!0 = ' ' |9 '+  CiQi

Tne aqeous Dhase mass balance fo r  manganese is

(10.36)

manganese in = manoanese out - rate of manganese leachim

or co0o 3 CiOi - r  i ' / !

which gives r ^  l h (  Cj - ^ 2 C ) 
V i  Q i  0

(10.37)

(2.43)

The so l id  phase mass oalance for  manoanese is 

manganese in = manganese out + rate of manganese leaching

or W0go = : , i9 i + r iV i (10.33)

which gives r ^  —l l 2l
V i

(2.44)
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10.7 Bat:. Leaching Experimental Results

The re su l ts  of the batch Teaching experiments are presented in  

Table 19.1 below.

Table 10.1 

Batch l e a c h im  - 'esults

F ina l  pH
1 -----

Mn i n  s o lu t io n

( 9/1 )

Mn i n  s o l i d

(%)

T "  ......... '
% Mn

recovered

1.35 18,1 5,3 34,06

1,93 23,1 21,1 88,36

3,15 24,3 15, 81,28

3,25 25,0 16,1 86,03

4,20 24,5 12,0 80,01

4,42 25,3 13,9 35,12

5,29 25,5 11,1 33 ,-1

5,49 26,1 14,8 37,26

5,79 26,8 11,7 88,69

5,31 26,7 11,7 34,10

6,48 27,4 11,0 86,62

6,62 26,3 11,0 33,83

6,67 27,6 11,3 83,57

6,70 27.5 13,3 34,11

6,74 26,3 14,0 79,24

6,75 27,4 13,6 82,14

6,90 27,1 14,6 78,57



9Z

Table 10.1 continued

Final pH 'in in  solution 

(9/1)

'In in  so lid  

(%)

v, ‘In

recovered

6,93 27,6 12,6 31,76

6,94 26,2 17,3 80,32

6,99 27,3 15,3 79,48

7,06 26,4 16,3 72,33

! 7,07 27,1 15,9 77,55

7,23 26,2 19,8 70,29

7,25 17,9 25,7 24,45

7,40 13,9 23,8 3,32

7,65 11,7 24,8 0,61

These results are c lo tted in  Fiqures 10.? and 10.3 be 1 cw.

Table 10.?

C~i /dH  ̂jn of Theoretical and Exrerinental ‘ In Equilibrium 

Concentrations

Final nH
-----------------------------------------— —---------------------------

‘In equilibrium  concentrati on( q /1)

Theoreti cal Exoeri mental

6,90 33,5 27,»

6,94 23,4 27,5

6,99 23,2 27,3

7,06 17,6 26,4

7,07 16,9 27,1
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Table in .2 continued

Final pH 'In equilibr ium  co n ce n tra t io n ^ /!)

Theoreti ca 1 Experimental

7,23 9,1 26,2

7,25 0,4 17,9

7,40 4,3 13,9

7,65
.........................

2 , 0 11,7

An example of how tne theoretica l n nnanese equilib rium  concent­

ration is  calculated is given in  Appendix 10.3

Taole 10.3

Comparison of modified theoretica l and experimental 'In equilibrium 

concentration

Final pH 'In equ ilib rium  concentration (n /1 ) 

Theoretical Experimental

27,16,90 75,3

6,94 27,5

27,3

64,0

6,99 52,3

7,06 26,439,6

7,07

7,23 20,5

7,25

7,40 10,9 13,9

7,65 11,7
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10.3 Calculation of the Theoretical ‘In Equilibrium Concentration

Example; Final pH of batch test is 6,90

Since a l l  batcn tests :/eve performed at 60 °C ( 333K), substitu te

14
33." n equations (2 •7)

Ks
3 3,316 X 10"

Kc
3 2,302 X 10"

Ka
3 1,799 X 108

C 3 lQ-pH

3 l o - * '
90

3 1,259 X 10"

From equation (2 . 12)

c . .
K's

0,478 nol/1

And from equation (2.18), subs titu t ion  in  the values of C ,

CA * Ks ’ Kc and *3  ^ives:

C -  Q'd78(1,7 + 5,469 + 0,478 + 0,241) 
ns 5,469 + 0,473 + 0,241

= 0,609 mol/I

tnere fore

C||1t » 0,609 X 54,938 

= 33,5 a/1

(54,933 is the atomic v/eiqht of nanq nese)

A ll other equilibrium manganese concentrations were calculated 

simi la r l y .



10.9 La 1 ibration Curves for the Ore Feeder and Octane ter.

9.9.1 . Rotaneter Cal.oration

Tne ca lib ra tion  v/as conducted by se tting  the rotameter to a 

specified se tt ing  and measuring the volume of l iq u id  over a 

time period. The results are given in Table i 0 .4.

Table 10.4 

Rotameter Calibration Values

Rotameter Setting (cm) Anolyte Flowrate

(1/n in 50°C)

0 0

4 0,22

u 0,27

9 0,37

12 0,45

15 0,54

13 0,64

21 0,76

24 0,83

27 0,97

30 1,10

These values are represented di anramti cal ly in Figure 10.4.
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10.9.2 Ore Feeder Calibration

The ore feeder ca lib ra tion  was oerfoned in  a s im i la r  way to 

the roatneter ca lib ra tion . The results are given in  Table 10.5 

and are p lotted in Figure 10.5.

Table 10.5

Ore Feeder Calibration Values

Ore Feeder Setting Ore F lav rate (g /n in .)

4 19,0

j 4,5 29,0

L ....................
33,3
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10.10 Continuous Lsadnnn Results

The results of t ie  continuous leaching experiments ( fo r  eac.i 

of the runs) are presented below in Tables 10.6 - 10.3 

Table 10.6

Continuous Leaching Results- Run 1

Condi tions %'g = 13,97 i/min

CQ « 12,24 q/1

Q_ = 0,54

pH Mn in Mn i n  ̂ I n l e t Sol i  d Out le t

so lu t io n s o l i d s o lu t i  on di s Ch a rge s o lu t i  on

(9 /1 ) ( f r a c t i o n ) f  lowrate rate f  lowrate

(1/min) ( g/mi n ) 1 ( 1/m'n)

C i 9i 0 „ Wi Q i

2,55 27,0 0,146 0,5239 2,37 0,6014

2,62 26,7 0,124 0,5204 ° ,89 0,6038

2 ,6 6 27,8 0 ,1 18 0,5135 2,90 0,5323

2,34 28,0 0 ,2 0 0 0,5031 2,25 0,5697

2,35 23,9 0,135 0,5031 2,71 0,5545

2,94 26,7 0,160 0,4892 3,70 0,5858

2,99 28,7 0,125 0,4823 3,36 0,5458

3,03 28,9 0,149 0,4754 3,03 0,5402

3,25 25,7 0,163 0,4650 2,98 0,6006

3,39 25,3 0,173 0,4546 2,95 0,5929

3,48 23,2 0.164 0,4442 4,72 0,5236

3,75 25,2 
-----------------------------------------

0,167 0,4235 3,10 
.  _ _

0,5916
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Table 10.6 continued

pH
Mn in  

solution

(9/1)

Ci

‘In in 

so li d 

( frac tion )

9 1

In le t  

sol uti on 

flow rate 

( 1/min)

%

Solid

discharge

rate

(g/min) ' 

Wi

Outlet 

so lu t i on 

f lo / ra te

( 1/n in )

Qi

4,02 ! 26,0 0,164 0,4062 3, 35 0,5 642

4,10 26,4 0,154 0,3320 4,45 0,5392

4,30 28,0 0,160 0 , 3633 4,86 0,48 35

4,60 26,1 0,173 0,3614 3,40 0,5394

4,80 26,2 0,208 0 , 3545 4,04 0,5245

5,10 25,9 0,133 0,3476 v,45 0,5354

5,23 29,3 0,160 0,3407 3,95 0,4704

5,25 26,7 0,196 0,3407 4,90 0,5049

5,50 25,5 0,190 0,3333 3,30 0,5337

5,60 28,5 0 , i  60 0,3372 3,90 0,4824

5,70 25,6 0,208 0,337? 5,00 0,5208

5,94 .9,2 0,193 0,3306 7.25 0,4415

8,0b 30,3 0,186 0,31 35 4,70 0,4 399

6,13 30,0 0,202 0 , 32 00 4,77 0,4398

6,17 29,5 0,212 0,3166 6,60 0,4312

6,18 28,9 0,207 0,3166 5,33 0,4503

6,23 30,7 0,189 0,3097 4,21 0,4313

6,27 30,2 0,214 0,3063 7,70 0,4083

6,40 29,2 0,168 0,3132 5,10 0,4527

6,44 29,5 ! 0,229 0,2960 o,65 0,4184

L_ ___  - i------- ------- L_... 1________



Table 10.6 continued

pH In in ’ In in In le t Solid Outlet

so lution so lid so lu ti on discharge so lu t i on

(9/1) ( f ra c t i  on) flowrate rate flaw rate

( 1/min) (q/n in) ( 1/n in)

! Cl
9i % U, 9l i

6,46 29,3 0,203 0,2926 5,33 0,4276

6,5-4 30,0 0,216 0,2926 7,56 0,4064

6,63 29,2 0,155 0,2719 5,44 0 , 4 359

6,30 2& 0,255 0,2273 5,60 0,4099

6,93 33,1 0,264 0,1794 4,94 0 ,3644

Table 10.7 

Continuous Leaching Results - 0 .i  2. 

Conditions: '.lQ = 29q/mi n

CQ = 12,249/1

pH 1 In in '■In in In le t Solid Outlet

so lu ti on so lid so lu t i on uiscnarge so lu t i  nn

(9/1) ( frac tion) flowrate rate flowrate

Cl
0 ,

( 1 / n i n )

%

(9 /n in )
Ml

( 1/min)

Qi

7,05 27,6 3.277 0,3407 12,80 0,5900

7,10 25,6 0,239 9, 3372 11,40 0,6665

7,20 20 ,6 0,237
L_ _

0,3372 12,21 0,5694



Table 10.7 continued

oH In in ’ In in In le t Soli d Outlet

so lution so li d so lu t i on discharge so lu t i on

( 0 / 1) ( fra c t io n ) f lo / ra te rate f  lav rate

( 1/n in ) (g/min) ( 1/n in )

c , 9 l So M l Q l

7,26 26,1 0,236 0,3333 11,20 0,6553

7,31 20,9 0,301 0,3304 11,30 0,5432

7,35 25,0 0,240 0,3304 12,70 0,6431

7,40 29,7 0,309 0,32 35 14,15 0,5134

7,42 26,0 0,240 0,3235 12,00 0,64 38

7,50 26,9 0,323 0,3166 19,40 0,4397

7,70 22,4 0,305 0,3097 21,33 0,5712

Table 10.3 

Continuous Leaching Results - Tun 3

Conditions: W0 = 33, 9q/mi n

C0 - 12,24<i/l

90 *  0,54

pH 'In in ‘ In in In le t Solid Outlet

so lu t i  on so lid so lu ti on discharge solution

( 9 / 1 ) ( fra c t io n ) f la / ra te rate f  lav rate

( 1/^ in ) (g/nin) ( 1/min)

C i 9 l So M i Q i

2,01 23,5 0,119 0,6631 2,67 1,1035

2,50 23,7 0,143 0,6456 2,37 1,0357
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Table 10.8 continued

pH ’In i n f  Mn in  

so lution so lid  

( g / 1) j( f rac t ion )

Cj ni

In le t  

solution 

f I onrate 

( 1/n in)

°o

Solid

discharge

rate

(g/n in)

Mi

Outlet 

so lu t i nn 

f  lowrate

( 1 /m in) 

Oi

2,08 26,1 0,184 0,6282 2,33 0 , 9740

2,93 25,6 0,148 0,6103 4,47 0,9792

3,20 24,5 0,160 0,5934 4,07 1,0135 1

3,22 26,3 0,193 0,5934 6,63 0,9027

3,27 27,6 0,145 0,5399 6,50 0,3888

3,35 33,3 0,147 0,5364 6,59 0,7233

3,50 25,0 0,109 0,5829 5,55 0,9433

4,02 "5,3 0,190 0,5760 5,33 0,9600

4,10 25,9 0,184 0,5690 5,17 0,9369

4,40 25,9 0,194 0,5655 5,90 0,9278

4,97 25,6 0,171 0,5536 4,47 0,9502

5,42 26,6 0,198 0,5551 6,11 0,8961

5,60 25,3 0,206 0,5517 5,83 0,9408

5,87 25,3 0,216 0,5308 6,91 0,9193

5,90 27.1 0,219 0,52 39 6,28 0,3591

5,92 34,6 0,216 0,5239 3,98 0,6568

6,05 31,3 0,221 0,4546 10,55 0,6562

6,13 26,0 0,216 0,4407 11,33 0,3154

6,17 35,0 0,200 0,4200 6,50 0,6312

6,20 29,4 0,233 0 , 3355 3,11 0,724?

6,25 35.1 0,201 0,3320 3,00 0,6074
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Table 10.3 con t i r  cd

pH in in  

solution

( 0/ 1)

Ci

In in 

so l id  

( f ra c t i  on)

9i

In le t  

so lu t i on 

flowrate 

( 1/min)

So

Solid 

di sen a me 

rate 

(a/min)

-h

Outlet 

so lu ti on 

flowrate 

( 1/min)

Qi

6,33 27,4 0,235 0 , 3620 5,37 0,7321

6,36 33,9 0,222 1,3759 8,49 0,6195

6,43 27,3 0,255 0, 3751 3,05 ,7479

6,42 27,9 3,246 0,3751 10,50 0,7262

6,50 35,3 0,206 0,3717 6,44 0,6034

6,53 23,1 0,255 0,3717 6,88 ",7490

6,57 35,3 0,237 0,3717 9,09 0,5899

6,63 29,3 0,234 0,3632 5,00 0,7363

6,33 34,5 0,263 0,3643 10,61 0,5776

6,91 27,2 0,273 0,3614 10,57 0,7275

6,97 31,7 0,276 0,3510 12,30 0,5999

7,30 29,2 ",273 0,3372 5,40 0,7159

7,32 29,8 0,296 0 , 32 69 17,76 0,5704

7,35 31,5 0,301 0,3166 13,55 0,5730

In a l l  of the above tables, the o u t le t  so lution f  lav rate is 

calculated from equation (10.36),i . e .

V o  + Co°o = ; , iOi  + C1n l

and was compared to the measured value o f  O;. In most cases



the theore t ica l  and exper i renta l  values acree , /e l l .

Fron the data above, i t  is now nossiole to calculate vhe leac ilnq  

rates ( at d if fe re n t pH values) fron e q u a t io n ^ .13),i .e.

r, . i i  (Cr  f̂lc )
V> Q, 0

or f ro r  equation (2 .44) i . e .

r  = . ^ o , -
i

Vl

The leachinq rates were calculated from the la t te r  equation 

since analyses based on the so lid  phase are qenerally more 

re l ia b le  tnan those based on the l iq u id  ohase.

The fractiona l leach e ff ic ie n cy , n , can be calculated from 

equation (2 .4 2 ) , i . e .

n = ‘i i

;loao

Example’ Fron Table 10.6, at pH = 2,55

Wo ■ 18,97 q/nin

Co 3 12,24 q/1

no 3 0,54

Ci = 27,0 q/1

Oi = 0,146

^ o 3 0,5239 1/mi n

U i = 2,87 g / i in

Oi = 0,6014 1/nin
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therefore r = — — -—iL il i .
V.

,  (1:,97)(0,54) - (0,17)(0,1461 
14

= 0,70177 q/1 min

(Vi = voline of reactor = 14 l i t e r s )

therefore r = 0,70177 X 1000 X  -----------
1 54,933

(54,9 33 is the atomic weight of Mo)

therefore 

and n

,  (18,97)(0,54) - (2,37)(0,146)

(13,97)(0,54)

n '  0,959.,

S im ila r ly , the leaching rates and fractiona l leach e ff ic ienc ies  

were calculated fo r the other experimental runs and are tabulated 

in  Tables 10.9 - 10.11

Table 10.9

Leaching °ates and Fractional Leach E ffic iencv - Run 1

pH
-... ■'

Rate 
(nol/n  nin)

r  - - - - - -
n

2,55 12,77 0,959

IF ,77 no1/n:-iii.



mg

Table 10.9 continued

pH Rate (no i /n 3~ii n) „ ..........

2,62 12,35 0,965

2 ,6 6 12,37 0,967

2,84 12,73 0,956

2,85 12,34 | 0,964

2,94 12,55 j 0,942

2,99 12,69 0,953

3,08 12,73 0,956

3,25 12,67 0,951

3,39 12,66 0,950

3,43 12,31 0,924

3,75 12,65 0,949

4,02 12,61 0,947

4,10 12,43 0,933

4,30 12,31 0,924

4,60 12,55 0,943

4,80 12,23 0,913

5,10 12,50 0,938

5,23 12,50 0,938

5,25 12,06 0,906

5,50 12,38 0,930

5,60 12,51 0,939

5,70 11,97 0,398

5,94 11,50 0,864



Table 10.9 continued
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pH Rate(Tiol/,n3nin) n

6,05 12,10 0,015

6,13 12,06 0,906

6,17 11,50 0,063

6,13 11,88 0,392

6,23 12,29 0,922

6,27 11,13 0,339

6,40 12,20 0,916

6,44 11,34 0,051

6,46 11,91 0,894

5,54 11,20 0,841

6,63 12,22 0,913

6,30 11,46 0,861

i 11,62 0,373

Table 10.10

Leaching Oates and Fractional Leach Effic iency - Run 2

pH Rate(no1/n3ni n) n

7,05 15,75 0,774

7,10 16,02 0,826

7,20 15,31 0,776

7,26 16,92 0,931

7.31 15,71 0,773

7,35 16,40 0,305



Taole 1C.10 continued

PH Rat3 (n o l/n 3min) n

7,40 14,60 0,721

7,42 16,62 0,816

7,50 12,09 0,594

7,70 11,70 0,575

Taole 10.11

Leaching Rates and Fractional Leach Effic iency - Run 3

pH Pate(mol/;n3ni n) n

2,01 23,32 0,983

2,50 23,13 0,977

2,38 23,05 0,971

2,93 22,37 0,964

3,20 22,34 0,963

3,22 22,01 0,923

3,27 22,51 0,948

3,35 22,48 0,947

3,50 22,37 0,943

4,02 22,41 0,944

4,10 22,49 0,940

4,40 22,24 0,937

4,97 22,74 0,958



Table 10.11 continued
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pH Rate(nol/m3nin) n

5,42 22,16 0,934

5,60 22,17 0,934

5,87 21,97 0,919

5,90 21,94 0,925

5,92 21,21 0,394

6,05 20,70 0,372

6,13 20,55 0,366

6,17 22,04 0,929

6 ,20 21,55 0,903

6,25 21,64 0,912

6,30 21,73 0,918

6,36 21,23 0,397

6,40 21,06 0,338

6,42 20,37 0,350

6,50 22,01 0,927

6,53 21.45 0,904

6,57 20,93 0,332

6 ,68 22,21 0,936

6,33 20,10 0,347

6,91 19,93 0,342

6,97 19,14 0,806

7,00 21,31 0,919

7,32 16,90 0,712

7,35 13,43 0,777
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The results of Table 10.11 are p lotted in Finures 13.6 - 10.11

For the sake of conoleteness o f experimental results , p a rt ic le  

size d is tr ibu t ions  i t  vanius pH values were done as w e ll .  The 

d is tr ibu t ions  are l is te d  below in Table 10.IF.

"able 10.12

Partic le  Size D istributions

Cumulative mass percent

spheri ca'

di ameter
(un)

Feed pH-2,5 pH*3
,  1 

pH=4 pH=5
I

pH=6 pH,7

2,3 4,03 4,00 2,03 0,97 1,53 2,97 4,60

3,9 13,77 8 ,0 0 4,90 3,07 2,43 6,37 11,23

5,5 20,87 17,60 11,40 7,77 6,73 13,20 22,10

7,3 27,73 24,00 14,67 9,83 8,97 18,67 31,13

11 34,83 30,57 19,33 11,50 11,57 25,13 40,03

16 46,90 44,37 30,27 22 ,10 21,30 33,90 50,30

22 56,87 52,60 35,60 30,67 27,93 40,30 55,50

31 64,10 63,10 46,83 41,97 40,00 49,60 64,57

44 78,37 72,00 58,57 54,97 5 3,97 60,80 73,83

62 9 0 ,29 36,93 73,73 76,10 73,33 75,50 35,90

88 90,20 95.17 90,73 89,97 88,13 83,10 92,97

125 99,57 100,00 10u,30 100,00 100,00 100,00 100,00

mean d 29,40 30,33 40,40 43,67 45,40 40,23 °9,5 3



m

The part ic le  size d is tr ibu tions we re d'-.emined using a Leeds and 

Northrup lic ro trac  X-ray analyser.

Figure 10.12 shows the varia tion o f oa rt ic le  size d is tr ib u t io n  as a 

function of pH and Figure 10.13 shows the varia tion of the nean 

part ic le  size as a function of pH.
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10.11 Calculation of t*  fron experimental Data fo r  the Unreacted 

Coro Shrinking 'lodel

Example: For Run 1,pH=?,55

From Table 10.9, r f;) = 12,7/ mol/n3min 

1 - 'li/Mg = 0,959

Nov/ M is defined as the to ta l ness of unreacted nannanese per

un it volume of f l u id , i . e .

= Wl&l (10.39)

M

From Table 10.6

Wi = 2,87 g/nin . '.J0 = 13,97 g/nin

9 ! = 0,146 , nQ » 0,54

Qi = 0,6014 l/m1n,Q0 = 0,52391/nin

Cm * 27,0 q/1

the re fo re  I = 0,696g/l

C is calculated from equation (2.13) (as shown in Appendix 10.8) 
ns

therefore Cqs * 4,10 X 10io g/1

1 is calculated from equation (2 .30 ), i . e .

1 = (volume of u n reacted core ) 3

From Figure 10.13, the re la tionsh ip  between the diameter of the 

unreacted pa rt ic le  and the pH is obta ined,i.e .

y « -18,97+ 27,89x -3,n0x2 (10.10)

where x is  the pH value and y the mean diameter in ym.



therefore y = -18,97 + 27,39(2,55) - 3,03(2,55)■

= 32,642 um

= 3,2642 X 10" 3 an

now v = -g- d3 (10.41)

therefore v = 1,82 X 10 an3

now 1 = (v)

= 2,63 X 10"^an

Thus ^  (Cms - Cm) = 1,09 X 1013 —
1 c n l2

From equation (6.2) i t  can he seen that a plot o f - r n vs

;t/ l(C  r - Cn) is  a s tra igh t line passing through the o r ig in .

Hence the slope of th is  l ine , k<$ is simply

 - rM - 0__________  (12.42)

M/MCms - cm) - 0

whcih gives —̂  =1,18 X 10*1' — —
n3ni n o2

PC

Si nee = 3 ( Ha) ^1nX V-i 1 (5.3)

k» ' '  * Cm

the only additional information required to calculate t*

is M . '1 is  defined as o o

M o  (10.43)
= — r-  v 'o
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i .e .  -!0 = 19,554 o/l

th e re fo r  t *  -  3( ----------L ^ ) (  h  ^ 4 ^
1,13 X •" ..................................

= 9 , 1 4  n i n

V 1000
1,13 X 1f  ' 0,696 ' 4,10 X 1910 5^,933

(1003/54,938 converts the units from q/1 to nol/m-1)

From equation (6,4)

x 3 23,28 min
Qi

i -  = 2,57 
t*

Thus 1 - versus t / t *  can be p lotted and compared wi th

the th e o re t ica lly  predicted values. These values are given in 

Tables 10.13 - 10.15 below

Table 10.13

:omparison of the Tneoretical and Experimental Values of the 

Unreacted Core Shrinking Model- Rui 1

pH r / t * 1-M1/M0 

theoretical

1-M i /Mq 

experimental

% error

2,55 2,57 0,910 1,959 5,4

2,62 2,35 0,913 0,965 5,1

2 ,66 2,93 0,921 0,967 4,9

2,84 2,46 0,906 0,956 5.5

2,35 2,87 0,919 0,964 4,9

2,94 1,98 0,835 0,942 6,4

2,99 2,34 0,902 0,953 5,7

3 ,08 2,45 0,906 0,956 5,5
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Table 11.13 continued

pH T / f l-M i/M^ 1-Ml /MQ » e r ro r

3,25 2,13 0,395 0,951 6,2

3,39 2,14 0,393 0,950 6,4

3,43 1,63 0,364 0 ,92 ' 7,0

3,75 2,07 0,3 0,9*9 6 ,6

4,02 1,99 0,836 0,947 6,9

4,10 1,63 0,367 0,9:3 7.6

4,30 1,56 0,353 0,924 7 ’ 7

4,60 1,85 0,378 0,943 7»4

4,80 1,42 0,846 0,918 8,5

5,10 1,74 0,371 0,938 7,6 j

5,23 1,30 0,375 0,938 7,2 j

5,25 1,32 0,836 0,906 8,4

5,50 1,55 0,357 0,930 8,5

5,60 1,79 0,875 0,939 7,4

5,70 1.19 0,821 0,898 9,4

5,34 0,99 0,791 0,864 9,2

6,05 1,42 0,846 0,915 8,1

6,13 1,31 0,835 0,906 8,5

6,17 0,93 0,789 n,863 9,3

6,18 1,17 0,813 0 , 8 .2 9,0

6,23 1,51 0,854 0,922 7,9

6,27 0,36 0,766 0,839 9,6

6 ,40 1,41 0,845 0,916 8,4

6,44 0,90 0,774 0,351 9,9

6,46 1,18 0,820 0,394 9,1
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Table 11.13 continued

pH V t * K V M  
rr, (irotTcal experimental

, e rro r

6,54 0,35 0,764 0,341 10,1

6,63 1,38 0,842 0,918 9,0

6,30 0,33 0,770 0,361 11,0

6,93 0,90 0,774 0,373 12,8

mean = e rro r : 7,8

The results above are p lotted in  Figure 1J.14 and are presented 

in the main report as Ftgu e 6.1.

Tab I j  10.11

Comparison of Theoretical and Experimental Values of the __ 

Unreacted Core Shrinking Model - Hun 2

pH T / t *

theoreti cal

l-M l /M0

experimental

% e rror

7.05 0,58 0.684 0.774 13.2

7,10 0,70 0,725 0,826 14,n

7,20 0,59 0,637 0,776 12,9

7,26 0,72 0,731 0,831 13,7

7,31 0,59 0,687 0,773 12,5

7,35 0,64 0,706 0,305 14,1

7,40 0,43 0,639 0,721 12,9

7,42 0,67 0,716 0,316 14,0

7,50 0,31 0,525 0,594 13,1

7,70 0,27 0,488 0,575 17,9

mean 1 erro r : 13.3
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These results are o lotted in Figure 13.15

Table 10.15

Comparison of Theoretical and Experimental Values of the 

'.Inreacted Core Shrink!no lode 1 - '"jn 3

pH T / t *

theoretical

1-Mi/M0 

experimental ;

, e rror

2,01 4,11 0,942 0,933 4,4

2,50 3,36 0,930 0,977

2,33 3,00 0,922 0,971 5,3 I

2,93 2,51 0,908 0,964 6,2

3,20 2,40 0,904 0,963 6,5

3,22 1,55 0,357 0,923 3,2

3,27 1,99 0,336 n ' i 9,5

3,35 2,09 0,291 ,947 6,3

3,50 1,30 0,375 3,943 7,7

4,02 1,84 0,878 0,944 7,6 j

4,10 1,92 0,382 0,943 7,5

4,40 1,63 0,867 0,937 8 ,0

4,97 2 ,22 0,097 0,958 6,8

5,42 1,62 0,363 0,934 8,2

5,50 1.60 0,361 0,934 8,4

5,37 1,35 0,839 0,913 9,4

5,90 1.47 0,351 0,925 8,7

5,92 1,23 0,826 0,894 8,3

6,05 0,74 0,736 0,372 10,4

6,13 0,90 0,774 0,366 11,9 ,

6,17 1,57 0,359 0,929 3,1



Table 10.15 continued

pH T / t *

1

1-Mi/M0 

theoretical expe r i  mental

% e rro r

6,20 1,14 0,814 0,908 11,5

6,25 1,32 0,836 3,912 9,1

6,30 1,23 0,832 0,318 10,4

6,36 1,15 0,816 0,397 10,0

6,40 1,01 0,794 0,333 11,3

6,42 0,85 0,764 0,353 12,4

6,50 1,51 0,054 0,927 8.5

6,53 1,14 0,814 0,904 11,0

6,57 1,05 0,801 0,382 10,1

6,68 1,55 0,357 0,936 9,2

6,83 0,85 0,764 0,347 10 9

6,91 0,76 0,742 0,342 13,5

6,97 0,67 0,716 0,806 12,6

7,00 1,28 0,832 0,919 10,5

7,32 0,45 0,522 0,712 14,5

7,35 0,58 0,684 0,777 13,7

mean % e rro r 9.5

These results are p lotted in  Finure 10.16
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10.12 Calculat ion o f  A f rcn  Experimental Oata fo r  thg Porous Sol id

"odel

Example: For Run 1,pH = 2,55

From Table 10.9, r |n = 12,77 mol/m^nin

1-M i / l ' 0 ■ 0,959

From Table 10.6 = 2,87 q/min

qj = 0,146

Oi = 0,6014 1/min

Cn = 27,0 q/1

Equation (12.39)1.e.

, . M i
Oi

gives !1 = 0,696 q/1

Cns is  calculated fran equation (2.18)(as shown in  Appendix 

10.8 )
therefore Cn$ = 4,10 X 1010 g/1

Since a p lot of - r^  versus M(Cns - C^) is a s tra igh t line

passing through the o r ig in ,  the s 1 one kp/o^ is simply

rn  -  0________
(10.44)

(Cm, " V  - 0

iE  .  4,48 X 10" 13 _L
1,e* Cr, m3m1n n2

CB

' lav, from equation (2.40) i . e .
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4,48 X 10‘ ‘° (4,10 X 10;°)

mol J  
m min g

l

= 18,35

= 1,01 min

From equation (6.4)

T m l l  .  23,23 min
Q i

,'.X = 23,48

Thus, the frac tiona l leach e ff ic ie n cy , 1 - *1 /'10, can be plotted 

against At and compared w ith th e o re t ica lly  predicted values. 

These values are given in Tables 10.16 - 10.18 below.

Table 10.16

Porous Solid lodel - Run 1

pH A At 1^ / ^ % e rro r

mm theoreti cal experimental

2,55 1,01 2 3,40 0,959 0,959 0 ,0

2,62 1,20 27,59 0,965 0,965 0 ,0

2 ,66 1,20 28,94 0,967 0,967 0 ,0

2,84 0,39 21,76 0,966 0,956 0 ,0

2,85 1,07 26,97 0,964 0,964 0,9

2,94 0 ,68 16,30 0,942 0,94? 0 ,0

2,99 0,30 20,25 0,953 0,95 3 0 ,0

3,08 0,34 21,71 0,956 0,956 0 ,0

3,25 0,84 19,50 0,951 0,951 0 ,0

3,39 0,81 19,07 0,950 0,950 0 ,0

3,48 0,46 12,23 0,924 0,924 0 ,0



Table 10.16 continued
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"T
pH X

- 1mn

Xt ' - Y ' o
theoreti cal

' " ' T o
experimental

% e rr

3,75 0,79 18,79 0,950 0,949 -0,1

4,02 1,71 17,70 0,947 0,947 0 , 0

-1,10 0,54 13,95 0,933 0,933 0 ,0

1,30 0,47 12,16 0,934 0,924 0 ,0

4,60 i 0,63 16,42 0,943 0,943 0 ,0

4,30 j 0,42 11,19 0,913 3,918 0 ,0

5,10 '
COinO 15,23 0,938 0,938 0 ,0

5,23 0,51 15,21 0,938 0,938 0 ,0

5,25 0,44 1 V 3 0,910 0,906 -0,4

5,50 0,50 13,19 0,930 0,930 0 ,0

5,60 0,53 15,42 0,939 0,939 0 ,0

5,70 0,33 3,35 0,393 0,398 0 ,0

5,04 0 ,20 6,34 0,364 0,864 0 ,0

6,05 0,34 10,73 0,915 0,915 0 ,0

6,13 0,30 9,62 0,906 0,906 0 ,0

6,17 0,19 6,32 0,363 0,363 0 , 0

6,18 0,27 3,23 0,379 0,332 0 ,0

6,73 3,37 11,89 0,977 0,9^3 0 ,0

6,27 0,15 5,22 0,839 0,339 0 ,0

6,40 0,35 10,96 0,936 0,916 0 ,0

6,44 0,17 5,73 0,351 0,851 0 ,0

6,46 0,26 8,46 0,394 0,894 0 ,0

6,54 0,15 5,27 0,841 0,341 0 ,0

6,63 0,35 1 11,16 0,918 0,918 0 ,0

■
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Taole 10.16 continued

PH j X Xx 1-M1/MQ % erro r

min"' theoretica l exnerinental

6,80 0,13 6,17 0,861 0,861 0 ,0

6,93 0,18 6,35 0,873 0,373 0 ,0

mean % e rror: 1 - 0 , 01..

These results are plotted on Finure 10.17 

Table 10,17

Cor.narison of the Theoretical and Experimental Values of the

Porous Solid ’.oie 1 - un 1.

pH X

min" 1

xt ! 1 - V M C

theoreti cal

1 - V 1 0

exoerinental

v, e rro r

7,05 0,14 3,42 | 0,774 0,774 0 ,0

7,10 0,23 4,75 j 0,826 0,826 0 ,0

1

7,20 0,14 3,47 0,776 0,776 0,0

7,26 0,23 4,02 0,831 0,831 0 ,0

7,31 0,13 3,41 0,773 0,773 0 ,0

7,35 0,10 4,14 0,805 0,305 0 ,0

7,40 0 ,00 2,53: 0,721 0,721 0 ,0

7,42 0 ,20 4.44; 0,316 0,816 0 ,0

7,50 0,05 1,46 j 0,593 0,594 0 ,2

7,70 0,06 1,35 | 0,574 0,575 0,2

mean T erro r

These results are olotted on Finure 1 !.18.
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Table 10.18

Comparison of Theoretical and Exnorir jn t. ' l  V t^os f ; r  t'-ie Porous

Solid Model - Tun 3

% error1- 11/ ' \

theoretica l 'experimentalni n

0,933

0,977

0,971

56,524,47

3,26

2,31

42,022,50

34,352,37.
0,3640,9646,611,362,93

3,20

3,22

0,96225,72

0,9230,33

13,37

\9470,947

0,943

17,910,933,35

16,403,50

0,944

0,943

0,937

6,724,32

0,943

0,937

13,201 , 2 24,10

0,994,40

0,9580,95822,901,554,97

0,93414,10

14,13

5,42

0,9340,955,60

0,9130,91311,030,745,37

0,9250,755,90

0, 1940,395,92

0,1220,226,05

0 ,8660,3666,460,386,13

0,596,17



Tab!? 19.13 continued

pH

1

X

mi n" 1

■ ---------- r
XT 1-Mi/Mg 1-Mi/Mg

theoretical ; ex peri ,n ita l

'!> e rro r

6 ,20 0,57 9,21 0,902 i 0,908 0,7

6,25 0,45 10,35 0,912 0,912 0,0

6,30 0,63 11,19 0,913 0,913 0,0

6,36 i 0,33 3,68 0,397 0,897 0,0

6,40 0,42 7,39 0,888 0,833 0,0

6,42 0,31 6,n7 0,859 0,853 - 0,1

5,50 0,55 12,7'' 0,927 0,927 0,0

6,53 0,50 9,40 0,904 0,904 0,0

6,57 0,31 7,47 , 0,882 | 0,882 0,0

6,68 0,77 14,60 0,936 0,936 0,0

6,83 0,23 5,54 0,347
i

0.347 0,0

6,91 0,23 5,33 I 0,842 0,342 0,0

6,97 0,18 4,13 | 0,807 0,306 -o, 1

7,00 0,58 11,33 0,919 0,919 j 3,0

7,32 0,10 2,47 0,712 0,712 0 ,0

7, 0,14 3,43 0,777 0,777 1 0,0

mean , e rro r

These results are p lotted on Fiquro 10.19









.13 Relationship between r, \\

Fron equation (11.39),i .e ,

VI i q i

vj
1

M

and equation (10.36),i . e .

V o  + CoQo • * C‘Q!

i t  is  found that

t i iO i  ■ V o  + Co^o "  Cl f ) l

or M i  = v ' - i  + :  - -

Oi Oi

i .e.

m .  c -  c,
Qi Qi

But since

th is gives

( C i
Qi

co)

r t li , M b  i i  + i i  (Ci- ^  CJ
Ql V; Ol

(10.45)

(2.43)

or

M i l  « M b  + r
V i  Q i

therefore

r .  1 U , M

where

(10.46)

Q l  :

T -  ±
Qi

Thus, r  versus M/t can be plotted fo r each of the expert ^n<.al
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runs and the theoretical and experimental values compared 

fo r  the slope and the in te rcep t. (The theoretica l value of 

the slope is  in a l l  cases -1  and the intercept ’.Joy v->- ' his 

comparison is niven in Table 11.1 f

Table 10.1?

Comparison of Theoretical and Experimental Values of the Slone 

and intercept

Run no.
1

Slone Intercept

Theo re t ica l .Experimental Theoretical Experimental

1

i
-1 ,00  -1 ,00 13,32 13,32

2 -1 ,00  -1 ,00 20,36 20,36

3
I

-1 ,00  -1 ,00  

___________ ____________—

23,73 23,75

(s ’ e Figures 10.20 - 10.22)
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10.14 Leachino of t :io lino r Ll^ vnts

The results o f the continuous leaching experiments fo r 

each of the minor elements are given in  Tables 10.20

10.2 2 .
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