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PREFACE 

The roasting of sphalerita concentrate is in 

important step In the extraction technology of zinc,. 

Boasting is heating to an elevated temperature, without 

fusion, of ores o.r metallic compounds in contact with 

oxidizing materials,. In order to produce chemical change 

or to eliminate a component by volatilization. In Zinc 

extraction metallurgy, the oxidizing material is oxygen 

or air and the object is ,partial or complete elimination 

of the sulphur in the concentrate,. 

Most of the Zinc extraction plants used circular 

multiple hearth furnace of Mcdougall type for roasting 

of Zinc sulphide until in 1929 burning concentrate 

process of roasting of Zinc concentrate was developed. 

This method, also known as flash or suspension roasting, 

has the advantages of doubling the furnace capacity with 
saving in the cost of fuel and, production of gases rich 
enough in. sulphur dioxide for. acid manufacture. This 

process was, first applied commer. Ially at the Urafs 
chemical plants. 

The recent development in the roasting is the 
use of, fludized bed technique in which the fine solids 
are transferred into a fluid like state through the 
contact of gas'. In 1944, •-Dorr-Oliver company acquired 
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rights to use this technique in the roasting of sulphide 

ores. 

In the present investigation an attempt has been 

made to, study the effects of  temperature, pa a s ty, air 
flow rate and particle size range on the rate of roasting 

of Zinc sulphide. Influence of the heat liberated during 

oxidation  on the kinetics hS been taken into account while 

determining the rate oontpoll ng steps during oxidation. 

This thesis has been divided into four Chapters. 
Chapter- .I deals with the general. introduction to the 

subj ect. 

Literature review is included In Chapter*II and 

deals with the structures, of phases formed during o da' 

"lean, zn. s.o system#  mechanism. and kinetics of oxidation 

and the influence of various variables tin the kinetics 

of roasting of Zinc sulphide. 

Chapter-III gives the description o f the experi-

mental set up and procedure followed in the present 

investigation. ' e kinetics data were obtained by 
thermogravlmetric technique. 

Results obtained from the experiments carried out 
4t 

and a discussion on them constitute the subject matter of 

Chapter IV. Activation energies during the in t.a3, and 
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subsequent stages are of the order of 12.91. Kcal/g.mole 

and 3.17 Xcal/g.mole respectively and diffusive steps 

were found to be rate controlling, throughout the  Oxi-

dation. 

Li 
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INTRODUCTION 

Roasting processes, Which are heterogeneous reac-

tion occurring at the solid-gas interface, are very 

important because they are employed in the extraction 

of number of basic metals like Ou t  Zn, 'b, Ni , Co etc. 

The principal object(')  of most roasting operations is 

to oxidize the sulphide particles to oxides or• sulphates., 

which are required for subsequent treatment and to vola-

tilize certain Impurities. The oxidation is carried out 
without fusing the charge. The oxidation of Zinc suiphide 

falls into this class of reactions. 

Of the ►o processes for extraction of metallic 

zinc, namely retort process and electrolytic Zinc process, 

the latter is superior(2)  for the reasons of higher 

recoveries of all metals present and lower operating 

cost per kilogram of Zinc,,. In either of the processes, 

concentrates containing Zinc sulphide must be roasted 

to convert the Zinc sulphide into Zinc oxide or Zinc 

sulphates . Roasting depends almost entirely on the 

control of temperature and time. The length of the roas-

ting period is usually constant over long periods of 

time. Therefore, the roasting operation is controlled 

by temperature. 



Roasting processes are highly complicated and ,  

there is a lack of knowledge concerning the rate limiting 

factors, which may strongly dependent on temperature, 

particle size, gaz composition,and solid structures. 

Through work has been performed with regard to 
the structural changes taking place during oxidation 

and thermodynamics and kinetics of the oxidation reac. 

t( 3~  ) ion 	. The thermodynamics gives only an idea of 

equilibrium conditions or the extent to which the reac-

'tion will take place, 1 t i't = tells nothing about the 

conditions under which a system will proceed towards 

equilibrium , noth about the mechanism of the reaction, 

So, it becomes necessary to study the kinetics of 

oxidation of zinc sulphide. 

The kinetics study helps in determining the rate 

controlling, step in the overall reaction; and evalu -at.on 

of rate controlling step may help in increasing the 

overall rate of reaction by hastening the rate 

contzoll-ing step. 

Since in extraction processes production rates 

often depend. on chemical reaction rates, there are 

good economic reasons for studying the reaction 

mechanisms and factors controlling the reaction 

rates.. These factors are physical and chemical 
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conditions of ore or agglomerate, gas composition, 

gas pressure, and oxidation temperature. 

In the present work, an attempt has been made 

to study the kinetics of oxidation of Zinc sulphide 

and the effect of -vaxious variables, viz, temperature, 

flow rate of air, particle size of Zinc sulphide and 

porosity of the pallet. 'Thexmo gravime i c technique 

has been used to study the oxidation kinetics. 

_.. 
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L1 TERATURE REVIEW 

2.1  INTRODUCTION 

Oxidation of Zinc sulphide_ single pallet has 

been a subject of both experimental and theoretical 

investigations. The reaction occurring is exothermic 

and may be considered irreversible* The reaction may 

be represented as follows t. 

Zn S s) + 2 a2(g) 	X0(5) + 902(  . 
9) 

o 
Q T 	40595O - 045 T cal /g .mol e 

zinc sulphide. o d Lion is a hetezogeneous 

process requiring transport of gaseous oxygen across 

the porous product layer for continued reaction. It 

has been found that paji-et retains its oiigial dimen- 

sions(4)' . 

Various methods have been employed to sandy 

the oxidation kinetics of zinc sulphide. One of the 

earliest and most commonly used is the gravimetric 

method,. Other methods are volumetric, penetration 

measurement and chemical analysis. 



0 

5 

In the thezmogravlmetric technique '6 , loss 
in weight of the sample due to oxidation is recorded 

with the help of a special balance, or some other sen- 

sitive weight recording technique. Weight of the hang. 

ing sample is recorded . after certain intervals of time. 

The plots of fraction of pellet oxidized versus time 

may be plotted. 

In the volumetric technique , rate of evolu« 

tion of $02  is recorded by absorbing it in slightly 

acidic N/10 iodine solution. The. iodine left after 

the absorption of $02  is titrated against standard N/1Q 

sodium thiosulphate solution. Thus, the amount of 

sulphide converted to oxide can be calculated.. 

In the penetration measurement( 8)  technique, 

the thickness of the oxide shell is measured and 

fraction of pellet oxidi ed is calculated by tiassuming 

even penetration. 

In the chemical. analysis technique,, the 

oxidized pellets can be taken out of the reaction 

chamber at regular intervals of time and are analysed 

for sulphur to know the extent of oxidation. 
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22 CRYSTAL STRUCTURE OF PHASES FOAMED IN ROASTING 

It has been observed that two phases exist 

in the oxidation of zinc sulphide in the temperature 

range 9730 to 1300°K ,• These are, namely, cubic zinc 

sulphide and zinc,oxide. 

2,2.1. Structure of Zinc Sulphide 

Zinc sulphide is partially ionic .compounds It 

consists of two . 4 dttice5(9)., , that of zinc and 

sulphur, of different atomic species interpenetrating 

so that they are displaced from each other by one fourth 
of a cube diagonal;.. Thus, each zinc atom has four. sulphur 

nearest neighbours arrans ed at corners of a regular 

tetrahedron; - The .12 next neighbours of a zinc atom are 

all zinc. zinc sulphide. does not have inversion. 

symmetry about its centre A The crystal structure is shown 

in Fig. 1. 

The cubic form of structure with a lattice parai- 

meter of x..41 1 changes to hexagonal form i.e.,. 
wurtzite type structure, when zinc sulphide is heated 

above 1300 °K. 

2.2.2 Structure of Zinc Oxide 

It consists of..wurt :te .type,structure~l0)., Zinc 

atoms are nearly in the positions of hexagonal close 
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packing. Every oxygen atom lies within a tetrahedral 

group. of four zinc atoms, and these tetrahedral points 

In the same direction along the hexagonal axis, giving 

to the crystal its polar symmetry (Fig .2.) 

zinc oxide is anion d: f :cientt' l)  due to the 
formation of free electrons i.e., non-stoichiometric 
compound, indicating excess of zinc atoms. Thus zinc 
oxide can behave as n-type semiconductor.c/a ratio in 
zinc oxide is 1.602 t 0.00004. 

2.3  Zn-S.O SYST2M 

At low temperaa ures, however, oxygen may 
combine directly with sulphide to form sulphate. But 
some workers(1243)  feel that in all cases the sulphate 
forms. first and then decomposes. into metal oxide and 
X02  at higher temperabires. This fact has been 
derived fromdifferential thermal analyser thermogram 

of ZnS, Fig. 3, and a scheme of reactions has been 
proposed(12) r 

tip 	ZnS+ 202  —+ Znso4(() 	Exothermic with peak at 6500C 

till ZnS + Zns04(1)+ 1 o 	o +2 	Endothermic with..-  2 12 	2 	2 
peak at 52D°C 
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(iii) Zn20 + 02* 2 ZnO Exothermic with peak at 70000 

(iv) Zfl )4(%)- + zng04() Endothermic with peak at 74500 

(v). 3Zn; }4c pr* Zn0.2Zn SO4 1S03 Endo thermic with peak at 
?8óC 

(vi) Zn0.2Zn904—! 3Z.nO +2 $02 ,Endo thexmlc A th peak at 886°C 

It has been found( ' that zinc sulphate decompo. 
ses io the extent of 0.05 % only at temperature 60000, 
but in presence of zinc sulphide the decomposition of 
sulphate is acc el era ted j, The rate of decomposition 

increases with increasing sulphide: sulphate propo ~ 

Lion until it reached to 6 : 1, a £terwhi ch the rate 
remains essentially constant. The percentage decomposi-
tion of sulphate at this proportion 1s 85%. 

The stable bivariant equ.libr.a(15 for zn-S-0 
system at temperature 11000K is shown iri pig. 4',. It is 
obvious that roast,reduction typéof reactions are not 
possible in zinc metallurgy as the field of stability 
of zinc metal is bounded ,by extremely low values of 
partial pressures of oxygen  and sulphur d3,ozide. Also, 

when roaster is operated under conditions of production 
of small amounts of sulphate in the calcine, the yield 
contains basic sulphate, ZnO.2Zn9D4 , not the normal 
sulphate. 
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Zn.S-p phase diagram indicates the conditions for 

the oxidizing or sulphatizing roasting. It 'is proposed 

that at higher temperatures or a gas lean Sri SO2  and 02 
will produce calcine of zinc oxide. Phase diagram clearly 

indicates the sulphate formation begins when percentage 
of SO2  in gaseous mixture of $02-02  exceeds 6.54% and 
the rate of fo rmation of sulphate, which is proportional 
to the amount of S03  present in the system at the equili1 
bzium condition, becomes maximum at 64% 502  in mixture(6)  

At temperatures above 1100°C, Zinc sulphide 
vaporizes 6̀  and the vapors are ox3.dirted to zinc 
oxide,. The structure of this oxide is different from 

that obtained at lower temperatures(T)  , The porous 
syructore which would otherwise have been formed is 

being filled in by the deposition of oxide by the vapour 
phase reaction. 

Transition from cubic' spha,l eri to to hexagonal 
wurifite takes place at - temperature 1300°K, Rate of 
oxidation reaches maximum at this temperature. .A 

further increase in temperature leads to a decrease in 
reaction capability(17)  of the sulphide at the expense 
of the formation of dense reaction product layers which 

grow on the high' temperature wurtzite-.phase base. 

In the oxidation of zinc sulphide at temperatures,. 
above 900°C , penetration becomes very uneven over diffeivent 
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10 
parts of the pellet. This is explained due to thermal 

instability. The thickness of oxide layer impedes the 

escape of the heat of reaction which thereby causes a 

local rise in temperature and results in local increase 

in rate of oxidation(6)  

But, now it has been shown.  that increase in 

temperature is normal and a thermally instable si tua-

tion within the particle of zinc sulphide does not arise 
A maximum temperature, rise of 27°C, for a particle of 

1.0 cm dia oxidised at 961°C, has been found experimen» 

tally which is in very good Agreement wi th the.  computed 

value obtained from a mathematical_ model. Also, it has 

been found that -rise in the interface temperature 

varies linearly(6  with the rate of oxidation of samples 
as shown in l,g.. 5. 

2.4  MECHANISM OF ZnS OXIDATION 

Oxidation reaction In case of zinc sulphide has 

been found to proceed in a topochemical manne ),. In 

other words, as the reaction proceeds, a progressively 
increasing thickness layer. of zinc oxide is formed on 
the outer surface of the sample e' the expense of zinc 
sulphide,. The generalized model for gaseous oxidation 

of zinc sulphide is illustrated In Fig. 6. It shows a 

partially oxidized sphere of zinc sulphide in a gas 
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stream surrounded by a stagnant boundary layer of gas. 

At the ZnS/ZnO interface,. reaction mechanism 

probably occurs in several stages. The oxygen 3s first -

adsorbed on tta the surface of sulphide, forms activated 

complex and then decomposes . to. Zinc o .de and .S . The 

overall mechanism for . the oxidation on o ZnS may be 

represented as fellows -$ 

(i) 	zns + 02 	= zns _..~: q2 (adsorbed) 

(,i) ZnS -M` 02 	activated complex (activated •state) 

(iii) Activated complex 	) fits + SD °(Decomposition) 

(iv) •2 S + 02 	2 

This postulate suggests that SQ exists 9) 

as an intermediate product and the formation of acts va-

ted complex, step 2 , ii the rate controlling.. 

According to second theory(3) ,adsorbed oxygen 

on t the surface of Sulphide results in the formation of 

sulphide complexes ZnS) , Zn304 and dissociation of 

these in znO, and SO2 without formation of any active. 

ted, complex. 

The third theory 2D) suggests that adsorbed 
oxygen .yields electrons: and becomes ncorpora ted in the 

lattice of the mineral.. The electrons neutralize the 

sulphide ions on the nearby surface as it unites with 
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another oxygen molecule adsorbed besides it The SO2 

molecule so formed desorbs and migrates away leaving 
a vacant site on the surface. Another sulphur ion 

may move to occupy this site and continue the reaction, 
but in general the interface advances into the mineral 

to reach more sulphur ions. 

The velocity of reaction is presumably goner

ned by the number of oxygen molecules adsorbed per unit 

area of interface and in accordance with the laws of 

adsorption, rate is proportional to the value of par« 

teal pressure of oxygen in ,the a tno sphere round the 

particles. It is obvious that higher overall reaction 

rates can be obtained by increasing the reaction inter 

face areal. This can rapidly be done by reducing the 

size of the ore particle. 

2.5 1 NEUCS OF OXIDATION 

Rate . equation for a irreversible hetrogeneous 
reaction of a gas with a solid has been derived. by Lu( 2') 
considering contributions of chemical reaction at inter-
phase boundaries and diffusion through the solid product 

layer simultaneously. The equation is given as, 

o 	x 	1 
x•

+ e a 	---- 	---~-   
k1 	2 Doff 



is 

In the derivation of the above rate equation, 

the diffusion rate of gaseous product was not considere&22)  

Of the Tiro terms on the right hand side of rate equation, 

the first represents the contribution of thterfaciaj. 

chemical reaction and the second that of gaseous diffu-

sion. 

2.5.1 Rate Controlling Step in Oxide lion 

The reaction of zinc sulphide. with oxygen is 

a heterogeneous reaction involving several phases among 
- 	 which reactants and products are distributed . All 

reactions occuring at the surface of zinc sulphide 

particle can be divided into following steps s 

() 	Transfer of reactant gas (oxygen) from the 

bulk gas stream across the gas boundary layer 

to the exterior surface of the pallet and 

the reverse transfer . of the product gas t o2) 

(i3.) 	Diffusion and bulk flow of oxygen from the 

pallet surface through the product shell .( 0) 

onto the ZnS/ZnO interface and reverse 

transfer of $ t  
(.ii) 	Chemical reaction at the interface, which 

results in consumption of oxygen gas and. 

generation of $02  gas and heat, at the same 
time the zn core is consumed and thickness 

of ZnO shell increases. 



14 

It I s : obvious that gates .are dominated by 

widely different actc.rs.facto in, addition to the tempera thre  

gas composition and concentration. gradient involved 

Slowest step among these controls the overall rate of 
oxidati-onr The following assumptions 	are made in 
evaluating the rate controlling step : 

(I) 	The increase-in temperature of interface is neglected 
i.e., no temperature gradient exists wi thin the 

part.cle,. 

(ii) Reaction proceeds symmetrically, 1.e., reagent 

and product transfer rates are spherically 
symme ,cal.. 

(III) An average porosity and permeability can, be assigned 
to the product layer,. I.e., the densificatton and 

growth of ZnO crystals 3,n . the. oxidized shell are 
neglected. 

(&v) Product layer has no catalytic effect on the 

reaction. 

(v) Oxidation is pictured as 'being Quasi Steady- 
State. 

The quas -i steady-state assumption, permits 
that the product generation rate may be related to the 
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reactant consumption rates,. For oxidation reac'i.on, the 

rate may be defined as, 

d 
	 ! 

2 

The oxidation rate may be rely ted to the rate 

of conversion of ZnS to 21IO, , i .es. weight loss, by the 

following aqua tton, 

do ) Zn5 0 	t d ~ 	
(ii) 

d t 	 ],b 

The analysis of the various rate controlling 

steps is given below : 

(i) Gaseous Film Resistance A stagnant boundary layer 

o gas is formed around the sulphide particle and this 

layer offers a resistance to the gaseous reactant and 

product to come at the surface of the oxide from the 

main gas stream and vice versa,. Therefore, the rate 

controlling step is called 'Gaseous film resistance'. 

Mass transfer to and from the surface of the pallet 

occurs simultaneously by molecular diffusion and 

convection mechanism. 

For spherical pallet, rate of conversion of 

ZnS to Zno is given as, 
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()= Cs  , 4 Dr2  t ar 	 (iii) 
dt 

And, fractional oxidation 'f' is defined as,. 

sulphur converted  tD  oxygen 	 3 

Total sulphur 

P.M 	(b) 
	(0) 

ro  C8,. 1 T 	02 	0 t 	(iv) 

in the ''above equation, the mass transfer coefft- 
cent, the: pallet radius and concentration of sulphur 

are approximately indàpendànt  'o of time and thus a plo t 

of 'f! veesus t' should give a straight line if gaseous 

film resistance is the rat -controlling step. 

The rate. of oxidation based on ,step (I) depends 

on flow characteristics of the system, such as the mass 

velocity of the fluid stream, the size of the pallet .,. 

and fiffusional characteris#tcs'of the fluid Involved 

• . (ii) Shell Layer Resistance , According. 	this the 

diffusion of the gaseous 'reactant and product through 

ZnO layer is the rate controlling step. The diffusion 

across the product phase, ZnO, may take place by either 

molecular or knudsen gaseous diffusion through the 

pores of oxidized shell,. Rate of weight loss of ZnS 
pallet, as,der ved by ost(2  using mathematical 

formulation, is given below 



1.7 

(d 	o ( W 	 (v ) 
2 ra 

Rate  based on step (i) depends on degree of 

porosity of product shell, the dimensions of the pores, 

the extent d'o which they are Interconnected, the size 

of the pallet, the thickness of product shell and the 

diffusional characteristics of the system. 

(iii) Interface Resistance-* Chemical reaction occuring 

at the interface is the rate controlling, step,. The 

process of oxidation is thermally activated and for 

this activation energy is .required to continue the 

rea ctton,. 

The rate of consumption of oxygen and formation 

of sulphur dioxide due to chemical reaction is propor* 

tional to the area .o of the receding interface, The rate 

of weight loss is given as follows : 

3.?...,k. ~ (4 r raj 	[c ]~ 	(vi) 

The following equation is also true in case of 

chemical reaction rate controlled, which is derived 
from equation (vi), 

r 

	

32 	 o(b 
	(vii) • (i f)113 

	= 	 f 
1 	

G 	t 	(v
2 
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is a plot of {i. (l .)1/31 Vs t' should 

• yiold a straight line if the chemical reaction at the 

interface Is the rate controlling step for the process. 

The rate based on step (II) depends on the 

activation energy or the process, the mechanism of 

reaction and the interface area available for the 

reaction,. 

Thus the oxidation of ZnS is either diffusion 

controlled or chemical reaction controlled, because 

gaseous film resistance plays role no more once a 
'plateau' . is established (24)  . After this 'plateau' 

region rate is virtually independent of gas velocity. 

It was believed earlier that oxidation of ZnS 
was chemically controlled (7)  at lower temperatures upto 
83}00.. The oxidation rate was found to be linear. except 

at higher temperaturee where the experimental value 

came less than that of predicted by calculations;. This 

was attributed as either diffusion controlled or the 

self heating 	of the pallet at the reaction inter. 
facet: This idea was also confirmed by the fact that 

above 830°C, corners of ZnS crystal began to show a 
rounding and penetration became uneven(7)  . This is 

clearly what would be expected if the diffusion of 
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oxygen or sulphur dioxide through the oxide layer was 

becoming significant as 8 rate controlling factor. 

Activation energies obtained by different i rkers 

from the Arrehenius plot of these rates are given 
below s 

Activation a rgy 	 Au tho r 
~r+rrrrrir yr ~ __-_i r irrr~s  

50 3 KCcl/g.- mole 	Cannon & Denbigh"' 
57.5 Kcal / g,mole 	Dimitrov & Paulin 
60.3 KCa1 l' g.mole 	Ong, Wadsworth and Fassell(6) 

• But , now .it has been confirmed by various 

workers that process of oxidation of Zn$ is predominantly 

Controlled by shell layer transport at the temperatures 
above 70000 i. The activation energy values found out 
by various workers are given below 

Activation Energy 	 Author 

2(.9 KCallg.mole 	Rao and Abraham(R) 

3.0 KCai/g.mole 	.Denbigh & Beveridge(4) 
3,.5 Kcal/g.mole 	Ceriach, Stichel & Fzzbergba . 
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2.6  FACTORS AFFECTING RATE OF d)DATTON 

The kinetics of oxidation of ZnS is markedly 
influenced by the process variables such as temperature 

of oxidation, gas flow rate, oxygen, concentrationconcentration, poxo 

sity and particle size, size of the pallet and impurities 

present in Zn oreL. The role played by these process va, - 

abl,es is discussed below. 

26 .1.   Effect of Temperature 

Oxidation of Zinc suiphidd is a thermally acti. 

va ted process, therefore, the rate of oxidation  increases 

with increase in temperature{5  •. By increasing the 

temperature diffusion rate is increased. The effect of 

temperature on thefractional oxidation, i.e., oxidation 
rate, is shown in Fig. 7. Increase in fraction oxidized 

is less in the early stages then in the. later stage 

with increasing temperature. This is a ttr i:bu ted to the 

fact that zn© shell grows thicker with time and the 

po cro si ty of Zna i. s more than that of ZnS . 

26.6,.2  Effect of Gas Flow 

When the flow rate is Tow the reaction,  rate is 

found to be strongly dependent on the velocity of gas. 

Increasing flow rate increases the reaction rate till, 

a plateau is established and after that the reaction 

rate is virtually independent of gas velocity 
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Thus$  it may be concluded that by increasing 

the 'air factor'; which is ratio of air supplied to 

stoichiometrtc amount of air, within, the 'plateau' 

region , the rate of oxidation increases(26)  . It 

has been found that increasing the flow rate of air 
than required for stoichiometric amount of 7.. litres! 

hr for 5 gm sample having 31.92 S has negligible effect 

on the rate of oxidation. 

2.6.3  Oxygen concentration 

Studies of rate of oxidation as a function of 

oxygen concentration have indicated(')  primary single 

site adsorption followed by decomposition of surface 

sites. The absolute rate of reaction depends on the 

ratio of number of reactive sites covered by oxygen to 
the total number of reactive sites. As the oxygen 

xoncentration in 02  • N2  gas mixture is increased, 

the number of covered sites on the, surface in a given 

time increases and rate of reaction increases as 

shown in Fig. 8. 

2.6.4  Porosity and Particle Size 

Other factors remaining constant, rate of 

oxidation increases with increase(5)  in porosity 
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and decrease in particle size. Increased porosity 

facilitates diffusion while smaller particles offer 

more surface area. The effect o£,porosity on the 

fractional oxidation is shown.  in Fig. 9,. The following 

equation explains the sign foance of porosity on the rate 

of conversion of ZnS to Zn+O 

d 	= 1 A Go 	- C 
d 	

(viii) 
Zn5, 	 c 

Thus the rate of oxidation is directly propor-

tional to the porosity. 

2.6.5  Pellet Diameter 

It has been found that under same experimental 

conditions of temperature, gas composition and so forth, 

the smaller the pellet size, faster will be the complete 

conversion(5)  .. Fig;. 10 . This is attributed to the 

fact that in smaller pa lets diffusion path becomes 
less. 

2.6.6  EFFECT OF IMPURI II ES 

Main impurities commonly found with Zn ore are 
As2  S 	, FeS and 510 	: 	}b t 5 . 	and Fe203 	which 

are almost 	always present in roasting operation act 
as catalysts and promo' the following reaction. 
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2502  4.0 = 2 $03 	 .4..6 KCa1/g.moie• 

So , some of the 9D2  foxtn& by burning of 

sulphur combines with 02  to form 50 . Thus formed 

$03  in turn reacts with ZnO to form Zf$04  . 

ZnO . 4 503  904  A,H .. 54.5, 	KCal/g.mole. 

Whether the sulphate will fozm or'not depends 

upon 

(i) the partial pressure of $03  in roaster gases, 

(ii) the temperature, which determines dissoc„ a 

lion. tension of sulphate,. Any sulphate will 

form only when partial pressure of S03 is 

greater than dissociation tension of sui, pha to . 

Formation of sulphate is promoted by low 

roasting temperatures and high 9D concentra- 

Lion. At high temperatures, sulphate decompo1-

ses to ZfnO and 3D3  

It has 'been found(S) that when Fe 3,s upto 5% 

in (zns + Fed} compacts, oxidation rate_ is not affected 

whereas 10% Fe as FeS lowers the oxidation rate 

considerably and formation of ferrite takes place,. 

Formation of zinc ferrite is enhanced with the increase 

of flow rate of air above the stoichcnetric, amount 27} 
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Therefore, atmosphere prevailing in the roaster should 

be slightly oxidizing or neutral. 

Amount of zinc ferrite is negligible when 

o xtda tion temperature is lower than 650°C, but it rapidly 

increases above 65p0C. Zinc ferrite formed at, tempera- 

tares above 6500  C is nsoluble) in the weak, spent 

electrolyte ( 	2D0 gm per litre H2$04  ) normally used 
as the solvent in the.  electrowinning of zinc and zinc 

thus tied finds its way into the leach residue. 

There is a tendency towards decreased -formation 

of ferrite at the higher roasting temperatures. The 

conversion of iron t& zinc ferrite is 14 percent 
lower at 11500C than at 9500C . The scant data on the 

properties of zinc ferrite prevents a therm dynamic pre- 
diction of the reactions involved, and the mechanism 

is suggested to be replacement of zinctte by ferrous 
oxide, 

: [no  s: Fe203 I = 3 ZnO + 2 [FeO . Fe2O3  J+ 1 a2 

.l .ch present in the ore forms Zinc silicate, 
Zn2SEO4.H20 , which forms silicic acid on reacting with 
H2SO4  and hampers filtration and 	g 	during 

subsequent operations-. Zinc silicate Formation is ml ni- 

mined by using 02  enriched air as this shortens the total 
oxidation time 29), 





ER'IMENTAL WORK 

3.1INTROLVC ON 

As already stated, several methods are available 

for studying the roasttng kinetics of sulphide minerals,, 

having their own merits and demeri. is . In the present 

work theinogravimetric technique has 'been employed with 

the help of single pan balance with certain modifi,ca-

ttens having sensitivity of the order of 0.1 mg. This 

method hs the following advantages, 

() single Pallet is required for. each run 

(ii)i t consumes lesser time for each experiment, 

(iii) this method is more accurate than any other. 

3,.2 MATERIAL USED 

Zinc sulphide in the form of powder of commercial 

purity was used to carry out the present investigation. 

The powde3 analysis is as under 

Zn 65.41 wt 

S 	33.15 " 

Fe ©•91 " 

This zinc su, phide(30) was heated at  450°C for 4 hours 

to convert Fes present in it to Fe2O3 t. After heating, 

the powder analysis is as under 

Zn 	• 65.52 wt. % 

S x32.60 a 
Fe -0.93 
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3.3  EXPERIMENTAL SET UP 

The schematic diagram of the experimental set up 

used to carry out the work is shown in Fig. .Ua ., and the 

general view is shown in Fig. 12. It consists of following 

parts • 

(a) 'Air compressor 

(b)  Drying and. Purifying unit 

Cc) P3owmeter with manometer 

(,d) Preheater 

(e) Reactor 

(f Balance 

3L.3(a)  Air Compressor 

Air required for oxidation of zinc sulphide pallet 

was supplied by an air compressor-.. The rating of the 

compressor was 

H.P. - 4, 

r.p.m. = 750 

Max .pressure = 54t icg/cm2  

3.3(b)  Drying and Purifying Unit 

It consisted of two separate units, one, for 

air drying which consisted of three bottles specially 

built for this purpose, having concentrated H2304 , 

anhyd ous Cadl2  and third empty,, and one for nitrogen 

purification which consisted of two bottles, one filled 
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with alkaline pyraga lol for removal of oxygen and other 

empty. The empty bottles were placed at the end of each 

unit to prevent substances contained In previous tubes 

from going into the preheating. furnace.  

3.3(c) Flowmeter with Manometer 

The, air flow rate was measured with the help 

of an ortftcemeter which was calibrated against a wet 

gas flow meter. The design of the orificeme4er is shown 

in Fig. , z(b) . Manometer was placed at an angle of 30 

from horizontal. 

3.3(s) Preheater 

It consists of a mild steel .tuba of 1.25 cm 

diameter and. overall length of 150 cm placed in, a 

sUh main .te tube furnace, of 2.54 cm, Internal diameter. 

The temperature in the tube was . contra .led by ch'matel 
alumel thermocouple and energy regulator within the 

limits of t  5°C 

3.3  (e) Rem 
The furnace tube was of alumina, having inter. 

nal diameter 5 cm and overall length 90 cm. The wind 

Ing was done by 18 SWG Kanthal wire# The resistance of 

the furnace was 25 ohms. The alumina tube was then kept 

in a cylindrical steel shell o.f dimensions 45 cm diameter 

and 60 cm length and the space between the tube and shell 





was then packed with asbestos powder. The ends of the 

shell were then closed by nuts and bolts. 

The temperature of the furnace was measured by 

a A .. pt/13% Rh thermocouple inserted into the furnace 

tube from the top end. Bare end of the thermocouple 

was about 0.5 cm above the upper and of the sample 

and about 1.5 cm away from the centre line of the alumina 

tube.. The temperature control was maintained within the 

limits of t 50C over a 15 cm central zone by means of 
a Sunvick energy regulator. 

3.3(ff , Balance  

he balance used was a single pan analytical 

balance, owe Labor type 707.04, specially modified bo 

that the pallet can be suspended by a thin platinum wire 

from the pan of the balance. The balance was one of the 

apex tad c projection typo, reading upto .100 mg on the 

illuminated scale to a sensitivity of 0.1 mg,. The zero 

of the balance was checked after, each run of the expe' 
riment . 

3.4  EXPERT MENTAL PROCEWRE' 

Various steps involved in the procedure are 

described below 

3,E•4't  ..  Pellet Making  • 

The heated powder, free from any Pe$, was  ground 



to a size of -100 +240 # and- was pressed in a die of 

155 cm internal diameter at a constant load of 3 tons 

for 2 minutes. The pellets were then heated at 0°C for 

2 hours to remove water and lubricating oil adhered on the 

surface;. Now porosity measurements were done.. Porosity of 

these pellets were also determined. 

3,.4.2  Roasting of Zinc Sulphide Pellets 

The roasting studies were carried out by suspending 

the pellet in the reactor at the required temperature. The 

reactor was flushed by nitrogen for 5 minutes before introduc-

ing the pellet;. The preheating furnace was heated at tempera-

ture 2500 less than prevailing in the reactor. Pellet was 

heated for next 1.0 minutes in nitrogen atmosphere to bring it 

at the required oxidation temperature. 

Now, nitrogen supply was put off and air was passed 

from air compressor at a sate of 504 cc per minute. Oxidation 

began and the loss in weight of the pellet was noted at 

regular intervals of time.. When oxidation was nearing comple" 

tion i.e., negligible weight loss#  air supply was put off and 

pellet was cooled and taken out,,. The above procedure was 

repeated with .different variables of interest such as tempe-

rature, flow rate of air , porosity of the pellet and 

particle size range of the pellet. 
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The rise in the temperature of interface S/Zno 

was noted at different temperatures of oxidation by 

placing a pt•Pt'13% flh thermocouple in the small 

gzoove made in the side of the pellet. 





RESULTS '+ND DISCUSSIONS SSIONS 

4.1  RESULT$ 

The experiments for the oxidation o f, i$ were 

carried out at various temperatures viz. 800, 8500 900, 

950 and 10000C. The results of these studies are listed 

in Tables I to V and are also plotted graphically in 

Fig..13. The. progress. of the oxidation reaction is 

represented in., teams of. ,; fractional oxidation;. It has 

been also, observed...th*t,. during the initial period the 

interface tempera tore. of the .pellet was higher than its 

surroundings. This is shown in Figs. 14. fbwever, at all 

temperatures, the. nterface temperature levelled off to 

the temperature, of the,. surroundings after about 3 to 4 

minutes and remained constant during the subsequent 

oxidation period lasting about one hour, 

The._ effect,..of.air flow. ra.te.on the oxidation 

behaviour of znS pellet is .11ustrated. in P.... 15, 

which clearly. Lnd sates that the oxidation behaviour is 

unaffected by increasing, the., flow. rate above 500 cc per 

minute: The effect o.f, particle., size range, and porosity 

of the pellet on the oxidation kinetics are shown 

in igs 16 and 17 respectively and the results are 

tabulated in Table VI.. 
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Sectioning of the partial ,y roasted samples 
con finned that, in the temperature range of interest, 
the reaction was always topochemical in nature. A photo.. 
graph of a partially oxidized pellet of ZnS after section- 
ing is shown in Fig. 18. 

A theoretical curve between fractional oxidation 
and fractional thickness for a pellet of 1.55 cm diameter 
and 1~.p4 cm height is plotted by using the following 
equation and is shown in Fig. 19., to determine fractional/ 
thickness at various experimental values of fractional 
oxidation. 

f 	l( luth)2 ( a •) 	(,x) 

Now these values of fractional thickness and its 

square are plotted against time and are shown in Figs. 

20 and 22 respectively. 

The specific reaction rate constants values are 

then calculated with the help of plots_ shown in Fig,. M 

and 22,. The log of specific reaction rate constants are 

plotted against the reciprocal of the absolute temperature 

which are shown in Figs. 21 and 23 respectively. The values 

of activation energies found for the intial and subsequent 
12-11 	 3.17 

periods of roasting are 8- KCal/g. mole and 	. KCal/g. 
mole respectively. 

4,.2 DISCUSSIONS 

The experimental data are first analysed to 

determine the mechanism of the oxidation reaction and 
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then the effect of various variables on the kinetics of 

oxidation of zinc sulphide are explained on the .basis 
e£ zinc s4pbi4e pare expi1a fled o the ba o f the 
mechanism involved in the reaction. 

4.2.1  Mechanism of Roasting 

The possible rate controlling steps in the 

oxidation of ZnS pellet in a stream of dry air may be 

9roupped as, 

(a) Gaseous film resistance 
(b) Shell layer rest. stance and 

(c) Interface resistance. 

Gaseous film resistance is not the rate controlling 

step as the oxidation rate has become virtually independent 

of air flow rate after= it exceeds '500 cc per minute as 

shown in Fig. 15. Therefore it appears that in the initial 

period when the product layer is not sufficiently thick, 

the reaction at the interface is likely to be the rate 

controlling step, to be followed by the diffusion controlled 

process as the znO layer is built up,. In addition, heat 

transfer effects have to be taken into consideration 

while deciding the rate controlling step during the initial 

period as the pellet temperature increases during the 

initial stage of roasting. 

Y 
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First, chemical reaction at the interface is 

assumed to be the rate controlling step,. Thus the plot 

of d - (.L.£) 1 l versus time should give a straight 

line,. This is true in case of a speherical or. cylindrical 
pellets with height to diameter ratio unity,. In case of 

different(31)  cylindrical geometries, a plot of fractional 

thickness 'th' versus time should give a straight line. 
' 	 y 

A graph between fractional oxidation and fractional 
thickness is plotted assigning different values of 'th' 

in the above equation and calculating corresponding values 

of 'f' k. These values are tabulated in Table VII.. and are 
plotted in Fig,. 19. Now a plot ..between fractional thickness 

and time is drawn and is shown in Fig.. 23. It gives straight 

line for the Initial period of about 3 minutes which is 

positive indication of the chemical reaction control,  me-
bhanism. 

By measuring the slopes of these lines in FLg.2), 
specific reaction rate constant M k' values are calculated 
and are shown in Table VIII. Values of log '.k' are then 

plotted against reciprocal of absolute temperature and is 

shown in Fig. 21. Value of activation energy is determined 
from the slope of line of Pig. 21, which comes out to be 

12.91 KCa1/g.mole,. This value of activation energy is not 
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the suggestive of a chemical control mechanism as it is 

too small. 

Further, the interface temperature of the pellet 

has been found to be more than that of surroundings, 

effect of heat transfer, during the initial period, on 

the mechanism of the oxidation should be considered,. For 

this, theoretical reaction rates during the initial 

period based on the concept of mass transfer and heat(24) 

and mass transfer are calculated with the help of equations 

(x) and (d.) respectively and compared with the experimentally 

observed values of oxidation rates. The calculations 
involved in determining the theoretical rates are tabulated 
in Table IX and the rates comparison is shown in Table X. 

The two equations developed by Hills(24) used for 
calculating theoretical rates, are given below 

2j G 

jDejf]  

a ~o 

Ra G . 

2 ( 2a+1) ( efff ro 

C x) 

and 	 •C3 

H•M 	 I~~ r 
2 T' (2a+1) Fro 	;* 	^ r 

a 



w 
It is obvious from Table X that theoretical 

reaction , rates based. on mass .transfer concept are always 

higher than the corresponding experimentally observed 

rates at all temperatures. While there is a satisfactory 

agreement between rate values calculated on the concept 

of heat and mass transfer and experimentally observed 

values. Thus it may be concluded that during the initial 
period of oxidation, heat and mass transfer is .the rate 
controlling step. 

F+or the subsequent, period of. oxidation shell layer 
resistance is assum.ed.,tp,. be; the rate controlling step. 
Chemical reacti©n .control ,cannot be operat . d•during this 

period as. the plot bet teen fractional thickness and time 

is no. more li~near.. ,To, ascertain, the, rate controlling step, 
and@ri s(32) 

diffusion  model. is ,appi & to the experimental 
data, This model assumes unidirectional, bulk diffusion 
and that the increase in' the,, thickness of product layer 

follows the:..parab©l.ic rate law. 

Now a graph between square of the fractional 
thickness .and time is plotted ,which gives straight line 
during the subsequent period only and non-linearity is 
Observed during the initial period as shown in Fig. 22. 

By measuring slope of the lines of Fig,., 22, specific 

reaction rate constant (k) values are calculated and are 
shown in Table xit. The values of log k are then plotted, 

against reciprocal of the absolute temperature (Fig,. 23) 
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By measuring the slope of this line value of activation 
energy is determined and comes out to be 3.17 KCei/g.mole. 
The linearity of the. plot between (.th) 2 and time and 
small value of activation energy can be taken as positive 
indication for the diffusion controlled mechanism during 

the subsequent period:. 

Thus it may now be concluded that diffusive steps 
are rate controlling throughout the oxidation. 

4,.2.2.  Effect „of Variables on the Kinetics of Boa 

On the basis of prevailing mechanism during oxida.. 

tion period, results of various variables on the oxidation 
kinetics are explained below : 

(e)  Effect of Temperature +  The effect of temperature 
and time on the oxidation kinetics. is self evident from 

13,• In general at, all temperatures the reaction is 

rapid in the initial stages and slows down considerably 
in later stages. It is explained as due to the increased 
diffusiona1 resistance as a result of the progressively 

increase. in the thickness of product layer. The increase 

in the rate, of oxidation with the increase in temperature 

happens because of increased diffuslvitjes and mass transo. 
fer coefficients. 

The release of exothermic heat is indicated by 

the rise in the interface temperature from. that of surround- 
4 n , t.. _ ¶h4. ...,- -.1, _ _.__!t _ t. _ - .i. __ ` z _ _ 	_ _ s 
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controlling the rate of oxidation during the initial 

period of oxidation,. 

(b) Effect o f r P1or -Rate w To study the effect of air 

flow rate on the kinetics of oxidation, the air was passed 

at 500, 1000 and 1500 cc per minute. The results are shown 

in Eig. 15 k. It has been found that increased flow rate 

beyond 500 cc per minute, has no effect on the o t.dation 

kinetics of ,znS.. It is an Indicative of the absence of 

gas starvation and that the plateau is reached before the 

air flow rate reaches 500 cc per minute. 

(c) Effect of Ibxosity and Particle Size  - Other factors, 
remaining constant,. rate of oxidation increases with 

increase in porosity and decrease in particle size,,. 
Increased porosity facilitates diffusion so that faster 
diffusion of air takes place and rate increases. Smaller 

particles offers more surface area for the reaction 

there iy increasing the oxidation rate. 

In the present investigation, the porosity of 

the pellets were 42.6% , 48.5% and 55,.1% and size ranges 

of particles were .60 + 100 * * •100 + 240 # and 

.240 + 300 - 	. 
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CONCLUSIONS 

On the basis of results and discussions, following 

conclusions can be drawn. 

.) There is rise in the temperature tf zinc sulphide 
sample in the initial period du;e to conversion of 

zinc sulphide to zinc. oxide. The temperature diffe. 
rence between sample and surroundings is levelled off 
in the initial 3 to 4 minutes and remains constant 

during the rest of the period lasting about one 

hour.. 

(2) The values of activation energies are found to be 

12,.91 and 3.1,7 KCal/g .mole In the initial and final 

stages of oxidation respectively. These.values suggest 
that the oxidation process is diffusion controlled. 

(3) The effect of heat and mass transfer,  on the overall 

rate, is significant at the beginning of the oxidation 

-process'when the product layer thickness is small. 

(4) Increasing flow rate increases the rate of oxidation 

upto 500 cc per minute and beyond 'this oxidation rate 

is independent of air flow rate. 
(5) The increased porosity increases the oxidation rate 

of,  zinc sulphidd sample... 	. 
(6) The decreased size of the particles of . nc sulphide 

increases the oxidation rate.. 
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TABLE ,I 

EXPERIMENTAL. RESULTS OF ROASTING OF ZnS 

Temperature 	800°C 	Flaw' rate 500 cc mmn4  

Po z s ty , ` : n  , (42.2 t-  i .2)%  Weight of sample 4.6496 

Si. Time Weight los Fractional ` Ezactiona ,. 2. 

{Ohl No. (minutes) 
(9m) o 	;da 	on( thickness 

(th) 

1 1i  '0A191 0.025 0.008 0.000000 

2 2 0.0400 0.050 0.016 0.000262 
3 3 0.0613 0.081 0.026 0.00068 
4 9 O..,840 0.243. 0.078, 0.00610 
6 15 0.2582 0.3400. 0.110 0.01210 
6 25 0.3423 O.45 ► 0.455 0.0 2400 
7 35 0.4011 0.529 0.189 0.03560 
8 45 0.4392 0.580 0.214 0.04606 
9 55 0.4814 0.634 0.242 0.05814 

10 65 0.4885 0.648 0.250 0.062501  

Calculated from Fig. 13.,  

4 / 



44 

FABLE II 

EXPERIMENTAL RESULTS OF ROASTING OF ZnS 

Temperature 8500C 	 Flow rate 500 cc mind  

Porosity (4.22 t 1.2)% 	Weight of sample 4.6852 gm 

S Time Weight to Fractiona Fractional (th) 2  
No. (min.) (gm) oxidation thickness 

(l (#h) 

1 	1. 	0.0273 	0.035.. 	0.012 	0.00014 

2 	2 	0.0547 	0.070 	0.024 	0 .000 58 

3 3 0.0855 0.112. 	. 0.036 0.00131 

4 9 0.2152 0.J. 0.091. 0.00811 

5 15 0.2852 0.374 0.122 0.01484 

6 25 0.3434 0.449 0.155 0.02405 

7 35 0.4125 0.540 0.196 0.03846 

45 0.4 591 •8 0.601 . 0.222 0.04904 

9 55 0.4972 0.650 0.20 	. 0.06250 

10 65 0.5133 0.671 0.262 0.07014 

* .Calculated from Fig. 13. 



45 

TABLE III 

CPERIMENTAL RESULTS OF ASTI3 OF ZnS 

Temperature 	900°C 	 Flow rate 500 cc min' l  

Porosity 	(42.2 t 1.2)% 	Weight of sample 4.6627 gm 

S Time Weight Fractional Fractional (th) 2  
No. (minutes) loss oxidation thickness 

(9m) () (th) 

1 1 0.06 0.04 0.014 0 .000 2D 

2 2 0.0686 0.09 0.030 0.00090 

3. 	:. 3 0.995 0.131 0.044 ..0.00196 

4 9 0.2600 0.342 0.111 .0.01211 

5 15 0.3193 0.420 0.142 .,0 .004  

6. 25 O.381l 0.513 0.182 0.03276 
7 35 0.4422 0.581 0.216 0.04656 

8 .45 0.4481 0.643 0.246 0.06016 
9 55 0.5183 0.681 0.27'0 0.07290 

10 . 65 6 05291 0.695 0.277 0.07319 

* Calculated from 'Fig. 13 
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TABLE IV 

EXPERIMENTAL RESULTS OF ROASTING OF ZnS 

Temperature 	9500E 
	

Flow rate 500 cc min-1  

Porosity 
	

( .2 t 1.2) % 
	

Weight of sample 4.6128 gm 

S. 
No . 

Time 
(minutes) 

weight Fractional 

oxidation 

Fractions 

thickness 
( th)  2 

1OS s 

(gm} (f) (th) 

1  1*  0.0452 0.060 0.02D 0.00040 

2 2 0.904 ' 0.120 0.040 0.00160 

3  3  0.136, 0.181 0.60 0.00360 

4  9 0.2882 0.383 0.126 0.01586 

5 15 0.3234 0.430 0.150 0.0 2250 
6 25 0.4110 0.544 0.194 0.03746 

7 35 0.4521 0.600 0.225 0.05045 
8 45 0.5414 0.671 0.262 0.06804 

9  55 0.5280 0.701 0.281 0407801 
10 65 0.5382 0.715 0.238 0.08304 

Calculated from Fig. 13. 
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TABLE p 

EXPERIMENTAL RESULTS OF ROASTING OF ins 

Temperature 	1000°C 	 Flow rate 50 cc min 1  

Porosity 	(42.2 t 1:2)% 	Weight of sample 4.5989 gin 

Time weight 
S. 

 Fractional Fractional 2 

No. (minute) loss oxidation thickness (th) 

(gin) 'f' 'th' 

1 1 0.0525 0.070 0.024 0.00058 

2 :2 1..0499 0440 0.047 00.00 230 

3 3 0..1655 Q .221 0,.0725 0.00518 

4 9 0.3221 0.430 0.150 0.02250 

5 15 0...3636 0.512 0.182 0.03244 

6 25 .0..4372 0.563 0.216 '0.04646 

7 35 0. .4810 0.641 0.242 0.05954 

8 45 0, .5092 0.680 0.268 0.07204 

9 55 0.5413 0.7 23 0.296 0.06816 

.10 65 0.5506 0.735 0.304 0.09242 

Calculated from Fig. 13 



TABLE VI 

EXPERIMENTAL RESULTS OF ROASTING OF Zn$ 

Temperature 9000C 

Flow pow part. Initial Time Weight Fraction 
S. rate sity cle weight (minutes) loss al 
No size °£ ( gm) ox~.datio 

(cc. (%) {0) sample   (gm) { 	} 

mini ) 
1 2 3 4 5 6 7 8 

	

3 	0..t015 	0.135 

	

9 	0.3006 	0.379 

	

1 500 42.6 a100+ 4.6124 15 	0.3162 	0.420 
240 	 25 	0 .3854 	0.512 

	

35 	0.4383 	0.583 

	

45 	0.4811 	0.639 

	

55 	0.5124 	0.681 

	

65 	0.5221 	0.694 
r a a r w a r +w r - w r ar iw - • .W a rr a r w. +. r. w w r 	r 	a r .i 

	

3 	0.1261 	0.181 

	

9 	0.2525 	0.362 

	

15 	0.3483 	0.449 

	

2 500 48.5 -100 4.2734 25 	0.3802 	0.545 
+240 	 35 	0.4292 	0.616 

	

45 	0.4654 	0.667 

	

55 	0.4948 	0.709 

	

65 	0.5127 	0.725 
r r a a r a w r r w r r a a die r r - a a r r a s r a `. +r 1. a r a 

	

3 	0.1241 	0.212 

	

9 	0.2407 	0.410 

	

15 	0.2936 	0.502 

	

3 500 55.1 -100 3.5826 25 	0.3517 	0.600 
+240 	35 	0.3971 	0.678 

	

45 	0.4211 	0.717 

	

55 	0.4392 	0.751 

	

65 	0.4489 	0.766 

4 1000 42.2 -100 
+1.2 +240 

3 0.0991 0.132 
9 0.2413 0.318 

• 15 0.3174 0.420 
4.6328 	25 0.3861 0.511 

35 0.4416 o.5ai 
• 45 0.4731 0.626 

55 0.5164 0.683 
65 0.5259 0.695 
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Table V1 (Contd..)  

8 23 4 5 6 7 

3 0.0988 0.131 
9 0.2357 0.312 

15 0.3132 0.415 
5 1500 	42.2 -100. 4.6284 25 0.3848 0.510 

1.2° +240 35 0.4441 0.589 
45 0.4831 0.641 
55 0.5193 0.688 

S r r, rY r - s a r r w a - • a 
65 

S - w — w 
0.5243 — r 	- w 

.0.695. 
r a - r ry 

3 0.712 0.094 
9 0.1731 0.229 
5 G2423 0 320 

6 500 	42.2 -60, 4.6421. 25 0.333. 0.441 
1.2 +100 35 0.3974 0.526 

45 0.4343 0.574 
55 0.4692 0.621 
65 0.4869 0..643 

w w • w r w r r r w -. w — M r r r 	• • • r 	is w- 5 • 	.. S * w M ar 

3 0.1291 0.171 
9 	. 0.5732 .  0.362 

15 0.3396 0.450 
7 500 	:42.2 '240.. 4.6411 25 0.4106 0.543 

t 1.2 +300 35 0.4619 0.611 
45 0.5086 0.673 
55 0.5263' 0.698 
65' 0.5412 0.718 
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TABLE VII 

VALUES OF FRACTIONAL THHL CKNESS AND FRACTIONAL 
OXIDATION FOR TOASTING OF ZnS PELLET WITH 'a' 

EQUAL To 0.672 

S. Fractional thickness Fractional~oxidation 
No. 	(th) 	 f 

1 	 0.01 	 0.035 

2 	0.05 	 0.148 

3 	0.10 	 0.310 

4 	0.15 	 0.440 	.. 

5 	0. ' 	 0.552 

6 	0.25 	 0.648 

7 	0.30 	 0.731 

TABLE VIII 
SPECI FTC REACTION RATE CONSTANT (k) VALUES AT DIFFERENT 

TEMPERATURES FOR ROASTING AF 7 5 

1 X04 	Specific reaction 	log k 
S. No. 

 
Temperature 	T 1 	crate constant (k) 

( oK ) kx18x10 ) 
oK 

1 	1073 	9.34 
	

26.0 	1.4345 

2 	1123 8.90 36.0 1.5563 

3 	1173 8.52 44.0 1.6435 

4 	1223 8.16 60.0 1.7782 

5 	1273 7.86 72.0 1.8573 
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TABLE IX 
CALCULATIONS INVOLVED IN THE DETERMINATION OF THBORETICAL RATES OP 

ROASTING OF Zn S 

Diameter of the furnace tube (DT) 	= 5 cm. 

Air flow rate 	= 500 cc mi.n 1̀ , € irosity =(42.2 + 1.2 ) % 

Diameter of the pellet (d) = 1.550 cm , Value of a 	0.672 

6~ 	= 0.60 , 	0.514 , 'T' = 01.5 

P a r a m e t e 	Its value at d].fferent temperature 

800 	8500C 9000C .9500C 10000C 

a.. 1.1540 3 1.10 ]A"3 1.08x103 1.07x10"3 1.05x1O 3 
4 

Aux 10 4.2 4.3 4.4 4.6 4.7 

D 0.75 0.83 0.91 1.01 1.11 

Re 1.79 1.68 .1.63 1.50 1.46 

Sc 0, .510 0.475 0.470 0.465 0.455 

K X04 1.64 .-1.72 1.79 1.87 	.. 1.95 

hconv x 104 2.98 3.10 3 	.22 	. 3.32 3.42 

X 103 brad 4.00 4.60 5.35 5.96 6.73 

h 	t x 103 
to 

4.298 4.910 5.672 6.292 7.072 

ICs, x 10 .13.60 13.64 13 -.69 13.73 13.77 

A H x 10~5 1.0756 1.0759 1.0771 1.0778 1.0786 
Pr 0.695 0.695 0.695 0.695 0.695 
(~`« -1) f©r I min 0.0081 0.0142 0.0163 0.0267 0.0308  r 

1.32 1.44 1.60 1.76 1.95 
Deff 0.129 0.144 0.159 0.177 0.194 
A 0.286 0.363 0.455 

I 

0.588 0.675 
6.061 0.070 0.078 0.091 6.099 
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TABLE X 

COMPARISON OF TMEARETICAL AND EXPERIMENTALLY OBSERVED 

RATES OF ROASTING OF ZnS 

Temp.. 8.  Theoretical rate Theoretical rate 

	

era- No:  of oxidation 	oxidation based 
ture 	ased on mass 	on the concept 

transfer concept of heat and 
oC 	 mass transfer 

	

(g.mole/sec) 	(g. mole/sec) 

Experimentally observed 
rate of oxidation 

(g. mole/sec.) 

800 1 2.60 x10-5  0.59x.105 
w  

0.65x105 

850 2 2.64 x 10 0.71 x 10 .0.92 x 10#5  

900 3 2.77 x10 5  0.82x10` 1.04x10"5  

950 4 2.83x10'5  0.93x10 +5  1.51 
..5 

x10 

1000 5 2.92x105  1.06 x10w5  1.80 x105  

TABLE XI 

PARABOLIC RATE CONSTANT ' kp'  VALUES AT DIFFERENT TEMPERATURES 

FOR ROASTING OF ZINC SULPHIDE 

$ 	Tempera" 1 x 104 	Specific reaction 
No. ture 'T' T 	rate constant 	log kp  

oK 	'0K 	) 	(k x 6 x 105) 

1 1073 9.34 11.20 1.0492 

2 1123 8.90 12.00 1.0791 

3 1173 8.52 12.80 1.1072 

4 1223 S .16 13.50 1.1303 

5 1273 7.86 14.20 1.1522: 
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