
STUDY OF THE KINETICS OF ROASTING 
OF ZINC AND COPPER CONCENTRATES 

IN A FLUIDIZED BED 

A Dissertation 

submitted in partial fulfilment 

of the requirements for the degree 

of 
MASTER OF ENGINEERING 

in 

METALLURGICAL ENGINEERING 
(EX TRACTIVE METALLURGY) 

by 

G. S. AGRAWAL 

DEPARTMENT OF METALLURGICAL ENGINEERING 

UNIVERSITY OF ROORKEE 
ROORKEE (U. P.) 

June, 1972 



aL..,IF  IC, ATh 

Certified that the dissertation entitled 

"STUDY OF KINETICS OF ROASTING OF ZINC MW COPPER 

CONCENTRATES IN A FLUIDIZED BED" which is being 

submitted by Sri G.G.Agrawal in partial fulfilment 

of the requirement for the award of Degree of Master 

of Engineering in Extractive Metallurgy of University 

of Roorkee is a record of student's ow work carried 

out by him under my supervision and guidance. The 

matter embodied in this . dissertation has not been 

submitted for the award of any other degree or 

diploma.. 

This is further to certify that he has worked 

for this dissertation for a period of about 9 months 

from January,1971 to September, 1971. 

Roorkee 	 (S.K.Gupta) 
Dated: June Qoi  1972, 	Lecturer in Met. Engineering 

University of Roorkee 
ROORKEE, UP 



P REP AC11 

The roasting of sphalerite and chalcopyrite 
concentrates is an important step in the production 
technology of zinc and copper. The recent development 
in the roasting is the use of fluidized bed technige in 
which the fine solids are transferred into a fluid like 
state through the contact of gas. 

This technique was first developed in 1920' $ 
and the first large scale use of. flvldized bed was 

made by Fritz and Winkler for the gassifieation of 
powderedcoal. The patent for this process was 
awarded in 1922 and the first gas producer started 
its operation in 1926. A number of similar units 
were constructed in Germany and Japan to supply 
raw gas for the synthetic chemical industries• 
This type of gas . producer was very inefficient 
therefore numerous developments were made by many 
individuals and organizations. 

This technique was first developed by 
Chemical Engineers and _ later on its use was made 
in metallurgical field. In 1944 Dorr-Oliver Company 

acquired rights to use this technique in the roasting 
of sulphide ores. They soon developed the fluo-'solid 



system and first such unit was constructed in 1947 in 

Ontario y Canada to roast arsenopyrite and to obtain a 

cinder suitable for gold production by cyanidation. 

In 1942 at Berlin$  New Hampshire'  Dorr-Oliver 

introduced this type of roaster for producing SO2  

from sulphide ores. 

As early as 1945 Badische Anilin and Soda-Fabrik 
(BASF) in Germany and Sumitomo Chemical Manufacturing 
Company in Japan independently developed a roaster 
similar to..fluosolid system. Dorr.»olitrer engineers 
pioneered two additional important uses of fluidized 

bed in the area of drying . powdery materials and the 
calcination of lime stone. 

Another application .of fluidized bed in 
metallurgy is the reduction of Iron ore. This 
technique has been extensively used in the previous 
years particularly in the United States. The 
purpose of these studies is to develop a process 
for producing iron and steel from fines of high 
grade ores* Hydrocarbon Research Corporation and 
Bethlehem steel company jointly developed a 
process for direct reduction of iron ore called 
H-Iron process and the United States company 



developed its Nu.Iron process for reduction with 
hydrogen of less than 10 mesh size ore. Further, 

development made by ESSO Research engineers is 
the use of multi stage recorders. 

In the present investigation an attempt has 
been made to study the effects of temperature and 
particle size on the rate of roasting of zinc sulphide 
and copper sulphide concentrates in fluidized bed 
by using chemical analysis method for sulphur 
determination. 

This thesis has been d0iided into four 
chapters. Chapter4 deals with the general 
introduction . to the subject, advantages and 
disadvantages and industrial applications of 
fluidized bed. 

Literature review is included in Chapter 
II anddeals with fundamentals of fluidization, 
theory of oxidation of sulphide concentrates$  
and a brief review of the previous work done 
on the roasting of zinc and copper concentrates. 

Chapter-iII gives the description of the 
experimental set-up and procedure followed in the 
present investigation. Pellets of three various 
sizes (0.1435 am, 0#184 cm, 0.213 cm.) of 



spherical shapes were made with the help of pelletizer$  

they were then dried and roasted at various temperatures. 
The zinc concentrates were treated at temperature 700' , 

7500  and 800°C and copper concentrates were treated at 
temperatures 500°,560°,600°,650° and 700'C. The 
kinetic data were obtained by chemical analysis 
of roasted samples. 

Results obtained from the experiments carried out 
and a discussion on them constitute the subject matter 
of Chapter-IV. The activation energies computed by 

the application of chemical reaction model are of the 
OA414 k c.J4'm 0Le. 

order of 29 i cal/moleA  for zinc and copper sulphide 
concentrates, respectively. 
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A fluid-bed reactor is a very versatile equipment 
for gas-eoiid reactions and, in part cular.$  roasting 
reactions. A fluid.-bed process has many advantages, 
namely, very good contact between reacting solids 
and gases, excellent temperature control, and 
uniformity throughout the mass of -solids in fluid 
action. The primaryob jeotive of the present work *as 
to study the kinetics of oxidation of zinc sulphide 
and copper sulphide concentrates in a fluidized-gybed 
reactor as a. step toward a better understanding of 
the effects on .the reaction. rate of different process 
variables, such as temperature and particle size. 

. 	Roasting of zinc sulphides in a fluidized 
column was studied by Anderson and BolduoW with 
special attention to developing the reactor. They 
Pointed out . that roasting of zinc concentrate 
requires close control. There is a much danger of 
fusion with zinc concentrate than with pyrite 
Heston Sedano Rivera(2)  studied the theoretical 
and practical aspects of tiudized bed roasting of 
zinc concentrates. The operation was compared with 
wedge roaster. He found that fluid bed reactor 
requires less labour and no fuel as well as cost of 

I 
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repairs is Low, since it has no moving parts in the high 

temperature zone. Trojan and Vanecek 	studied the 

kinetics of oxidation of zi.ne sulphide Concentrates 

containing 47.8% zinc by weig at in pilot plant , scale 

reactors. They found that the removal of sulphur was 

a tune ion of temperature, . partial pressure of oxygen 

in the gas phase and residence time of , zinc sulphide 

particles in the fluidized bed reactor. Natensan and 

Philbroo (4)  studied the kinetics of roasting of zinc 

sulphide over a temperature range of 140C to 1000C 

with oxygen-- trogen gas mixture of 20 to 40% oxygen. 

They found that the temperature dependence of kinetic, 

constant corresponded to an activation energy of 40.25 

K oat, per mole. Denbigh and Beveridge (5)  also reported 

that . oxidation  o f zinc sulphide core entrate is chemically 

controlled with an activation energy of 50 K cal, per 
mole. 

James HIair % studied the fiuo so lid roasting of 

copper concentrates.with special attention to developing 

the reactor., He found .that the recovery of. sulphur was 

Increased_ from 63 to 85%. Sevebrennikova and Gultser a{7)  
studied the possibility of increasing the particle size 
of copper calcine and decreasing the dust carry out in 

fluidized bed roasting of copper concentrate.. They found 

that by addition of 6 to 7% of Na 04  & Pe$04  (60f44) 

2 



to ungranulated copper concentrate decreased the dust 
losses by 50 to 60%. 

Oxidation of copper and zinc sulphides are 
hetrog 4 us process involving transport and regation 
steps. The reactions are exothermic and are irreversible. 

.. T 	1ZA ICON  $ 

Fluidization is the operation by which fine solids 
are transformed into  a fluid like state through contact 
4th a gas or liquid.. This method of cont;.acting has a 
number of unusual characteristics, and fluidization 
eng inuring is concerned with efforts to take advantage 
of this behaviour and put it to good use. When a fluid 
is. passed upward through a bed of fine particles, at a 
low _flow rates  fluid , merely percolates through the void 
spaces between stationary particles. This is a fixed 
bed, With an Increase in flow rate) particles move 
apart and a few are seen to vibrate and move about in 
restricted regions. This is the expanded bed. 

At. a still higher velocity, a point is reacted 
when the particles . are just suspended in the upward 
f ,ow ing gas or liquid. At this point the frictional 
force between a particle and fluid counterbalances the 

3 
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weight of the particle$  the vertical component of the 

compressive force between adjacent particles disappears$  

and the pressure drop through any section of the bed 

nearly equals the weight of fluid and particles in the 

section. The bed is considered to be just fluidized 
and .s referred to as an incipiently fluidized or a bed 

at minimum fluidizatton.  

In liquid solid system an increase in flow 

rate above minimum fluidization usually results in a 

smooth, progressive expansion of the bed. Gross flow 

instabilities are damped and remain , small, and large- 

scale bubbling or. heterogeneity is not observed under 

normal conditions. A bed such as this Is called a 

particularly fluidized beds  a. homogenausly fluidized 

b ed f  a smoothly fluidized bed;, or simply a liquid 

fluidized bed. 

Gas-solid system generally behaves in a different 

manner. With an _ increase in flow rate beyond mini= 

fluidization large instabilities with bubbling and 

channeling of  gas are observed. At higher. flow rates 

agitation becomes more , violent and the movement of 

solids becomes more vigorous. In addition, the bed 

does not expand much_ beyond its volume at minimum, 

fluidization, . Such a bed .is . called an aggregative 

fluidized beds, a heterogeneously fluidized bed, s. 
bubbling fluidized bed or simply a gas fluidized bed. 

4 
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Both gas and liquid fluidized beds are considered 

to be dense phase fluidized bed as long , as . there is a 

fairly clearly defined upper limit or surface to the bed. 
However, at a sufficiently high fluid flow rate the 

terminal velocity of the solid exceeds, the upper 

surface of the bed disappears, and solids are carried 

out of the bed along with the fluid stream. In this 

state we have a disperse-dilute, or lean-phase fluidized 

bed with pneumatic transport of solids. Although the 

p ro pe z'ti e s o f sold and fluid alone will determine 

whether smooth or bubbling fluidization occurs l  mfr 

factors influence the rate of solid mixing, the size 

of bubbles, and . the extent of heterogeneity in the bed. 

These factors include bed geometry, gas flow rate, type 

of distributors, and vessel. internals such as screens, 
baffles and heat exchangers. 

. Compared 'with other methods of gas-solid contact, 
gas fluidized beds have some rather unusual and useful 
properties. This Is not shared to the same extent with 
liquid-solid system. Thus practically all the important 

industrial applications of fluidization are gas fluidized 
system. 
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The fallowing are the advantages of fluid, zed 

beds 

1. Smooth,, liquid like Flow of particles allows 
continuously and automatically controlled 
operations with ease of handling. 

2. The rapid mixing of solids leads to nearly 
isothermal conditions throughout the reactor, 
hence the operation can be controlled simply 
and reliably. 

a.. 	The circulation of solid between do fluidized 
beds makes it possible to transport the vast 
quantities of heat produced or needed in large 
reactors e 

4, 	aeat and mass transfer rates between gas and 
particles are high. when compared with other 
modes_ of contacting. 

5. 	The rate of heat transfer between a fluidized 
bed and an Immersed object is high s  hence heat 
exchangers within fluidized bed requires 
relatively small surface area. 

Apart from various advantages the fluidized beds 
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also have certain disadv€.ntages. These are given 

below: 

1. The difficult.to-describe flow of gas)  withits 

large durations from plug flow and the by-passing 

of solids by bubbles, represents, ao - inefficient 

contacting system* This becomes specially 

serious when high conversion of gaseous 

reactant Is required. 

2. The rapid mixing of solids is the bed leads to 

nonuniform residence time of solids In the 
reactor. For continuous treatment of solids 
this gives a nonuniform product and lower 
conversions especially at high conversion 
levels, On the other hand, for batch 
treatment of solids this mixing is helpful 
since it gives a uniform solid product* 

3. Friable solids are pulverised and entrained by 
the gas; they then must be replaced. 

4. Brosion of pipes and vessels from abrasion by 

particles can be . serious, 

5. For non-catalytic operations at high temperature 

the agglomeration and sintering of fine particles 

can .necessitate a lowering in temperature of 
operation and hence reducing the reaction rate 
considerably. 
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Any application of fluidization falls into one 

of the following two classes • 

1. 	physical aid mechanical prowess or 

2.. 	Chemical reactions and catalysis 

a) nortattana The fluidityf fluidized solids is 

often as great as that of liquids and this property 

has effectively been used for the transportation 

of powdered solids, 

b) l txiu ©' '1one_ po 4er a With conventional 

techniques It is difficult to mix intimately 

different kinds of powdery materials; however, 
• fluidization of the Mixture makes it possible 

to circulate solids in a storage bin giving 

comparatively good intermixing. 

a) Asa, , Ex home: fluidized beds have been used 
extensively for heat exchanges in both physical 
operation end chemical process., because of 
their unique ability to rapidly transport heat 

and maintain a uniform temperature* 



d) ,Drififii4s Fluidized beds have been used for 

drying and sizing of poviery materials and one of 

the first commercial dryers is s. Dorr-Oliver fluo. 

solid unit.. Fiuo.so .id dryers have been widely used 

to dry materials such as limestone,, dolomites  coals 

blast furnace slag and plastics. 

(a) 

i) Carbonisation of oil axad coal 

ii) Gassificatiou of coal and coke 

iii) Activation of charcoal 

(b) jq4r r4C1nIçe  

i) Calcination of ,limestone, dolomite and 

phosphate rock. 
1i) Cement Clinkering. 

j) Roast g ofuiDh14e 	: These operations are 

all characterized by an exothermic oxidation, 

hence a simple-stage fluidized bed is usually 

satisfactory. No out side heating is necessary, 

and, some times cooling of the reactor may be 

needed. Compared to alternate designs, these 
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units have a l igher cspaaity}. They also 
require less excess air'  thus giving off gas 

with high sulphur dioxide concentration. 

Uniform temperature of fluidized beds also enables 
sulphides ores containing copper or cobalt to be roasted 
to the sulphate then separate the iron oxide cinder by 
beating with water or dilute sulphuric acid. 

Fluidized beds oa u be used for roasting zinc 
concentrate and copper concentrate,. A.1.5 meter 
diameter pilot fiuo -solid reactor has been built by 

the Anaconda(1)  copper mining company and has been 
operated sucue1sfuily using a slurry of zinc 

concentrates as feed. Flue olid roasting of copper(6)  
concentrates was begun at (iopper Hill Tenn. in June 
1961 with. an. ini tial, capacity of 250 Ton per day. 

F  

Oomparative analytical data on the roasting practice 
Ike obtained in cornxie±cial plants with pyrites containing 
48 sulphur are given in table-*l. 
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If a fluid is passed downwards through a bed of 

solids no relative movement between the particles takes 

place, unless the initial orientation is unstable. if 

the flow is stream likes the pressure drop across the 

bed will be directly proportional to the rate of flow 
but at higher rates it will rise more rap ,d.ly. 

It the, fluid passes, upwards through the bed, the 

pressure drop will be the same as for downward flow at 

low rates, but when the fractional drag on the particles 

becomes equal to their apparent weight (actual weight + 

' btayaney), the particles become . rearranged so that they 

offer less resistance to the flow of fluid and the bed 

'starts to exapnd. This process continues as the 

velocit7 is increased with the total frictional force 

remaining equal to the weight of the particles., until 

the _bed has . assumed the loosest stable form of packing* 

If the velocity is increased still further, the 

Individual particles separate from one another and 

become freely supported on the fluid and the bed is 
said to be fluidized. 



Further increase in the velocity causes the 

particles to separate still further from one another 
and the pressure difference remains approximately equal 
to the weight per unit area of bed. With a gas uniform 
fluidization Is obtained only at relatively low velocities 
and at high, velocities t%o separate phases are formed, 
these are often referred to as dense phase and the lean 

phase and a condition of ' aggregative" fluidization is 
produced, Gas containing a relatively small proportion 
of suspended solids bubbles through a high density 
fluidized bed with the lean phase corresponding to the 
vapour and the dense or continuous phase to liquid. The 
bed is then often referred to as 'boiling bed'. Thus 
as the flow of gas is increased its velocity relative to 
the particles in the dense phase may not change 
appreciably, and it has been suggested that the flow 

relative to the particle can as a result remain stream-

line. even at very high . rates of flow. if the rate of 

passage of gas is high, and if the bed is deep, 

coalsoence of the bubbles takes place and eventually 

slugs occupying the whole crass-section of the 
containing vessel are produced, these slugs, of gas 
alternate with slugs of fluidized solids which. are 
carried upwards and subsequently collapse causing the 
solids to fall back again. if the gas velocity is 

12 
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now increased so that it exceeds the terminal falling 

velocity of the particles$ in the absience of channeling, 

the slugs do not, disintegrate but continue to r se 

tndej*nitely and transport of the solids takes place 

in the -gas stream. 

The onset of fluidization occurs then 

(Drag force by upward moving gas) a (Weight of particles) 

or (Pressure drop across bed) 	z (Cross-sectional area of tube; 

ft (Volume of bed) X (Fraction of 
Solid) x (Specific weight of 

solids). 

Lava' '0) gives a generalized equation derived 

from the . fundamental consideration of pressure drop and 

velocity relationships at the onset of fluidization. 

He eliminates voidage, spherici ty , terra by relating them 

with Reynolds number and is as given below 

dint  r~, fLD 

For Re less than 5 

0 a function Of 	0*0007 x Re"0'063 .u~ 
ai incorporating gc in the experimental constant the 
above relationship yields 
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688. D'82 (ff  
mt` = 	 ,u•88 

which gives G in pound per hour per square foot if Dp  

is expressed in riches , f 	-fie  In pounds per cubic 
foot end u in oentip©ise» 

The above relation gives correiation only up to 
flow rates where A is less than 5, For this reason 

e D t 
one must calculate 	after GMr  has been calculated$  
in order to cheek on the range of validity in relation 

D G 
to the problem. If the resulting 	m- is in excess 
of 5, -G must be corrected by means of standard 
graphs(10)a 

!Piepsue Grad: ,en' 

The relation between the . superficial Velocity 
number(u0 ) through bed of the fluid (calculated over the 
whale cross-,section of containing vessel) and the 
pressure gradient is shoran in figure It Here the flow 
Is streamline and the curve is a straight line of 
slope unity. At the fl' uidization point, the pressure 
gradient begins to fall because the porosity of the 
bed increases,#  this continues ,until the velocity 
is high enough for. transport of the material to take 
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FIG. I. PRESSURE GRADIENT IN BED AS FUNCTION OF FLUID VELOCITY. 



place, the pressure gradient then starts to increase 
again because the fractional drag of the fluid at 
the wails of the tube starts becoming significant, 

For relatively low flow rates in a packed bed 
the pressure drop is approximately proportional to 
gas velocityt  usually reaching to a maximum value 
slightly higher than the statics pressure of the bed. 
With a further increase in gas velocity, the packed 
bed suddenly unlocks, in other words the voidage 
increases from em  (over all bed«.voidage fraction) to 

E mf (bed-voidage fraction at point of minimum fluidization) 
resulting in a decrease In pressure drop to the static 
pressure of the bed* With gas velocities beyond 
minimum fluidization the bed expands, and gas bubbles 

•are , seen to rise with , resulting non homogeneity in the 
bed. Despite this vise in gas flow, the pressure drop 
remains practically unchanged 

2l.Trmiri Veqyott c1 

The gas flow rate through a fluidized bed is 
limited on one hand by um  f ( the average superficial 

16 
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fluid velocity required for minimum fluidization) and on 

the other hand by entrainment of solids by the gas. 

When entrainment occurs these solids must be recycled 

or replaced by fresh material to maintain steady state 

operations. This upper limit to gas flow rate is 
approximately the terminal or free-fall velocity of 

the particles which can be estimated from fluid 

mechanics by 

	

(f s-_1 	, 
Ut = ( 	

• 	-':..~.+ 	 ~w►r~~r~fsr~r..r.w ►aswr.iu.r ~4~ 

vd 

To avoid carry-over of sOiids Aa bed# the gas 

velocity for fluidized bed operation should be kept 

between Ut and u 	. The ratio of Ut to U 	is 

usually between 14"1 and 90:1 and Is an indication of 

the flexibility of possible operations& The ratio 

ut/u., is smaller for large sized particles including 
less flexibility than for smaller particles. It Is 

also an indication of the maximum possible height of 

fluidized bed. This is because the pressure drop 

through the bed results in an inere »se in gas velocity 

through the bed. "'bus the maximum height of bed is 

where the bed Is Just fluidized at the bottom erA where 

ut is just reached at the tc p i Actually the range of 

satisfactory operations of a gas fluidized may be 

considerably narrowed by channeling arid slugging. 

This is especially serious with large uniformly sized 

particles where it is often difficult to fluidize the 



bed at ail. With proper use of baffles or in tapered 
vessels this undesirable behaviour can be reduced;* 

It should be noted that violently bubbling gas 
fluidized beds. can be made to operate at gas velocities 
In excess of the,¢ terminal velocity of practically all 
the scuds, with some entrainment, which may not be 
severe, This is possible because the major portion of 
the gas flows through the beds as large, particularly 
solid free, gas bubbles while the bed so ids are 
suspended by a relatively slow moving gas. In addition, 
by using cyclone separators to return the entrained 
solids, even higher gas velocities can be used. ut/u 
ratio upto 250 may be used with proper arrangement of 
dust separator. 

.2 }ea 	 zed ed 

Fluidized systems are extensively used because 
the high rates of heat transfer and the uniform 
temperature within the bed# and the high coefficients 
to transfer heat from the bed to the walls of the 
containing vessel: Much experimental work(ll 12,13)  

has beenc .rried out but a completely satisfactory 
cor^elatton of the data -has not so far been evolved. 
Several expressions(l4 16)  of an emp iaa . nature 
in which the variables are arranged n the for Of 
dimensionless groups, have been suggested for heat 

is 
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transfer to a gas solid system but owing to the 
complexity of problem$  no fundamental expression has been 
desired for the heat transfer coefficients, and agreement 
between the results of the various investigators(16t 17t 18)  

is generally poor. 

Miller and Logwincik(  ) obtained range of 
coefficients between 40 and 200 lbb cal/sq.ft. hr. °0 

for heat transfer between a fluidized bed and the 

walls of the container. They found that the coefficients 

were proportional approximately to the diameter of the 

particles raised to the power 0 E6) and. the velocity 

to the power 0.2. Van Hee 7.en at. ai '6  have obtained 

an empirical expression for the heat transfer coefficients 

which as found to be independent of the thermal 

conductivity of the solid particles and to vary as the 

05 power of the Prandtl N1mber of the gas. 

Dow and Takob '7)  obtained heat transfer 

coefficients upt.Q 170 lb.eol/sq ft.hr..*C and these were 

about 100 times the value obtained for gases without 
suspended solids. The fluidized bed was formed in a 

vertical cylir4ricsl container surrounded by jacket 

containing the heating medium. Accurate measurements 

of temperature were made at various points. The main 

body of the, bed. was found to be at a uniform temperature 

with a steep temperature gradient at the entry and near 

the walls. 
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The high heat transfer coefficient at the walls 

of the container cannot result from the heat exchange 

when the solid particles hit the wall, because this would 

account for only a small fraction of the heat actually 

transferred. It is suggested that the presence of the 

particles near the wall breats up the l ,nay subs-lawyer 
which would otherwise exist. This Is further supported 
by the fact that the transfer coefficient is not 
affected by the thermal conductivity of the solid 
material, The heat transfer coefficient is less then 
slugging occurs, presumably because there is then no 
longer. a layer of particles near the wall throughout 
the whole depth of the bed.  

The expression recommended by Dow and Jakob U7) 
for the calculation of heat transfer coefficient is 

0.55 (.)O.65 ( 	C}~1'? r 	a: _a 	.,..~...) •80 (2 
.0 p Cp 	AA 

3a~ ob'~13) has attempted to explain differences 
betea his results and those of van Jieerden in terms 
of the fact that in one case the fluidized bed was 
being heated. In the other it wz:s being cooled. It 
i s lika ly # h©wev r, that this is only a partial  
8xplanat1n because 111noa 3 Hougen(19) found that 
the heat traris or is not affected by the type of 
process* 
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The oxidation of the sulphide particles by 
atmospheric oxygen produces more or less dense film 
oxide on its surface. For the oxidation to go on= a 
continuous exchange is essential between the solid 
and gaseous phase, 3 e, free access for ox ygen to 
the sulphide and vithdrawl of sulphur dioxide. This 
is accomplished by the diffusion of the gases through 
poses and discontinuities in the oxide envelope over 
the sulphur grain.. 

As roasting progresses the oxide film grows 
in thickness and gases find it increasingly more 
difficult to penetrate its  the oonLustion of the 
sulphide slows down , or steps altogether. Of course 
the latter alternative is less likely to occur with 
smaller than with larger particles which.  may have a 
thicker oxide film. Therefore# roasting may be 
speeded_ up by grinding, as this increases the ratio 
of surface area to unit weight of the sulphide. 

The rate of gas di fusion Through pores and 
discox tinuities in .the ,oxide . film rises with 
temperature. Its rise. .however, is usually kept 

within some limit to avoid fusion , of the particles. 
The rate of diffusion is furthermore dependent on 
the difference in the partial pressure of the oxygen 
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and sulphur dioxide at the interface of the oxide film, 
rising with decreasing sulphur dioxide and with 
increasing oxygen in the gases surrounding sulphide 
particles,, the rate of roasting is affected in a 
similar way. Therefore, the particles tailing down 
or floating in the gas ate roasted quicker than those 
lying in the bed.' The roasting of the latter may be 
accelerated b r stirring. 

The heat given up by sulphide combustion goes 
to raise the temperature of the burning grains, although 
the bulk of heat is given to surroundings. At high 
rate of roasting, which Is true of fulling oX* floating 
of pertiless  the rate of heat input per unit time 
appreciably rises, while the rate of heat exchange 
with the surroundings remains nearly unchanged. 
Therefore, heat is .aoumu1ated in the grains, rising 
their temperature and that of roasting. 

Sulphide minerals widely differ in ignition 
temperature which is also affected by grain size, 
being higher for bigger than for smaller particles. 
This is shown in table-2. 

ignition temperature*  besides other things$  
depends on the ,mineralogical. composition. The rate of 
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cowbusti8n increases with temperature, and decreases 
as more sulphur is burnt out, for the reason that 

oxide film formed on the surface of each grain shuts 
out oxygen. Too high temperature of roasting may 
cause fusion of particles. which will hamper the 
inflow of air and thus the rate of reaction will slow 
down. 

2 A Brief Review.ofPreyious Wo.rk_Pone  

Very few attempts have been made to study 
analytically the nature of the kinetics involved in 
oxidation of zinc and copper sulphide concentrates in 
fluid i zed bed , Anderson artd Ray and. Bolduc W  studied 
tluo'.solid roasting of zinc concentrates,* They 
reported that _ the roasting of zinc concontrate required 
close control. There is a much greater dpnger of 
fusion vi#;b zinc concentrates than with pyVite$ the 
rmleting points of ZnS and FeS2  being 1420'C and 
1193410, respectively, Lead and other impurities 
in the concentrates further complicate the problem,c 

Roasting of . sphelerite concentrates from Zawar 
mines, had been investigated by Mural.imohan Rao and 
Abraham 	with the object of determining the 
operational controls which could be exercised during 
roasting to encourage the formation of desired 
products,, like zinc oxide and sulphate and to 
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ra.i.nimise the formation of undesirable zinc ferrite 
silicate. They reported that no sulphate was found 
in the roast above 85000 when zinc sulphide concentrate 

was roasted in air or is o geuo At lower temperatures$  

oxygen enrichment 	ceased the percentage of zinc 
sulphate formed. Though oxygen enrichment shortened 
the time for the completion of roasting, there was 
no appzee±able decrease in the amount of zinc ferrite 
formed at the end of roasting. Practically all the 
iron in the roast was present as ferrite* The amount 
of silicate formed . was minis when oxygen-enriched 
air was employed. This .ras due to the short time of 
roasting. Maxims amount of zinc oxide was formed 
when roasting was done in air or ogen at 850*C. 

Snuri ov, Larin and Magulis42  3̀  studied the 
roasting of zinc concentrates in fluidized bed at 
hi h $ot  aotio,r tra.tion in the gas phase. The 
concentrates containing zinc 58.2%, Fe 3.55, Cu 0.8%, 
Pb 2#2,% and. S 83.1% were roasted with a S©,- (50 to 90% 
by volume) end oxygen mixture for 25 to 300 minutes 
at 500.90000.. When roasted for 25 minutes with a 
gas mixture containing 802  60% and 80%, the zinc 
sulphide content of the calcine was decreased to 
about 5% at 80000, but the zinc su: phto concentration 
remained about 30% even at 9O0 C, though fib of Za 
was acid eolublo: At 90040 and 25 min„ roasting period 
when 802  content of the gas mixture was increased. 



froa So to 90% by voles, the water solu2le 44 
oono.ntrate deGrsusd. fro* 31.0 to 26.4% where as on 
roasting With air, can 0,5 of Zn vas found to be 
Water Soluble* When roasted With a 	2  *nt 40$ 
oxygen ogen at . 0' ,, increasing the time by more than 
one hour had 1i 1+ 	teat on . no eu1jhi4o 
oxidation and zlAO eniphate formation, These 
.xperiments shoes that tluidizsd bed casting of 

nu conoentrate with oxygen 	gas ree.Irot4ation  
may produce gas antainin.u 	3iut Will 
yield a u oiiie unsuitable tar bdromata1Zuzgioal 
treatment by sxieting cornc*ul aetizods. 

aser 'end Bbina* 	studied the simultaneous 
roasting of zinc concentrate and lime she in a 
fuldized furnace. They reported thet it was 
possible to roast zinc concentrates without w 
fuel at temperatures of 1190 to 1300'C, rate of 
air flow being 23 to 2 ands., a with addition  
of 6.10% limo stone 8it production a erim is 

z'a not suoo•astul because th# fluidized bed could 
not be heated to about 1120'C o the extraction  
of brad end oa um was not satisfactory.  

25 

A Pius of roosttng 23  of zinc concentrate 
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was carried out at different temperatures on a 
constant flow of air. The results showed that an 
increase in temperature of roasting of .concentrate 
from 800 to 1000 C had no influence on the extraction 
of zinc in the sulphuric acid leadh solution Bch 
was in the range of 94.2 to 95.7%. Roasting of 
concentrate at a temperature of ?0©'0 and under 
similar leaching conditions gave a still lower 
extraction of zinc in the solution which was only 
92.8j. 

Denbigh and Beveridge (1'4)  5  In an extensive 
investigation on. the oxidation of sulphide from 
500 to 14x0*C, have noted some unusual features. 
The reaction was observed to start at temperature 
between 500 and 6000, the exact value depending 
on surface area available. With pellets which were 
presintered the rate exhibits an Arrhen us.type 
relationship with, temperature until about 900C 
and for this reason it is believed to be chemically 
controlled with an activation energy of 50 K Cal./g mole. 
Add tonal evidence for chemical control was provided 
by Canon and Denbigh(23)  $ who noted that crystals 
of, sphalerite oxidized at all temperatures below 
8300, the shrinking core of zinc sulphide maintained 
a similar geometry to that of original crystal. 



At low temperatures the initial rate with 

unsintered pellets, owing to larger surface area 

available: is appreciably higher than with pre-

sintered pellets. However,, the rate increases 

less rapidly with temperature than would be 

expected firm a chemically controlled reaction., 

and this is attributed to the reduction in surface 

area caused by the. sintering of the pellet prior 

to or during oxidation. 

Above 830C, or some what higher yif no oxide 
layer is present transport control becomes significant. 
The corners of the sulphide core in sphalerite crystals 
become rounded. It has also been shown that at 

temperatures of 850 to 88O C an increase in the 

oxygen partial pressure causes a proportional 

increase in the reaction rate, where as below 850C 

a limiting oxygen reaction rate remains constant(24)  

The oxidation of zinc sulphide may be considered 

irreversible over the whole of the temperature range 

examined. Consequently, -with the exception noted 
below$  the reaction rate In the transpoi't controlled 

regions is relatively insensitive to temperature. 

The exception occurs at higher temperature in the 

region of 1250*C when the rate becomes appreciably 

higher than would be expected from the transport of 

oxygen and sulphur dioxide between the reacting 

27 



28 

interface and the bulk gas. This acceleration in 
the rate is believed to be due to the vaporization 
of zinc sulphide Whiah reacts with the oxygen in the 
boundary layer surrounding the solid.  In ' this 
range a complete shell of ;oxide may be formed outside 
and separated from the original sulphide pellets. 
The vapour pressure increases exponentially with 
temperature and at still higher temperatures 
(1400 0) the rate of vaporization is so rapid that 
the reaction .odours entirely in the vapour phase and 
no coherent oxide skin is formed. 

• Denbigh and Beveridge(5)  have shown that on the 
intermediate range x.050-.I2009C there is a rapid fall of 
the reaction rate. It is believed some vaporization 
of zinc . sulphide occurs and reacts with oxygen in the 
porous oxide layer$  depositing zinc oxide, which 
eventually blocks the poress  , confirmatory evidence 
was provided by the density of the product layer, which 
rose from 2.0 g/c* a for reaction at 95000 to 4.8 g/c. a 
at 1150''0. 

Kinetic studies of the oxidation of zinc 
sulphide were carried out b,y .  Nate san and PhilbrooI.4a2+f) 
in a fluidized bed reactor over a temperature range 



of 740 to 100000 with oxygen-nitrogen gas mixture of 

20 to 40% 020 A mathematical model was developed to 

describe the overall conversion of the solids. 

Application of the model to the experimental data 

indicated that the chemical, reaction at the outer 

boundary of the unreacted sulphide core was the rate-

limiting step for the process* The temperature 

dependence of the kinetic constant corresponded to an 

activation energy of 42.25 K cal per mole. Oxygen 

starvation in the bed was not limiting in any of the 

experimental suns., but an increase in the inlet-

oxygen mole fraction resulted in a substantial 

increase in reaction rate. 

Most of the published literatures deal with the 

possibility of selective sulphating individual 

components in the ore* Frank M Stepiens(2 conducted 

a series of tests on oxidation of copper concentrate 

With a fluidized.~bed reactor* He reported that the 

fluidized bed reactor can be used successfully for 

treating copper and cobalt ores to produce water 

soluble copper and cobalt sulphates while retaining 

the iron in insoluble-oxide form. 

Srishanmurthl(37) studied calcination of Indian 

ohalcopyrite concentrates for recovery of copper 

29 



sulphate in a fluidized bed. * He• found that at 550°C 

the recovery of copper was about 80 b by treating 

the 'calcine with boiling waiter containing 6% sulphuric 

acid and. 5 ferric sulphate under the minimum fluidiz~-

ation velocity and twiQe the theoretical requirement 

of air su ►ply. 

Rai ouk,, Kolta and Mikhail(41) found that in 

case of ohaleopyrite„ sulphatatiofl. of iron took place 

more rapidly than that of coppers but above45O'C 

interaction between the formed ferric sulphate and 
copper oxide led to the production of copper sulphate 

in in creasing quantities. At about 600°C both 

suiprates decompose to yield the corresponding oxides 

which react together at 900°C forming cupric ferrite. 

Ramaicri sbna Rao * and lbraham (56) studied the 

oxtd&tion of cuprous sulphide pellet in the temperature 

rañe of 750 to 950°C. The apparent activation energy 

from the experimental data , was found to be different 

for the initial and, subsequent periods. Rate 

controlling mechanism for these 'two intervals have 



been proposed based on Interface chemical reaction„ 
mass transfer resistance and heat transfer concepts. 
The activation. energies were found to be of the 
order of 26.0 K cal/ g. mole and 6«0 K cal/g. moles  

• for the initial and subsequent periods respedtively. 
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P E 	E T A I. 	 W O R Ic 

34 	rim~ent L et== 

The experimental set-up is shown in figure -2 

and consists primarily of the following major 

components. 

(a) Air compressor 

(b) Orifice meter with 1/16" orifice plate 

(c) Air preheater 

(d) Air distributor 

(e) Fluidizer . (Reactor) 

(f) Crucible with , perforated bottom 

(g) Heating furnace 

(h) Control, panel board 

(i) Thermo cou Iles 

( j) Cyclone dust catcher 

(k)Manometer 

, r Cornes~t .. Air required for roasting of 

sulphide concentrates was supplied by an air compressor 

The rating of the compressor wast 

H.P. 1; R.P.M. 7501 Max. Pressur 75 psi 
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1Ib). Orifice meter:  Orifice meter is a device for 
measurement of quantity of gas flowing per unit time. 
It can also measure the velocity of flow. It must be 
calibrated in order to obtain the correct fey rate by 
some standard flow meter. 

The practical working equation for weight rate 
of discharge, adopted by A.3.M.E. Research Committee on 
fluid meter for use with either gases or liquids is: 

J'P-' 
V   g1d1  = cy,,2     

The value of 'y' can be taken for liquid ,ems 
unity but in the case of gases its value can be 
obtained from standard curves for square-edged or 
sharp edged concentric circular orifices  the 
value of coefficient of discharge ' o' falls - between 
0.595 an 7 f 0,629. 

The orifice meter was made out of two flanges 
of 10 cm, outer dia each fitted with four bolts of 
8 mm. diametero Between the twa flanges there was 
aft 0.159 an. thick orifice plate of Crass having a 
hole 0.636cm dia at the centre. The pressure 
tapping static holes were located at a place nearest 
to orifice plate in the down stream side and about 
i}0  from orifice plate in up stream side. 
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3.1(o) Air P ehe t; rx A tube furnace was designed and 
fabricated to preheat the air up to 500°C within an 
accuracy of t• 5°C. Inside the tube furnace a stainless 
steel tube was placed with flange coupling arrangement. 
Other perticulars are.* 

Maximum to aperatureot the furnace - 100°C 
Voltage 	 A► 220 V 
Length of the tube 	 - 61 cm. 
Diameter of the tube 	 10 am. 
Heating element 	 Kanthal wire 

(ISsWa) 
Refractory tube 	 +► Sillimintte 
Length of Wire 	 29 meter 
Current 	 •• 8.7 amps. 

2alld 	r Distributor:  For uniform distribution of air 
a d.i strIbutor was  used which Consists of a mild steel 
plate of 0.31? ©m* thickness with 5 holes per sq.. 
cm. of 3/32" diameter. 

J(e ) . Flu_ di ner (Re aoto r)ar This ±s the most important 
part of the whole set-up. The fluidized bed reactor 
was constructed from type 304 stainless steel seamless 
tube. , The inside diameter of the tube was 5.588 cm. 
and It was 74 cm. long. At a distance of 5.1 cm. from 
the top of this stainless steel tube a mildsteel tube 
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of 1.9 cm. inside diameter was welded to the cyclone 
dust catcher with the help of a socket to allow the 
escape of flue gas to the atmosphere through cyclone 
dust catcher. 

r # le with 2kerorate4. bottom: : A crucible with 
a perforated bottom having 5 holes per sq. cm. of 3/320  
diameter was used which was 15 cm. in height,  and 4.445 cm. 
in diameter. 

3.1(s) 	 furnace:  The fluidizer was heated upto 
the desired temperature of roasting with the help of 
a vertical tube furnace with the following specifications 

Maximum temperature 	- 1O00'C 
Voltage 	 220 V 
Length of tube (Silhimini to ). 46.25 cam.. 

• Tube Diameter (outer) 	15.25 cm, 
• Shell D amter 	 - 48.5 em. 

. Heating element 	 • Kantharl wire(18 sWG) 
Length of wire 	 Upper winding 21 meter 

lower winding 18.5 meter 
To tel current 	 13..9 amps. 

 ,cM) Co of ?aael Boands  A control panel board to 
control the temperature of the furnace was made, 



Separate temperature Indicators were provided to 

indicate the temperature of furnace, reactor tube 
and the temperature of preheated air and flue gas. 

3x luim 	j-e3  s Chrome1.A1umel thermocouples 
were used for temperature measurement, This thermo. 
couple can satisfactorily measure the temperature 
upto 13OO C. Two Chromei.Aiumel thermocouples were 
provided to measure the temperature of preheated air 
and that of flue gas. At the control panel the 
temperature indicators were mounted. 

2.1(i) Gelone dust deers  This unit was designed to 
trap any _ solid particle being carried otter . by the gas. 
The cyclone dust catcher was made of mild steel sheet 
•E1116" thick). The diameter and height of the 
cylindrical portion were 15.25 cm. each while the 
height _ and diameter of the cone were 22.5 cm. and 
2.5 cm. s  Mespectively. The diameter of the opening 
at the . entrance was 5 cm, while at. the exit it was 
2.5 cm..  - The cyclone dust catcher was supported on 
a tripod-stand made out of M.S. rod. The height of 
the stand was 3.75 meter. A lid was provided at the 
bottom to facilitate the removal of solid particles. 

flO__hnoNetcrs Three manometers of 1,2 meter height 
were made of glass - tube (1 cm. outer diameter). Water 
was used as manometric liquid. 

37 
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The following materials were used$ 

1) mac poncntrate 	The 	analysis of concentrate 1s 

given below: 

Zinc 	50.72 % 

Sulphur - 31.? ;' 
Iron 	6.47% 
sio 2 
A.203 	Rest 

Copper 
Lead 

iii  ©b $r cor c6 Crates  The analysis of concentrate is 
given below: 

Copper. 	w 26.23% 
Sulphur 	- 29.51% 
Iron 	30.32% 
Silica  ) .Rest 
Alumina 

The fluid mass velocity f'or minimum fluidization, 
G [, j  of a bed of solids was calculated as aftinetion of 



particle size using Lena' a coz elation(8 9). 

mr 	 141 

P 
~.S 

The above  G4relat .on is valid only if the Reynolds 
number (Re (D 4 	) is less than 5.4, otherwise the 

Gmf values should be corrected by a factor determined 
experimentally . 

3.4 'Calculation 	 Mas 	ow Rate of 4ir Through Orifice  M 

The fluid mass velocity _ in g/om2 sec. was calculated 
using coielation as given below(21) 2 

W 	ray , 	..,1 p 	.~_..,.., ...((3 3) 

T eking 7r. 1. 

c= 0*61 

and A p = P3-P2 = 40 am. of water 

Gauge pressureof compressor = 2 kg/sq•am. 
Orifice diameter T 2/8" 
Pipe diameter 	- 1.5 cm, 

The calculated values are given in Table=3. 



r 	~ f :. 	71 =• 	r 	9 a~ y 	'~ 

The various steps involved are discussed 

belows 

9elieti,z&ngs 	Fine ore concentrate was converted into 

small pellets by means of pelletizer. 

The pellets thus formed were dried. 

l ieye Ara ,vs3..s s The copper sulphide and zinc sulphide 

pellets, were classified into various sizes 

by means of sieve shaker. 

Roasting s 	The empty reactor was first heated to the 

required temperature and after that the 

crucibles with perforated bottom containing 

50 gms. of pellets was Introduced. A slow 

stream of preheated air (300.0 Q) was 

passed thrc ugh the reactor. The flow of 

air was adjusted gradually to the required 

. rate of . O.2097 gm/cm2 sea. In the initial 

stages of roasting the temperature was 

ix creased and it was controlled by controllt 

power Input.. The temperature of inlet 

and outlet . gases and that of bed were 

noted periodically. Samples of bed were 



taken from the top of the reactor at 
various time Intervals. The samples 
were then analysed for sulphur. The 
method for analysing these samples is 
given in Appendix. 
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RESULT , AND D. I C7 -SSI© N 

4.1 Results 

In the present invest .gation oxidation tests 

were made in fluidized bed reactor on both zinc and 

copper concentrate pellets. The effect of temperature 

and particle size on the rate of roasting vere studied. 

The temperature was varied in the range of 7000  to 800°C 

in case of zinc concentrate and 500s to 700°C in case 
of copper concentrate pellets. The various sizes of 
the particles were 0.1435 cm. (-10 + .14 mesh size)., 
0.184 cm. (.9 + 14 ; mesh size) and 0.219 em. (-8 +. 9 
mesh size) . The samples were analysed chemically 
for sulphur to obtain fraction of reaction completed. 

The experimental results from different runs 
in a fluidized bed for zinc concentrates are 
presented in ,Tables 4 to 6 and for copper concentrates 
in Tables 7 to 11. These data provided a measure of 

the extent of oxidation with time. Plots of fractional 
sulphur removal vs time at various temperatures and 
for various particle sizes for zinc and copper 

concentrates are plotted in Fig. 5 to 10 and Fig. 11 
to 18, respectively. 



o b 

Fig, 3 - Cross section of partially roasted 
zinc concentrate pellet. 

Fig- 4 -- Cross section of partially roasted 
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The spectfic rate values were calculated with 

the help of plots of (1- (i..RYA) vs time. These 

plots are shown In Fig. 19 to 21 and Fig. 22 to 24 
for zi+~tc and copper concentrates$ respectively. The 

values of log of specific reaction rate constant (K) 

were then plotted against the reciprocal of the 

absolute temperature which are shown in Fig. 25 for 

zinc concentrate and in Fig. 26 for copper concentrate, 
respectively. 

The values of activation energies found for 
oJu 

zinc concentrate Alisted in Table 14 and for copper 

concentrate in Table 15. 

The physical examination of sample after 
roasting revealed the presence of an inner core 

where . the pellet was remained undecomposed. Gross 
section of partip'ally roasted samples of zinc and 

copper concentrates are shown, in Fig. 8 and 4, 
respectively, 

The rate of oxidation of zinc and copper 
sulphide concentrate were found to be extremely 



temperature sensitive and hence from the results of 

some preliminary runs, kinetics studies were confirr.ed 

to a small temperature range of 700+, to 800°C and 

500° to . 700''C for zinc and copper concentrates$ 

respectively. The results are st wn. in Fig. 5 to 

18. 

c~$tu y on Zinc u 1 C n 	z The effects 

of following parameters were studied on zinc sulphide 

concentrates. 

a) , ' f ect o, f e_mperratur~s The zinc concentrate pellets , 
were _roasted in a fluidi zed bed at temperatures 
700* t 7500 and 800°C. The results are shown in 
Fig. 5 to 7. 

Pronounced effect of temperature and time on 
the amount reacted at any period of . roasting is 

self evident from these figures. In general. at all 

temperatures the reaction is rapid in the initial 

stage and slows down considerably In later stage. 

An analysis of fraction sulphur removal vs time 
for particle size of 0.1435 cm. (Fig. 5) i 0.184 cm 

(Fig. 6) and 0,219 cm. (Fig: 7) at various temperatures 

reveals that the sulphur is increasingly removed 

with increasing temperature. For example In 20 



mi:',it e s for particle, size of 0.1435 cm. 1 91.5; sulphur 

is removed at 800°C as compared to only 57% at 750°C 

and 31.5% at 700°C. Similarly for 60% removal of 

sulphur from pellet of some size nearly nine minutes 
were required F at 800°C~, 20 minutes at 750°C and 
55 minutes at 700°C (Fig. 5). 

s . 	Referring to Fig. 7$ a plot of percentage 
sulphur removal vs time for 0.219 cm particle size 
at various temperaturest it is noticed that in about 
40 minutes 81.5% sulphur Is removed at 800°C where as 
only .61% and 37% sulphur are removed at 750°C and 

700°C, respectively. Similar results were obtained 

for particle size 0..184 am. at various temperatures 
(Fig. 7). 

b) Afftec ofParticle, Sizes The plots of percentage 
sulphur , removal vs time for different particle$ sizes 

at,various temperatures from experimental data are 
shown in Fig. 8 to 10. 

An analysis of the fraction of sulphur removal 
vs time at 7000 C, 750°C. and 800°C are shown in 
Fig. 8t9.& 10 respectively. These figures show that 

the recovery of sulphur goes down with increase in 

particle size for any period. • and temperature of 
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roasting. For example at 800*C, in 20 minutes, 

90.6% sulphur can be removed from a pellet of 
0.1435 cm. diameter as compared to only 81%, and 
66% sulphur from pellets of diameter 0.184 and 
0.219 cm. $ respectively. Also for removal of 80% 
sulphur from pellet of 0.1436 cm.- diameter takes 

only 14.5 minutes as compared to 19.5 and 38 

minutes for particle diameters 0.184 and 0.219 cm., 
respectively (Fig. 10). 

From Fig. 9 it is evident that 80% sulphur 

is removed from particles of sizes 0.1435, 0.184 
and 0.219 cm. diameter in 41,60 and 76 minutes, 
respectively at ?50`C. At ?000C (Fig. 8) 36% sulphur 

is removed In 40 minutes from pellets having diameter 
of . 0.219 cm. as compared to _43% and 51% from pellets 

having diameter 0«184 and 0.1435 cm. )  respectively. 

tuudy of Iinetics axd Kinetic 	 Mechauisn afi Roastingt The 
experimental results are plotted . in terms of chemical 
reaction rate control models  i.e. C1.(1_R) j Kt .,• 
With the help of experimental data the values of 

for different particle sizes at various 
temperatures are calculated and summarised in 
Tables 4 to 6. Plot of { 1. (1«I )* a vs time of the 
sulphur removal at various temperatures and particle 



siz+~s have been found to yield straight line relationship 

in the initial period of roasting. These are shown in 

pig. 19 to 21. The slope of these curves • 'ill give 
the reaction rate constant "K' . The values of 'K' 
at various. temperatures and particle sizes are listed 

in Table-12. 

With the help of these 'K' values log K vs 1/T 

plots were made in terms of Arrh nius equation 

{K = £e"). These plots for various partiole sizes 
are shown in Fig. 25, The slope of these lines will 

give the value of(•Q/2.g0? Rand hence the activation 

energy can be found out. These are listed in Table 14. 

In the present investigation. the activation energy 

comes eut of - the order of 29.0 K.oal/mole. The value Qhto eI 

Philbrook(41i2 is 40.25 K cal/mole.- , The difference 

in the activation energy obtained in present investigat- 

ion and by Natesan and Philbrook may be due to 
different chemical composition of the concentrates and 

of some other reasons, for example, the presence of 

various other impurities etc. 

The Fig. 3 is a photograph of partially roasted 
pellet. The various layers of reacted product., 

partially reacted and unreaeted core are quite evident. 

This figure shows that as the time inoreasc s the core. 



of the pellet Js to be consumed. In this way oxidation 
of zinc sulphide proceeds in a topo chemical manner 
and the various reaction steps can be listed as 
follows: 

10 	Transfer of reactant gas (oxygen from the bulk 
gas stream) across the gas boundary layer to the 
exterior surface of the pellet and the reverse transfer 
of the product gas (SO2). 

2. Diffusion and bulk flow of oxygen from the 
pellet surface through the product shell (ZnO) on to 
the ZnS/ZnO interface and the reverse transfer of 
sulphur dioxide. 

3. Chemical reaction at the interface, which 
results in the consumption of oxygen gas and generation 
of S02  gas and heat, at the same time the Zn8 core 
is consumed and ZnO shell thickens„. 

On. the basis of the above mentioned steps the 
rate of roasting is either diffusion controlled or 
chemical reaction or mixed controlled. The rate 
based an . step . 1, depends on the flow characteristics 
of the system$  such as _ the mass velocity of the 
fluid streaqt,the size of the pellet$  the diffusional 
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characteristics of the fluid involved. The rate based 
on step 2 depends on the degree of porosity of the 
product shell and the diffusiofal 'characteristics of 
the system. The rate based on step 3, depends on the 
interface area available for the reaction. 

Natesari and Phiibrook found that oxygen 
starvation in the fluidized bed was not rate limiting 
in any of experimental runs. Therefore step 1 can not 
be the rate controlling. If diffusion through the 

roasted shell is considered to be the rate limiting 
step the activation energy required for the process 
should have a value much less than experimentally 
determined value of the order of 29.0 K cal/mole. 
This value is 'sufficiently high for diffusion to be 
accounted as a rate controlling step and therefore 
it can be concluded that the surface reaction should 
be the probable rate controlling step. This is 
urther supported by, the fact that a plot of (l_(IiR)*) 

vs time has yielded straight line relationship in the 
initial stages of roasting. Where as in the final 
stages of roasting when the product layer is very 
thick then the rate might be controlled by diffusion. 
It is also evident from the plots of (l-.(l-R)*) vs 
time as . this relationship is not obeyed throughout the 
roasting period. Hence it can be concluded that the 
kinetics of roasting of zinc concentrate Is mixed 
controlled. 
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4. 2. 8tu.dy. on .Cjmeri Co c 	s The effect 
of the following parameters were studied on kinetics 
of roasting of copper sulphide concentrate. 

as 'Effect .t Temperature: The copper concentratep 
pellets,  were roasted in a fluidized bed at temperatures 
500°.,550,600°s650° and 700°C. The results are shown 
in Fig. 11 to 18. From these plots the pronounced 
effect of temperature and time on the amount reacted 
at any definite period is self evident. The fraction 
of sulphur removed vs time for particle size of 
0.1435 cm (Fig. 11), 0.184 cm (Fig, 12) and 0.219 am. 
(Fig. 13) at various temperatures (500°C -.700°C) 
reveals that the sulphur is increasingly removed with 
increasing temperature. For example from a pellet of 
size 0.1439 em. , 57.5% , sulphur is removed at 700°C 
as compared to only 16.55 sulphur removed at 500°C 
in 40 minutes of roasting period. 

b)  eft pt PartieleS ze 2 Effect of particle size 
on removal of sulphur from pellets at various 
temperatures are shown in Fig. 14 to 3:3, The recovery 
of sulphur is seen to fall with Increase in the. 
particle size at any period and temperature of roasting. 



For example at ?000C (Fig. 18) 60% of the 
total sulphur Is removed in 42 minutes from pellet of 
0.1435 cm-, diameter as compared to 47 minutes and 52 
minutes from pellets of 0.184 ad 0.219 cm. diameter, 
respectively and at the end of 60 minutes of roasting 
period about 67% , 73% and 82% sulphur are removed 
from the pellets of 0.219, 0.184 and 0.1435 am. 
diameter, respectively. 

tudoX Knetios and 	 To test 
the validity of chemical reaction rate controlled 
model • the values of (]..,(1.R)*) were calculated at 

various tbmperatures and particle sizes from the 
experimental results in,  the similar fashion as in 
case of zinc sulphide concentrate. These values are 
listed in Tables 7 to 11. The plots of (1-(l.R)*) vs 
time at various .temperatures d particle sizes were 
made and is found to yield straight line: These 
plots are shown in Fig. 22 to 24. Slope of the 
lines will give the values of apparent specific 
reaction rate constant 'It' • The log K vs ]/T are 
plotted to find . out activation energy as is described 
in 4-.2; 3. The values of 'activation energies are 
listed in Table 15 and these are of the order of 14 K 
cal/mole. 
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In this case also the photograph (Fig. 4) of 
partially reduced pellet shows the various layers of 
reacted product, .partially reacted and unreacted core. 
The various steps during roasting may be either transport 
of the gaseous reactants and products through the diffusion 
boundary layer and porous shell formed on the surface; 
and chemical reaction at the interface of cu2O/Cu2S 
similar to the roasting of zinc sulphide concentrates. 
The diffusion through the gas boundary layer can not 
be the rate controlling step as has been shown by 
Na#.pan and. Phiibrook. The diffusion through the 
reacted shell may be the rate controlling step. The 
activation .  energy data- show that it can not be the 
rate controlling step. For this to be rate controlling 
step the activation energy should have much less value 
than , the value obtained#n this investigation. Moreover$, 
the chemical reaction .rate model fits the experimental 
data well as can be seen in Fig. 22 to 24. Therefore 
the rate controlling step should be chemical reaction 
at the interface. 



**************************************** 

C ONCL U S I 0 N S 
**************************************** 



0 -N 0  U $ IONS 

On the basis of the results and discussion the 
following conclusions can be drawn;; 

1. Oxidation of copper and zinc sulphide concentrate 
proceeds in a topbchemieal, mardier, 

2. Removal of sulphur increases with the increase in 
time and temperature of roasting. 

3. Removal of sulphur falls with increase in particle 
size at am period and temperature of roasting. 

4. In general at all temperatures the reaction is 
rapid in the initial stage and slows down 
considerably in later stage of roasting. 

5. The values of reaction rate constant increase with 
increase in temperature for a particular particle 
size, thereby sI owing the temperature dependence 
of the reaction. 

6. A plot of (l-(l R) ) vs time has yielded a 
straight line relationship in case of copper 
concentrate whereas in case of zinc concentrate 
It is followed in the initial stage only and then 
the curves deviate from linearity. 

7. Activation energies for the zinc and copper sulphide 
concentrates were found to be of the order of 
29.0 K cal/mole and 14.0 K cal/mole, respectively. 
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8. On the basis of the above two observations it is 

inferred that the oxidation of copper sulphide 

concentrates are surface reaction controlled In the 
temperature range of 500 to 70000 whereas oxidation 
of zinc sulphide concentrates are mixed controlled 

in the temperature range of 7004,  to 800C. 
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TABLE- t2B) s GURU OF VAR QUS RO T N 

X&I E oIT±uNINa 48 SULPRUR. 

Type of Roaster 	1Capacity int ns 1 sulphur roasted in 
Itper24 hrs.) 124 hrs/sq. meter 

$_ ° roasting •su faoe,kg. 

Mechanical Roaster 	25 	 80 

Rotary Kilns 	 70 	 100 
Flash Roaster 	 20'3 	 1100 
Fludized Roaster 	fit? 	 9600 

AB •M ~ 	I{ I ION PO Irk ' 0 ►;t7.LP _ID + FOR 	' .FNEIE8. 

Mineral 	 j Chemical Formula lignition point0c 

Pyrite Fe82 360 

Chalcoaite O t~, 435 

Sphalerite ZnS 616 
Galenite PbS 755 



pR 5.. 	A' 3 FLOW+.1.4 OF LI 	 d 1 • 

Sulphide [Density Particle Q caicul R 	lCorrect.. I 	I 2 
ore 	IgnVec. Idiameter lato 	 tact or m 	 1se0 concentrate * 	ftc. o 

r 	x 	~t,am sec l 	.x 	 Y 

Zinc 2,94 0.1435 0.214 170.5 042 0.0894 0.209? 

Zinc 3.94 0.184 0.411 419.0 0.32 0.134 0.2097 

Lino 3.94 0.219 0.5645 586.0 0.28 0.158 0.2097 

Copper 2.86 0.1435 0.195 155.5 0.44 0.0857 0.2097 

Copper 2,86 0.184 0.307 314.0 0.26 0.1075 0.209? 

Copper 2,86 0.219 0.421 512.0 0.29 0.122 0.209? 



.Particle I 
•size 	I 

Time in 
min. 

I 	Sulphur In I 
I 	pellet 	* 

percentage I 
Fraction I 
sulphur 	1 
removal 	I s  

(l (1-R)'v  o) 

0.1435 am. 10** 26.15 	1 0.1750 0.062 
(-10 	14)* 20 21.93 0.3082 0.11? 

40 13.83 0.5006 0,210 
60 12,12 0.6165 0.276 
80 10.98 0.6643 0.298 

0.1840cm. 10** 27.51 0.1320 0.046 
(,•9 + 10)* 20 23.24 0.2676 0.098 

40 18.28 0.4241 0.168 
60 14.92 0.5296 0.922 
80 13.12 0.555 0,240 

0.2190cm. 	10°x* 27.86 0.1210 0.043 
(.8 + 9)* 	20 24,24 0.2350 0.088 

40 20!12 0.3666 0.140 
60 17.56 0.4149 0.173 
80 16.92 0.4978 0.204 

Tayler Sieve Number„ 
' * 

 
Data taken from plots. 

• 



size 

0.1436 cm. 	10*" 30.39 0.3670 0.136 
(-10 + 14)' 	20 13.49 0.5721 0.246 

40 6,21 0.7942 0..403 
60 3*243 0.8999 0.536 
30 1.889 0.9426 0.623 

0.1840 cm. 	10** 23.99 - 0,2430 0.088 
9 + 10 	30 17.12 , 0.4596 0.184 

40 91983 0.6842 0.321 
60 6.032 0.8120 0.416 
80 4,008 0.8743 0,4980 

0.3190 cm . 	1O'' 35.33 0.2040 0.073 
(_8 + 9)* 	20 19,09 0.3982 0.155 

-40 13.31.. 0.6123 0.269 
80. 8. . 0.7310 0 *354 
80 6.752 0.8193 0.433 

* Tayler Sieve Number 
Data taken from plots 



6 W 

Particle 
Size 

ITime in 
rnin. 

Sulphur in 
1pelr1ceentlage   

sulpha 
it noval 
I"raction  

I 

0.1435 am. 100# 12.114 0.6182 0.274 

(_10$ 14)* 20 3.021 049070 0.546 

40 2.103 0.9342 0.596 

60 1.963 0.9393 0.656 

80 0.9131 0,9698 0.689 

0,1840 cm* 10** 17,164 0,4750 0,1944 

(1.9 + 10)* 20 6.210 0,8077 0.423 

40 3.513 0.8878 0.51' 

60 2.003. 0.9381 0.604 

80 1.421 0.9452 0.622 

0,2190 ca, 	10** 20,61 0.350 0.134 

(.8 + 9)'" 	20 11.12 0,66 8 '0.304 

40 5.492 0.8272 - 0.443 

60 2.963 0.9062 0.536 

80 1..821 0.9429 0.615 

* 'Tayl.er Sieve Number. . 

**Date, fawn from plots. 



Particle 
size 

(lime 
I in .n. 

ISulphu in 
geiiet, 
1percentage 

I Fraction 
I Sulphur 
I removal 

i(1 (1-R)') 
I 
I 

0.1435 em. 20 26,41 0.105 0.036 
(10 + i4)' 40 24.76 0.161 0..057 

60 23.37 0.208 0.074 

80 22.43 0.24 0.087 

0.1840 cm. 	20 27.15 0.08 0.027 

(0-9 + 10)' 	40 25.44 0.138 0.047 

60 24.23 0.179 0.063 

80 23.31 0.21 0.075 

0.219 am. 	20 27.50 0.068 0.022 
(-8 + 9) * 	 40 261-06 	. 0.117 0.041 

60 25.08 0.16 0.053 

80 24.46 0.171 0,060.  

* Tayler sieve number, 



• 

Particle 
size 	. 

fTime in 
iMin. 

I 	Sulibur in I Fraction 
. Pellet 	Sulphur 
Percentage, I Removal 

1.  

#(1i.(1~»R) 	) 
I 
1 

0,1435 cm. 20 261.23 	0.135 0.041 
(►10 + 14) * 40 22.66 	0.232 0.084 

60 20.57 	0.303 0,114 
80 13.90 	0.368 0.141 

0*184 cm* 20 26.59 0.099 0,034 

(•.9 + l0)* 40 24.08 0.164 0.065 
60 21.75 0.263 0.096 

80 20.33 0..311 0.116 

0.219 cm. 20 27.18. 0._079 0.036 
(.8 + 9) * 40 26.97 0,154 0.054 

60 22.99 0.221 0.08 
80 22.13 0.251 0.092 

~fM~~WrYiM iYNrd.- 

Taylor Sieve Number. 

• 



• • 

Particle 
Size 

[Time in 
Min. 

I 

Isuiphur in! 
I'el let, 	I 
IPereentage l 

Fraction 
Sulphur 
Removal 

i(1 (1-R)) 
I 
I 

0.1435 cam. 20 24.76 0.161 0.056 

—10 + 14)* 40 20.68 0.30 0.112 

60 16.76 0.432 0.173 

80 14.13 0.521 0.217 

0.184 cm. 20 26.68 0.13 0,046 

(-9 + l0)* 40 21.81 0.861 0.096 

60 17.25 0.392 0.152 

80 14.76 0.50 0.206 

0.219 am. 	20 86.38 0.1062 0.039 

E 8 + 9)* 	40 23.88 0.83 0.083 

60 19.23. 0.349 0.133 

80 16.17 0.428 0.170 

* Tayler Sieve Number. 



0 

Particle 	Time ml Sulphur ml Fraction l(i-(l"R)') 
Size 	 I Min. 	I 'eilet, 	I sulphur I 

I 	 Percentage l removal . I 

0.1435 cm. 20 23.17 0.215 0.077 

(10 + 	* 40 17.56 0*405 0.158 

60 12.63 0.672 0.246 

80 9.38 0,684 0.318 

0.184 cm, 20 24«14 0.182 0.064 
.9 +],0) * 40 18,83 , 0.862 0.138 

60 14.40 0.,512 0.212 

80 11.48 0.611 0.270 

0..219 cm. 20 '24.76 0.161 0..056 
(-8 + 9)* 40 19.62 0.335 0.126 

60 16.84 04463  

80 12.62 0.572 0.242 

89 

Tayler sieve Number. 



7~ 

Particle 
Size 

t.ime in 
4Ln. 

" Sulphur in 
Pellet, 
Percentage 

I 	'.racoon 
i Sulphur 

Removal 

i(l,(l.kt)") 

0.1435 amw 20 20*80 0143182 0.116 

(-10 + 14)* 40 12,55 0.875 0.248 

60 4.98 0.831 0,426 

• 80 0.66 0.978 0.728 

0.184 cm. 20 21.42 0.2743 0.104 

(.9 + 10) * 40 13.93 0.528 0.218 

60 • 7.81 0.7353 0.361 

80 2.95 0.9002 0.536  

0.219 0m.  20 22.34 0 2431 0.081 

(-8 + 9) * 	40 15.48 0.4753 0.194 
60 9.64 0.6735 0.812 
80 6.88 0.8182 0.488 

* Tayler Sieve Number 



S 

Particle 
Size 

Temperature 
°a 

*3/T X 104 
~K~~ 

Rate Constant K 
'K' 

0.1435 ern. 700 10.2? 0.0057 -2.2441 

760 9.76 0*0123 -1.9101 
800 9.32 0.0275 -1.6607 

0.184 cm. 700 10.27 0.02135 -2.3420 
750 9.76 0.00925 . .0339 

800 9.32 012135 •1.6706 

0.219 cm. 	700 10,27 0.00406 -2.3925 
760 9.76 0.0075 •2,1249 
800 9,32 0.05 - -1,8239 

91 



92 

Particle emperature ]JT x 104 Rate Constant 	log K 
Size O0 (~"1) # Ri 

0,1435 cm. 	500 12.92 0.00116 -2,9355 

550 12.15 0.00166 -2.7799 

600 11.45 0,00266 -2.5751 
650 10.82 0.00393 »2.3966 

700 10.72 0,00758 -2.1203 

0.184 am. 	500 12.92 0.000833 •3.0794 

550 12.15 0,00158 -2.8013. 

600 11.45 0.00258 -2.5884 

650 10.82 0.00363 •2.4401 

700 10.72 0.00615 -2.2104 

0.219 cm. 	500 12.92 0.000830 -8.0809 

550 12115 0.00113 -2.9469 

600 11.45 0.00217 -2.6635 
650 10.82 0.00315 -2.5017 
700 10.72 0.00554 -2.2564 



w 

Particle Size. 	 Activation Energy 

1.435 mm. 	 30.549 

1.84 mm. 	 29.029 

2.19 mm. 	 27.312 

C 

Particle Size 	 Activation Energy 
K cal per mole 

1.435 mm, 	 14.105 
1.84 mm. 	 14.787 
2,19  mm. 	 14.409 

9c 



The sulphur content of the pellet was estimated 

before and after roasting as barium sulphate. One gram 

of sample was dissolved iOn a mixture of concentrated 

nitric acid and KC103(small amount). All the sulphur 

was converted into sulphuric acid whichh was fixed up 

as BaSo4  by the addition of barium chloride. The 

precipitate was filtered off, ignited and weighed. 

sulphur was finally estimated from known weight of 
BaSO4  thus formed .. 
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