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PREFACRE

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 techniqe in
vhich the fine solids are transferred into a fluld like
state through phe contact of gas.

t This technique was first developed in 1920's
and tpe_fiyst large scale use of fluidized bed was
ma&e by F;itz,and Winkler for the gassification of
powdered coal. The patent for this process was
aw;rded in 1922 and the first gas producer started
its ope;ation in 1926. A number of similar units
wefe,constructgd in Germany and Japan to supply
ravw gag for the synthetlic chemical industrieg.
This ﬁype 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
acguired rights to use this technique in the roasting
of sulphide ores. They soon developed the fluo-solid
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system and first such unit vas constructed in 1947 in
Ontario, Canada to roast arsenopyrite and to obtain a

cinder suitable for gold production by cyanidation.

In 1942 at Berlin, New Hempshire, Dorr-Oliver
introduced this type of roaster for producing 802
from.sulphide ores.

As early as 1945 Badlsche ﬁnilin and Soda-Fabrik
(BASF) in Germany and Sumitomo Chemical Manufacturing
Company in Japan 1ndepéndently developed a roaster
similar to fluosolid system. Dorr-ollPer engineers
pioneered two additional important uses of fluidized
bed in thé area of drying powdery materials and the

calcination of lime stone.

- Another application of fluldized bed in
metallurgy is the reduction of Iron ore. Thils
technique has been extensively used in the previous
years partlicularly 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 end
Bethlehem steel company Jolntly developed a
process for direct reduction of iron ore called

H-Iron process and the United States company
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developed its Nu-Iron process for reduction with
nydroger. of less then 10 mesh size ore. Further
development made by ESSO Research engineers 1s

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 zine sulphide
and copper sulphide concentrates-in fluidized bed
by using chemical analysls method for sulphur
determination,

1/ This thesis has been degv¥ided into four
chepters. Ghapter»l deals with the general
introduction to the subjeét, advantages and
disadvéntageé'and industrial applications of‘
fluidized bed. |

Literature review_ié included in Chapter
11 anddeals with fundamentals of fluidization,
theory of oxldation of sulphide concentrates,
and a brief review of thé previous work done

on the roasting of zinc and copper concentrates.

Chapter-1Il gives the description of the
‘experimental set-up snd procedure followed in the
present investigation. Pellets of three various

slzes (0.,1435 om, 0.184 cm, 0.219 em.) of
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spherical shapes were made with the help of pelletizer,
they were then dried and roasted at var;oué temperatures.
The zine concentrates were treated at temperature 700°*..,
750¢ and 800°C and copper concentrates were treated at
temperatures 500°,550°,600¢,650° and 700°C. The

kinetic data were obtained by chemicsl analysis

of roasted samples.

Results obtaired from the experiments carried oﬁt
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

omd V4K Cat| mole
order of 29 K cal/mole,for zinc and copper sulphide

concentretes, respectively.
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NOMENGLATURE

Cross sectionasl area of bed

Cross sectional area of throat, sq. ft.
Coefficient of discharge, dimension 1985

An experimentally determined drag coefficient
Specific heat of gas at constat pressure
Specific heat of solid

Diemeter of tube

Particle slize _

Dimensional constant, 32.12(1b)(ft.)/(1b force)(Sec)?
Fluid mass velocity

Minimum fluidization fluid mass veloelty
Heat transfer coefficient

Thermel conductivity of the gas

Length of bed

Pregsure at upstream static tap

Pressure at downstream static tap

Volumetric rate of discharge measured at upstream

. pressure and temperature

Terminal velocity of a particle
Weight rate of discharge, lb/sec.
Expansion factor, dimension less
Digmeter ratio, dimension less

Dengity at upstream pressure and temperature; 1b/cuft.
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Density of fluid, 1b/cuft.,
Density of solid, 1lb/cuft.
Viscosity, polse

Voidpge of bed

(X)
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INTRODUCTION

A fluid-bed reactor is a very versatile equipment
for gas-polid reactions and, in particular, roasting
reactions. 4 fluid-bed process has many advanteges,
namely, very good contaat'bétweenvreacting solids
and gases, excellent temperature econtrol, and
uniformity throughout the mass of solids in fluid
actlion. The primaryobjective of the present work was
to study the kinetlies of oxldation of zine sulphilde
and copper sulphide concentrates in a fluidized-bed
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 zine sulphides in a fluldized
column was studied by Anderson and Bolduc(l) with
speclal attention to developing the reactor. They
pointed out that roasting of zine ccncentraﬁe
requires close control. There is a much danger of
fusion with zine concentrate than wvith pyrite.

(2) studied the theoretical
and practical aspects of fludized bed roasting of

Neston Sedano Rivera

zine concentrates. The operation was compared with
wedge roaster. He found that fluid bed reactor

requires less lasbour gnd no fuel as well as cost of



repeirs is low, since iﬁ hag no moving parts in the high
temperature zons. Trojan and Vanecek(a) studied the
kinetics of oxidstion of zine sulphide concentrates
containing 47.8% zinc by weight in pilot plant scale
reactors. They founé that the removal of sulphur was

a function of temperaturs, partisl pressure of oxygen
in the gas phase and residence time of 2zinc sulphide
perticles in the fluidized bed reactor. Natensan and
Philbrook(4) studied the kinetics of roasting of zine
sulphide over a temperature range of 740°C to 1000*C
with oxygen-nitrogen gas mixture of 20 to 40% oxygen.
They found that the temperature dependence of kinetie
constant corresponded to an actlvation energy of 40.256
K cal, per mole. Denbigh and Beveridge(s) also reported
that oxidation of zinc sulphide comcentrate is chemically
controlled with an activation energy of 50 K cal, per

mole.

Jemes Blair'®) studied the fluosolid roasting of
copper cqncentrates_with,speeial,attantion to developing
the resctor, He found that the recovery of sulphur was
increased from 63 to 85%., Sevabrenﬁikova and Gultsena(7)
studied the possibility of increasing the particle size
of copper calcine and decreasing the dust carry out in
fluidiz?d bed roasting of copper concentrate. They found
that by addition of 5§ to 7% of NayS0, & FeS0, (60140)



to ungramulated copper concentrate decreased the dust
losses by 80 to 60%.

Oxidation of copper and zinc sulphides are
hetrogenous process 1nvolv1ng transport and reaction

steps, The reactions are exothermic and sre irreversible.

1.1 FLoDIziTION(®

' Fluidization is the operation by which fine solids

- are transformed into a fluid 1ike state thraﬁgh contact
with a gas or liquid. This method of contracting has a
number of unusual characteristies, and fluldization
engineering 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 particlésg at a
low flow rate, fluid merely percolates t@@ﬁgh 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

restrictéd regions. Thig is the éxpanded bed.,

At a still higher velocity, a point 1s reacked
when the particles are Just suspended in the upward
flowing gas or ligquid. At this point the frictionsl

force between a particle and fluid counterbalances the



welght of the particle, the vertical component of the
compressive force between adjacent particles disseppears,
and the pressure drop through any section of the bed
nesrly equals the weight of fluid and particles in the
section. The bed 1s considered to be just fluidized
and is referred to as an incipientliy fiuidized or a bed
at minimum fluidlzation,

In 1liquid solid system an increase in flow
rete above minimum fluidization usuelly 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 bed, a»homogeﬁ?nsly fluidized
bed, a smoothly fluidized bed, or simply a liquid
fluidized bed.

~ Gaswgolld system genera}ly behaves in a different

mgnner, With an increase in flow rate beyond minimum
fluldization large instebjlities with bubbling and
channeling of gas are observed. At higher flow rates
agitation becomes more violent and the movement of

solids becomeg more vigorous. In addition, the bed

does not expand much beyond its volume at minimam
fluidization. Such a bed is called an aggregative
fluldized bed, a heterogeneously fluldized bed, a
bubbling fluidized bed or simply a gas fluidized bed.



Both gas and liquid fluidized beds are considered
to be dense-phase fluldized bed as long as there is a
falrly clearly defined upper 1llmit or surface t6 the bed.
However, at a sufficiently high fluid flow rate the
terminal veloclty of the solid exceeds, ﬁhe upper
surface of the bed disappears, and solifié are carried
out of the bed along with the fluld stream. In this
state we have a disperse-diluté, orllaan*phase fluidized
bed with pneumatic transport of solids., Although the
properties of solid and fluid alone will determine
whether gmooth or bubbling fluldization occuré, many
factors influence the rate of solid mixing, the size
‘of bubbles, and the extent of heterogeneity in the bed.
These factors inciude bed geometfy, 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. Thls 1s not shared to the same extent with
1liquidesolid system. Thus practlically all the important
industrial applications of fluidization are gas fluldized

system,



bed.
¥

3.

4,

S

f Fluid ed

The following are the advantsges of fluidized

Smooth, liquid like {low of particles allows

continuously and automatically controlled
operations with esse of handling.

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

The eirculation of solid between two £1uidized
beds makes 1t possible to transport the vast
quantities of heat produced or needed in large
reactors.

Heat and mass transfer rates between gas and
particles are high when compared with other
modes of contactings

The rate of heat transfer between a fluidized
bed end en immersed object is high, hence heat

-exchangers within fluldized bed requires

relatively smagll surface area.

ad ‘ £ fiuwidize d

dpert from various advantsges the fluldized beds



. also have certain disedvantages. These are given

belows

1.

2

3
4.

5.

The difficult~to-describe flow of gas, with its
large durations from plug flow and the by-passing

. of solids by bubbles, represents.an inefflcient

contscting system, Thls becomes speclally
serious when high conversion of gaseous

reactant ig required.

- The rapld mixing of solids in the bed leads o

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.

Friasble solids are pulverised and entrained by
the gasy they then must be replaced.

Erosion of pipes and vessels from abrasion by
particles can be serious,

For non-catalytic operations at high tempersture
the agglomeration and sintering of fine particles

can necessitate a lowering in temperature of

.cyeration,and hence reducing the reaction rate

considerably.



1.4 Industriel spplications of fluidlzed bedg

Any application of fluldization falls lnto one

of the following two classes:

1.
24

g)

b)

Physlcal and mechanicel process or
Chemical reactions and catalysis
deal P
Irangportationt The fluidity of fluldized solids is
often as great as that of liquids and this property

has effectively been used for the transportation
of powdered solids.

Mixing of Fine Powderss With conventionsal
techniques 1t is difficult to mix intimately
different kinds of powdery meterlialsy however,
fiuidization of the mixture meskes 1t possible
to circulate solids in a storage bin giving
comparatively good intermlixing.

o) Heat Exchanges Fluidized beds have been used

extensively for heat exchange, in both physical -
operation and chemical process, because of

thelr unique ability to rapidly transport heat

and maintain a uniform temperature.



a) W_&M: Fluldized beds have been used for
drying end sizing of powdery materials ané one of
the first commerciel dryers is a Dorr~0Oliver fluo~
g0lid unit. Fluo-s0lid dryers have been widely used
to dry materials such as l.imestone, dolomite, coal,

blast furnace slag and plast:l.cs.

Chemlcal resgtions and catelvgls

(a) garbonisation and Gassifization
1) Carbonisation of oil and coal
11) Gassification of coal and coke
1i1) Activation of chareoal

(b) Caleining end Clinkeripg
i) Calcinetion of limestone, dolomite and
phosphate rock.
11) Cement Clinkering.

(c) Gas Solid Reactions
1) B,W: These operations are
all characterized by an exothermic oxidation,
hence a simple-stage fluidized bed is usually
satisfectory. No out slde 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 higher czpacity. They also
require less excess alr, thus giving off gas
with high suiphur dioxide concentration.

Uniform temperature of fluidized beds also enables
sulphides ores containing cnpper'e? cobalt to be rossted
to the sulphate then separate the iron oxide cinder by
Reating with water or dilute sulphuric acld.

Fluidized beds cau be used for rossting zine
concentrate and copper concentrate. 4 1.5 meter
diameter pilot fluo-sclid reactor has been built by
the Anaconda(l; copper mining eompany and has been
operated successfully using & siurry of zlne
concentfases as feed., Fluosolld roasting of QOpper(S)
goncentrates was begun at Gopper Hill Tenn in June
1961_w1th‘gn_1n1tial,qapacity of 250 Ton#- per day.
quparativé analytical date on the roasting practice
ks obtained in commercisl plants with pyrites containing
438% sulphur are given in table-1l.



A o e O 6 o ok o 0 o e o o o o o o o o o R R Ok X

CHAPTER~II

0 e o e e ol A ok o e A8 i ik otk ol ke e ke o o e kol ol ok ok ok o O R Sk oK IR
1



LITERATURE REVIEW

If & fluid is passed downwards through é bed of
s0lids no relatlve movement between the particles takes
place, unless the initlal orientation is unstable. If
the flow is streem like, the pressure drop a¢ross the
bed wAll be directly proportionel to the rate of flow
but at higher rates it will rise more rapidly.

If the fluld 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 spparent weight (actual weight +
buoyancy), the particles become rearranged so that they
- offer less resistance to the flow of fluild and the bed
starts to exspnd. This process continues as the
veloclty is increased with the total frietional force
remaining equal to the weight of the particles, until
the bed has assumed the loosest steble form of packing.
I1f the velocity i1s increased still further, the
individual particles separate from one another and
become freely supported on the fiuld and the bed is
said to be fluildized,

11
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Further increase in the veloclty causes the
particlas to sepéraee still further from one another
and the pressﬁre difference réméins approximately equal
té-the'wéight per unit area of'bed‘ With a gas uniform
fluidization is obtained only at relatively low velocities
and at high velocities two separate phaées are formed,
these are often referred to as dense phase and the lean
phase and a condition of ! aggregative' fluidigation is
produced, Gss conteining a relatively small proportion
of suspended s0lids bubbles through a high density
fluidized bed with the lean phase corresponding to the
~ vepour 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 veloclty relative to
the particles in the dense phege may not change
appreciably, and it has been suggested that the flow
relative to the particle can as a result remgin stream-
line even at very high rates of flow, If the rate of
Passage of gas is high, and if the bed is deep,
coalscence of the bubbles tekes place and eventually
slugs occupying the whole cross~section of the
containing vessel are produced, these slugs of gas
alternate with slugs of fluidized sollds which.are
carried upwerds and subsequently ¢ollapse ceusing the
solids to Tall back again. 1f the gas velocity is
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now increased so thét 1t exceeds the terminal falling
velocity of the particles, in the ebsence of channeling,
the slugs de not disintegrate but contimue to rise
indefinitely and transport of the solids tekes place

in thaigas stream,

The onset of fluidization ogcurs vhen
(rag forsé by upward moving gas) = (Weight of particles)
or (Pressure drop agross bed) x (Cross-sectional area of tube,
| = (Volume of bed) X (Fraction of
Solid) x (Specific weight of

solids).

(QQ 10) gives a generalized equation derived

Lava
from the fundamental consideration of pressure drop and
veloelty relationships at the onset of fluidization.

He eliminates voidagé, sphericlty temm by relating them

with Reynolds nnmber and is as given belows

_f _ .
- ,,_,_,,,__E_.L:P! ( 'Fr ) = s i 0 2o 2 e ----(2.1)_

o

For R less than §

C (s function of ~R“~* )= 0,0007 x Re ~0.063
and incorporating g, in the experimental constant the
above relationship yields
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| 1.82 ,, 0.94
Gmr g, ‘ &8 D;p . m(fr (_i 8 - -Ff) ) -.—_h.ib--—-(z‘ 2)
)n»SB .

which gives Gue in pound per hour per square foot if D,
is expressed in inches,f’t, fg in pounds per cubic
- foot and u in centipoise.

The above relation gives cdrelation only up to
flow rgtes where Ry %s éess than 5, For this reason
one must calculate *Ejgmt after G,, has been calculated,
'in order to check on the range of validity in relation
to the problem., If the resulting “iL*-4§ is in excess

of 5, G . must be corrected by means of standard

_ . The relation between the superficial veloclty
number(ug )through bed of the fluld (ealculated over the

whole cross-gection of containing vessel) and the
pressure gradient is shown in figure 1. Here the flow
1s streamline and the ocurve is a straight line of
slope unity. At the fluidization point, the pressure
gradient beging to fall because the porosity of the
bed increases, this continues until the veloeity

i1s high enough for transport of the material to take
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FLUXDIZED BED
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PRESSURE GRADIENT IN BED AS FUNCTION OF FLUID VELOCITY.
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place, the pressure gradient then starts to increase
agaln because the fractional drag of the fluid at
the walls of the tube starts becoming significant.

D Flutdized Be

For relatively low flow rates in a packed bed
the pressure drop is spproximately proportional to
gas veloeity, usually reaching to a maximum value
slightly higher than the static pressure of the bed.
With a further increase in gas velocity, the packed
bed suddenly unlocks, in other words the voidage
increases from €p (over all bed*voidagé fraction) to
€ mg (bed-voidage fraction at point of minimum flﬁidization)
Tesulting in a decrease in pressurs 4rop to.the static
pressure of the bed, With gas velocities beyond
minimum fluidization the bed expands, end gas bubbles
-are seen to rise with resulting non,homogéneity.in the
bed. Despite this mige in gas flow, the pressure drop
remains practically unchanged.

mi elocity of ticle

The gas flow rate through a fluidized bed is
limited on one hand by ups ¢ the average superficial
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fluid Veléaity required for minimum fluidigzation) and on
the other hend by entrainmeﬁt of solids by the gas.
When entrainment occurs these solids must be reeyeled
or replaced by fresh material to maintain steady state
operations. This upper limit to gas flow rate is
approximately the terminal or free-fall veloecity of

the particles which can be estimated from fluid
mechanics by

4D (f_=f,)
3?' e b
£ d

Uy

To &avoid carry-over of solicis’,:g bed, the geas
velocity for fluidized bed operation should be kept
between u, and u o . The Tatio of u, to up, 1s
usually between 1021 and 90t1 and is aen indication of
the flexibility of possible operations. The ratio
ut/umf_ig smeller for lerge slzed particles including
less flexibility than for smaller particles. 1t is
also an indication of the maximum possible helght of
fluidized bed, Thls is because the pressure drop
through the bed results in an increase in gas veloeclity
through the bed, ,?hus the @aximum height of bed is
where the bed is just fiuldized at the bottom end where
ug 1s Just reached at the top. Actuelly the range of
satisfactory operations of a gas fluldiged may be
considerably narrowed by channeling and slugging.
This 1s especielly serious with large uniformly slzed
particles where it 1s often difficult to fluidize the
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bed at all, With proper use of baffles or in tapered

vessels thls undesgsirable behaviour can be reduced.

It should be noted that violently bubbling gas
,flﬁidized beds can be made to operate at gas veloclties
in excess of thex terminal velocity of practically all
the soliés, with some entrainment, which may not be
severe. Thlis is possible because the major portidﬂ of
the gas flows through the beds as large, particularly
801id free, gas bubbles while the bed solids sre
suspended by a relatively slow moving gas. In addition,
by using cyelone geparators to return the entrsined
solids, even higher gas velocitlies can be used. u./u .
ratio upto 250 mgy be used with proper arrangement of

dust separator,
«2 He r epr _in Fluidized Bed

Fluidized gystems are extensively néed because
the high rates of heat transfer and the uniform
temperature within the bed; and the high coeffigients
to transfer heat from the bed to the walls of the
conteining vessel: Much experimental work(ll’lz'la)
hes beencarried out but a'completely satisfactory

cof@lation,of the data has not so far been svolved.
Several expressions§14’15} of an_amp&ricalgnature,

in which the varlables are arranged Sn the form of
dimensionless groups, have been suggested for heat
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transfer to a2 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(16’17'18)

is generslly poor. '
Miller and Logwincikgls) cbtained range of

coefficlents between 40 and 200 lb. cal/sq.ft. hr. °C

for heat transfer between a fluidized bed and the

walls of the contsiner. They found that the ccefficients

were proportionsl approximately to the diemeter of the

particles ralsed to the power (~ 0.8)and the velcelity

tc the power 0.2. Van Heerden ot. a1516) have obtalned

an emparical oxpression for the heat transfer coefficients

vhich was found to be independent of the thermal

gonductivity of the solid perticles and to vary as the

0.5 power of the Prandtl Numbher of the gas.

Dow and Jakob‘1?) obtalned heat transfer
coefficients upto 170 lb.cal/sq.ft.hr.*C and these werse
abogt 100 tiﬁes the value obtained for gases without
suspended solids. The fluidized bed was formed in &
vortical sylindricel conﬁainer surrounded by jacket
containing the heating medium, Accurate meesurements
of tempersture were made at various points. The main
bedy of the bed was found to be al a uniform temperature
wlth a steep temperature gradient st 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 so0lid particles hit the wall, becamse 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 breaks up the 1ém1nar sub-layer
which would otherwise exist. This_ié further supported
by the fact that the trensfer coefficient is not
affected by the thermal conductivity of the solld
material. The heat transfer coefficlent is less shen
slugglng occurs, presumably because there is then n§
longer a laeyer of particles near the wall throughout
the whole depth of the bed.

The expression recommended by Dow and Jakob(l?)
- for the calculation of heat transfer coefficlent is

g_g___, . D.0.68 _2_0;17 (1=0) 6, 0"% pg 10.80_(p
= 0.55 Oft) * (Dp ) hid (2¢F*E;~§~a) yr ‘

'J%knb(ls) has attempte&'te explain differences
hetveen hls results snd those of Ven Heerden in teims
of the fect thet in one case the fluidized bed was
being heated snd in the other 1t vazs being cocled. It
is lixely, however, that this is chly & partiel
sxplanation becauge Molino and Hougenslg) found that
the heeat trausfer 1ls not affected by the type of

ProOCess.



The oxidation of the sulphlde pérticles by

atmospheric oxygen produces more or less dense film
oxide on its surface. For the oxidation to go onya
continuous exchange is essentisl between the solid
and gaseous phase, i.e., free access for ox ygen to
the sulphide and withdrewl of sulphur dioxide. This
1s accomplished by the diffusion of the gases through
popes and discontinuities in the oxlde envelope over

the sulphur grain,

As roasting progresses the oxide f£ilm grows
in thickness and gases find 1t inereasingly more
difficult to penetrate it, the combustion of the
sulphide s¥ows down or steps altogether. Of course
the latteralternative is less likely to occur with
smellier then with larger particles which uay heve a
thicker oxide film, Therefore, roasiing may be
speeded up by grinding, as this increases the ratio
of surface area to unit weight of the sulphide.

The rate of gas diffusion whrough pores end
discontinuities in the oxide film rises with
temperature. Its rise, however, is usualiy kept
within some 1limit to avoid fusion of the particles.
The rate of diffusion is furthermore dependent on

the difference in the partisl pressure of the oxygen

21
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and sulphur dioxide at the interface of the oxide film,
rising with decreasing sulphur dioxide and with
inereasing oxygen in the gases surrounding sulphide
particles,vthe iaté q: roasting is affected in a
similax way. Theréfére, the particles felling doﬁn

or floating in the gas abe roasted qulcker than those
lying in the bed, Tﬁevroasting of the latter may be
sccelerated by stirring.

The heat given up by sulphide combustion goes
to raise thé temperature of the burning grains, aithough
the bulk of heat is given to surroundings. At high
rate of roasting, which is true of falling of floating
of particles, the rate of heat input per unit time
appreeiabiy rises, while the rate of heat exchange
with the surroundings remains nearly unchanged.
Therefore, heat'is acoumilated in the gralns, rising

thelr tempergture and that of foasting.

Sulphide minerals widely differ in ignition
temperature which 1s slso affected hy grain size,
being higher for bigger then 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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combustifn 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 alr and thus the rate of reaction will slow

down.

Very few attempts have been mgde to study
analytically the nsture of the kinetics involved in
oxidation of zinc and copper sulphide concentrates in
fluidized bed, 4nderson and Reymand Boldue ) studied
fluo~golid roasting of zine concentrates, They |
Teported that thse roasting of zinec concentrate requlired
¢lose control. There 1s a much greater dsnger of
fusion with zine coucentrates than with py¥ite, the
mleting points of ZnS and Fesa being 1020°C and
1193%C, recpectively: Iead and other impurities

in the concentrates further complicate the problem.

" Roagting of sphslerite concentrates from Zawar
mines had been investigated by Muralimohan Rao amd
Abrahen‘®? with the object of determining the
operational controls which eould be exercised during
‘roasting to encourage the formation of desired

products, llke gine oxide and sulphate and to
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ninimise the fbrmation:of undesirable zinc ferrite

" sllicate. They reported tThat no sulphate was found

in the roast above 850G when zinc sulphlde concentrate
was roasted in alT or iIn oxygen. At lower temperatures,
oxygen ehriehmant shorecsed the percentage of zine
sulphate formed. Thbugh oxygen anrichmeﬂt shortened
the time for the completion of roasting, there was

no appreciable decrease in the amount of zine ferrite
formed at the end of roastiﬁg. Practically all the
jron in the roast was present as ferrite. The smount
of silicate formed was minimum when oxygen-enriched
alr was employed. This was due to the short time of
roasting, Mazximm amauat of zine oxide wzs formed

when roasting was deone in gir or oxygen st 850°C.

~ Snurikov, Larin and Magulis(ZI) studled the
roasting of zine concentrates In fluldized bed st
high 502 goncantration in the gas phasa. The
concentratas contaeining zine 58,2%, Fe 3,5%, Cu 0.,8%,
Pb 3;2% and 5 33,1% were roasted with a 80, (50 to 90%
by volume)} end oxyzen mixture for 25 to 300 minutes
at 600*906?0; When roasted for 25 minutes with a
gas mixture conteining 86, 60% and 80%, the zine
sulphide content of the caleine was decressed to
about 5% at 200¢C, but the'zinc sulphato concentration
remained ebout 30% even at 900°C, though 86% of Zn
was acid soluble., At 900¢C and 25 min. roasting period

when 308 content of the gas mixture was inereagsed
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from 50 to 90% by volume, the water goludle zioéd
concentrate desressed fyom 31.8 to 26.4% wvhere as on
roasting with elr, only ©.8# of Zn was found to be
water soluble. When roasted with 60% 50, and 40%
oxygen at 900%C, increesing the time by zores than
ons hour had little effect on zinc sulphide
oxidation and zino sulphate formetion, 7These '
experiments showed that fiuldirzed bed roasting of
gine congentrate with oxygen and gas reoireulation
may produce gss conteining sbout 80% 50, but will
yield a celeine unsuiteble for hydrometallusghosl
troastment by existing comumercial methods,

Begser and Babim‘m:' studied the gimultaneous
roasting of zinec concentrate and lime gtone in &
fiuidized furnace. They reported thet it wes
posaible to roast zinc consventrates without any
fuel st temperatures of 1120 to 1180*C, rate of
elr flov being 23 to 24 om/sed., ond with addition
of 64105 lime stone, But production experiments
wore not successful because the fiuldized bed could
not be heated to ehout 1120°0 and the extraciion
of lead and cadmium was not satisfastory.

A sories of maat&nz(m’ of gine concentrate
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wag carried out at different temperatures on a
constant flow of alr. The results showed that an
increase in temperature of roasting of concentrate
from 800 to 1000¢C had no influence on the extraction
of zine¢ in the sulphuric acid ;eaﬂhsolution‘which
was in the range of 94.2 to 95.7%. Roasting of
concentrate at a temperature of 700*C and under
simllar leaching conditions gave a still lower
extraction of zinec in the solution which was only
92.8%.

Denbigh and Beveridge(l4), in an extensive
invegtigation on the oxidation of sulphide from
500 to 1400*C, have noted some unusual features.
The reaction was observed to start ot temperature
between 500 and 600*C, the exact value depending
on surface area available. With pellets which were
presintered the rate exhlbits an Arrhenius-type
relationship with temperature until about 900%C,
and for this reason it is believed to be chemically
controlled with an activation energy of 60 K Cal./g mole.
Additional evidence for chemical control was provided |
by Ganon and Denbigh(aa), who noted that orystals
of sphalerite oxidized at all temperatures below
830°C, the shrinking ébre of zine sulphide maintained
a simllar geometry to that of original orystal.
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At low temperatures the initial rate with
unsintered pellets, owing to larger surface area
available, is apprecisbly higher than with pre-
sintered pe}lets. ,Howgver, the rate increases
less rapidly with temperature than would be
expected fyem a chemically controlled reaction,
aﬁd this is attributed to the reduction in surface
area caused by the sintering of the pellet prior
to or during oxidetion.

Above 830*C, or some what higher,if no oxide
layer is present transport control becomes significent.
The corners of the sulphide core in sphalerite crystals
become rounded., It has also been shown that at
temperatures of 850 to 880°C en increase in the
oxygen partial pressure causes a proportional
ineféasevin_the reaction rate, where as below 850°C
a limiting oxygen :eaction rate remalns cpnstant(ag).
The oxidation of zinc sulphide mey be considered
‘irreversible over the whole of the temperature fange
examined. Consequently, with the exception noted
below, the reaction rate in the transport controlled
regions 1s relétively insengltive to temperature.

The exceptlon ogccurs 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
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interface and the bulk gas. This acceleration in

the rate 1s believed to be due to the vaporizagtion
of zinc sulphide whigh reacts with the oxygen in the
boundary layer surroundingg the solid, In this
range a complete shell of oxide mgy be formed ocutslide
and separated from the original sulphide pellets.

The vapour pressurse increases exponentielly with
temperature and at still higher'temperatures |
(1400°C) the rate of veoporigzation is 50 rapid that
the reaction occurs entirely in the vapour phase and

no ¢oherent oxlde skin is fqrmed.

. Denbigh end BeVgridge(53 have shown that on the
intermediate range 1050-1200°C there is a rapid fall of
the,reastion rate, It is believed some vaporization
of zine sulphide occurs and reacts with oxygen in the
porous oxide layer, depositing zinc oxide, which
eventually blocks the ﬁores,.eonfirmatory evidence
ves provided by the density of the product layer, which
rose from 2.0 g/cs.¢., for reaction at 950°C to 4.8 g/c.c
at 1150°C.

Kinetic studlies of the oxidation of zine
sulphide were carried out by Netesan and PhilbrooktJﬁ'ZSj

in a fluldized bed reactor over a temperature range
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of 740 to 1000°C with oxygen-nitrogen gas mixture of
20 to 40% 0, A mathematicel model was developed to
describe the overall conversion of the sollds.
Application of the model to the experimental data
indicated that the chemiscal reaction at the outer
boundary of the unreacted sulphide core was the rate
1imitling step for the processs 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 nat limiting in any of the
equrimgntal.suns, but an 1hcrease in the inlete
oxygen mole fraction resulted in a substantisl

increase in reaction rete,

Most of the published literatures deal with the
stsibility of selective sulphating individual

(27)

components in the ore. Frank M Steplens conducted

a_series of tests on dxidat;qn 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

solublg copper and cobalt sulphates whlle retaining

the iron in insoluble-oxide form.

Krishanmrtni 37} studied caleination of Indien

chalcopyrite coneentrates for recovery of copper



sulphate in a fluidized bed. He- found that at 550°C
the Tecovery of copper was about 80% by treating

the caleine with hoiling water contalning 5% sulphuric
cold and 6% ferric sulphate under the minimum fiuldize
ation velocity and twice the theoretical requirement
of air supply. o

Raz ouk, Kolta acd Mikhail‘®l? found that in
case of chalcopyrite, sulphatation of iron took place
more rapidly than that of copper, bub sbove450*C
intersction between the formed ferric sulphate and
copper oxide led to the production of copper sulphate
in inoreasing quantities. At about 600°C both

sulphates decompose to yleld the corresponding oxides
whieh react together at 900¢C forming cuprle ferrite.

Ramakrishna Rao and Abraham(se) stﬁ&ied the
oxidation of cuprous sulphide pellet in the temperature
range of 780 to 950°C. The apperent asctivation energy
from the experimental data ves found to be different |
for the initigl and subsequent perlods. Rate

controlling mechanism for these two infervals have
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been ﬁraposed based on interface chemical reaction,
mass transfer resistance and heat transfer concepts.
The activation energles were found to be of the

order of 28.0 K cal/ g. mole and 6,0 K cal/g. mole,
"for the initial and subsequent periods respedtively.



N o st o ol e e oo o oo o oo A A R ROR kR e

CHAPTER -« IIl

AR A 2R A A A A 3 oK o0 K O i A K e K R OK K R kR



32

EXPERIMENTAL WORK

The experimentsl set-up is shown in figure -2
- and consists primarily of the followlng major

components:

(a) Air compressor

(b) Orifice mete: with 1/16% orifice plate
(e¢) Air preheater

(d) Air distributor

(e) Fluidizer (Reactor)

(£) Crucible with perforated bottom

(g) Heating furnace

(h) Control panel board

(1) Thermo couPles

(§) Cyclone dust catcher

(k) Manometer

3:1(a) Air Comprasgor: Air required for roasting of
sulphide concentrates was supplied by an alr compressor .
The rating of the compressor was:

H.P. 1; R.P.M. 750; Max. Pressur 75 psi
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3:,1(b) Orifice meters 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 obtaln the correct flow rate by

some stan@ard flow meter.

The practical working equation for weight rate
of discharge, adopted by A.S.M.E. Regearch Committee on
fluld meter for use with either gases or liquids iss3

cmmemmuna={3.1)

The valus of 'y!' can be tsken for liquid eas
unity but in the case of gasesg its value can be
obtained from standard curves for square-edged or
sharp edged concentric circular oriflce, the
velue of coefficient of discharge 'of falls between
0.595 and 04,0629,

o The orifice meter was made out of two flanges
of 10 em, outer dia each fitted with four bolts of
8 mm., diameter« Between the two flanges there was
a 0.169 em. thick orifice plate of rass 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 sbout

14" from orifice plate in up stream side.



3.1(c) Alr Preheatert A tube furnace was designed and

fabricated to preheat the alr up to 500°C within an
accuracy of ¥ 5°C, 1Inside the tube furnace a stalnless

steel tube was placed with flange coupling arrangement.
Other pertliculars ares

Maximum temperatureof the furnace - 1400*C

Voltage - 220V
Length of the tube ' - 61 cm,
Diameter of the tube - 10 om.
Heating element - Kanthal wire
(18 sWa)
Refractory tube | ~ B81illiminite
Length of Wire = 29 meter
Current ‘ _ - 8,7 amps.
d) &lr Digtributors: For uniform distribution of air

a distributor was used which consists of a mild steel
plate of 0,317 om. thickness with 5 holes per sq.
cm. of 3/32" dismeter. |

Fluidd Reagtor)s This is the most impwrtant
part of the whole set-up. The fluidized bed reactor
was constructed from type 304 stainless steel'éeamless
tube. The inside diameter of the'tube was 5.588 cm,
and 1% was 74 cm., long. At a distance of 5.1 cm. from
the top of this stainless steel tube a mild steel tube

39
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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.

_cor 1_ie th perforated bottoms A crucible with
& perforated bottom having & holes per sq. ¢m., of 3/32"
diameter was used which was 15 cm. in height and 4.445 cn,

in diameter.

2.1(g) Heating furnsces: The fluidizer was heated upto
the desired tempersature of roasting with the help of
a verticel tube furnace with the following specifications

Maximum temperature - 1000*C

Voltege y o - 220V
Length of tube(Silliminite)~ 46,25 em.
Tube Diameter (outer) = « 15,25 cm.
Shell Diamter = 48,5 cm.
‘. Heating element '~ Kanthal wire(18 SWG)
Length of wire « Upper winding 21 meter

, _ . lower winding 18.5 meter
Total current

13.9 anpse

Control 1 _Boards A control panel board to

sontrol the temperature of the furnace was made.,



Separate température indlcators were provided %o
indicate the temperature of furnace, reactor tube

and the temperature of praheatéd air and flue gas,

Zh goupless Chromel-Alumel thermocouples
were used for tempg?ature measurement. Thlis thermo-
couple can satisfactorily measure the temperature
upto 1300°C. Two ChromeleAlumel thermocouples were
provided hc.maasure the temperature of preheated sir
and'that of flue gas. At the control panel the

temperature indicators were mounted.
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221€1) Cvclone dust catchers This unit was designed to

trap any solld particle being carried ouer by the gas.
The cyclone dust catcher was made of mild steel sheet
(1/16" thick). The dismeter and height of the
¢ylindricel portion were 15.25 cm. each while the
helght and diameter of the cone were 22,5 om. and
2,5 cm., Bespectively. The diameter of the opening
at the entrance was 5 cm. while at the exit it was
2.6 em., The cyclone dust catcher was supported on

& tripod-stand made out of M.S. rod. The helight of
the stand was 1.75 meter. 4 1id was provided at the
bottom to facillitate the removal of solid particles.,

2a2(k) Menometers Three menometers of 1.2 meter height
were made of glass‘tube‘(l cm, outer diameter)., Water

was used as manometric liquid.



2.2 Matordal Used

The followiﬁg materials were useds

‘1) Zinc concentrete t The analysis of concentrate is
- given belows

Zine = 50.72 %
Sulphur - 31.7 %
Iron - 6.47%
810, ) |
31293. § - Rest
Copper )

Lead g

i1) Copper concégﬁrg;ez' The analysis of concentrate .lis

given belows

Copper =~ 25,23%

Sulphur - 29,51%
Iron - 30.32%
‘S1llca ) _ Rest
Alumina
ssd.Caloulation of Flu,

The fluid mass veloeity for minimum fluidization,
Gres of a bed of solids was calculated s a functiOn of



Partioie slze usling Leva's co@@lationcs’g),

)0.94

wwmmew=(3.2)

The above corelation is valid only if the Reynolds
number (Rg= (D G oup) ) 1s less than 8.0, otherwise the
Gmf values should be corrected by a factor determined

experimentally (9}

- The fluid mass velocity in g/cmz ses. was calculated
(21),

using corelation as given below

W= oy A, j M’ i ~mmmme(3,3)
. le P
Teking y = 1.
¢ = 0,61 , w .

and Ap = Pl o = 40 oem, of water .
Gauge pressure of compressor = 2 kg/sq.cm.
Orifice diameter - 2/37
Pipe‘diameter - 1.5 cm,

The calculated values are given in Table-3.
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The verious steps involved are discussed

belows

Pelletizings

wﬁiﬁi

Roagting

Fine ore concentrate was converted into
small pellets by means of pelletizer.
The pellets thus formed were dried.

The copper sulphide and zine sulphide
pellets were classified into various slzes

by means of sieve shaker.

The empty reactor was first heated to the
required temperature and after that the
erucibles with perforated bottom containing
80 gms. of pellets was introduced. A slow
stream of preheated alr (3000°C) was

passed through the reactor. The flow of
air was adjusted graduslly hd the required

rate of 0.2097 gm/emg sec. In the initial

stages of roésting the temperature was
increased and 1t was controlled by controlli
power input. The temperature of inlet

and outlet gages and that of bed were

noted periodlcally. Samples of bed were



taken from the top of the reactor at

various time intervals. The samples

were then analysed for sulphui'. The

method for analysing these samples 1s
given in Appendix.

41
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RESULTS AND D CUSSION
4.4 Results

In the present investigation oxidation tests
were made in fluidized bed reactor on both zinec and
copper concentrate pellets. The effect of temperature
and particlé size on the rate of roaéting were studied.
The temperature was varied in the range of 700¢ to 800°C
in case of zinc¢ concentrate and 500® 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 + 10; mesh size) and 0.219 cm, (-8 +. 9
mesh size) . The samples were analysed chemically

for sulphur to obtain fraction of reaction completeqd.

The experimental results from different runs
in a fluidlzed bed for zinc concentrates are |
presented in Tables 4 to 6 and for copper concentrates
in Tables 7 to 1ll. These data provided a measure of
the extent of oxidation with time. Plots of fractional
sulphur removal vs time at various temperstures and
for wvarious particle sizes for zine and copper
concentrates are plotted in Fig, 5 to 10 and Fig. 11
to 18, respectively.
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FRACTIONAL SULPHUR REMOVAL

FIG. 5.
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The specific rate values were calculated with
the help of plots of (l-(l-R)*) vs time. These
plots are shown in Fig. 19 to 21 and Fig. 22 to g4
for zigc and copper cqncentrateé, tespectively. The
values of log of specific reaction rate constant (K)"
were then plotted agalnst the reciprocal of the
absolute tempersature which ere shown in Fig. 25 for
zind concentrate and in Fig. 26 for copper concentrate,

respectively.

The velues of activation energies found for
o
zine concentrate K listed in Table 14 and for copper

concentrate ln Téble 15,

The physical vexaminétion of sample' efter
roasting Bevealed ihepresence of an inner core
vhere the pellet was remained undecomposed. Cross
section of part;gaily roasted samples of zinc and
cqpper-cqncentrates are shown in Fig, 8 and 4,

respectively.

4.2 Digucesion

_The rate of oxidation of zinec and copper

sulphide concentrate were found to be extremely
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tamperature sensitive and hence from the results of
some preliminary runs, kinetics studies were confirred
to é small temberature range of 700® to 800°C and

500° to. 700*C for zinc and copper cchcentrates,
respectively. The results are showvn in Flg. 5 to

18, | |

g;g,; §§gdx on Zing Sulphide Concentrate: The effects

of following parameters were studlied on zinc sulphide

concentrates.

a) Effect of Temperature: The zinc concentrate pellets

were roested in a fluidized bed at temperatures
700®, 750° and 800°C. The results are shown in
Fig. 5 to 7.

Pronounced effect of temperature and time on
the ambuntvreacted at_ény period of roasting 1is
self evident from these figures. In general at all
temperatures the reaction is rapid in the initial
sﬁage and slows down considerably in later stage.
An analysis of fraction sulphur removal vs time
for particle size of 0.1435 cm. (Fig. 5), 0.184 cm
(Fig. 6) and 0,219 em. (Fig: 7) at various temperatures
reveals that the sulphur is increasingly #emoved

with increasing temperature. For example in 20



mirmtes for particle size of 0.14356 cm., 91.5% sulphur
is removed at 800°C as compared to only 57% at 750%C
end 31.5% at 700°C, Similarly for 60% removel of
sulphur from pellet of seme size nearly nine minutes
were required. at 800¢C, 20 minutes at 750°C and

56 minutes at 700°C (Fig. 5),

Referring to Fig. 7, a plot of percentage
sulphur removal vs time for 0,219 cm particle size
at various temperatures, it is noticed that in about
40 minutes 81.5% sulphur is removed at 800°C where as
only 61% and 374 sulphur are removed at 750°C and
700°C, respectively., Similar results were obtained
for particle sgize 0,184 cm. at various temperatures
(Fig. 7).

b) e > P ¢ ize: The plots of percentage
sulphur removal vs time for different particleg sizes
at various temperatures from experimentsl data are

shown in Fig. 8 to 10.

An enelysis of the fraction of sulphur removal
vs time at 700°C, 750°C.and 800°C are shown in
Fig. 8,9 & 10 respectively. These figures show that
the . recovery of sulphur goes down with increase in

particle size for any perliod.and temperature of

67
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roasting., For example at 800°C, in 20 mimtes,
80.5%4 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 eui., Pespectively, Also for removel of 80%
sulphur from pellet of“o.-l_ess cm, diameter tskes
only 14.5 minutes as compared to 19.5 and 38
nimutes for particle diemeters 0.184 and 0,219 om.,
respectively (Fig. 10).

‘From Fig. 9 1t is evident that 80% sulphur
is removed from particles of sizes 0.1435, 0,184
and 0.219 cm, diemeter in 41,60 and 76 minutes,
respectively at 750°C. At 700°C (Fig. 8) 36% sulphur
is removed in 40 minutes from pellets heving diameter
of 0.219 cm. aé compared to 43% and 81% from pellets
having diameter 0.184 and 0.1435 cm., respectively,

Study of Kinetics and Mechanism of 30g§§£ng ¢ The
experimental results are plotted in terms of chemical
reaction rate control model, i.e. (1—(143)5) = Kt o
With the help of experimental data the values.of
(l*(l-R)*) for different particle sizes at various
temperatures are celculated and summarised in

Tables 4 to 6, Plot of (1—(1~R)%) vs time of the

sulphur remcvel at various temperatures and particlé
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sizes have been found to ylield straight line relationsghip
in.the initial period of roasting. These are shown in
Fig, 19 to 21. The glope of these curves will give

the reaction rate constant 'K'. The values of 'K

at varioﬁé‘temperatﬁres and particle sizes are listed

111 Table “'12 [

With the help of these 'K' values log K vs 1/T
plots were made in terms of Arrhenius equation
(K = 4e™YET), mese plots for various perticle sizes
are shown in Fig. 25, The slope of thegse lines will
give the value of(-Q/2,203 R )and hence the activation
energy can te found out. These are 1isted in Table 14.
In the present invesﬁigétion,the,actiVatiqn energy
comes aut qf‘the order of 29,0 K.cal/mole. The valué obtoine/
}% Philbrook(@; y25) is 40,25 K cal/mole... The difference
in the activation energy obtained in present investigat-
ion and by Natesan and Phllbrook msy be due to
different chemicél composition of the concentrates and
of some other.regsons, for example, the presénce of

various other impurities ete.

The F;g. 3 1s a photograph of partially roasted
pellet: The various layers of reacted product, et
partially reacted and unreacted core are quite evident.

This figure shows that as the time 1ncreasqs the core
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of the pellet is 45 be consumed. In this way oxidation
of zine sulphide proceeds in a topo chemical manner
and the various reaction steps can be listed as

follows?

1. Trensfer of reactant gas (oxygen from the bulk
gas stream) across the gas boundary leyer to the
exterior surface of the pellet and the reverse traasfer

of the produet gas (805,

2; Diffusion and bulk flow of oxygen from the
pellet surface through the product shell (Zn0) on to
the Zn8/ZnC interface and the reverse transfer of
sulphur dloxide.

3. Chemical reaction at the interiace, which
results in the consumption of oxygen gas and generation
of 802 gas and heat, at the same time the ZnS core

is consumed and Zn0 shell thickemsg.

On the basis of the above mentioned steps the
rate of roasting is elther diffusion controlled or
chemical reactiqn or mixed controlled. The rate
based on step 1. depends on the flow characteristics
of the system, such as the mass velocity of the

fluid streapy,the size of the pellet, the diffusional



1

characteristics of the fluid involved., The rate based . .
on sten 2 depends on the degree of porosity of the
product shell. and the diffusional characteristics of
the system. The rate bésed on step 3, depends on the

interface area avellsble for the reaction.

Natesan and Philbrook found that oxygen
‘starvation in the fluldized bed was not rate limiting
in eny 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
-stép_the~act1Vation energy required for the process
should have a value much less than experimentally
determined value of the order of 22.0 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 1é‘<'
further supported by the fact that a plot of (1a(i.n)§)
vs time has ylelded 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 (1-(1-R)¥) vs
time as this relationship is'not.obeyed throughﬁut the
roasting period. Hence it can be concluded that the
kinetios of roasting of zine concentrate is mixed

controlled,
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2 d opper phide Conec 2 The effect
of the following parsmeters were studied on kinetics

of roesting of copper sulphide concentrate.

a) Effect of Temperature: The copper concentrateg
pellets were roasted in a fluldized bed at temperatures
500° , 550 ,600° ,650° and 700°C, The results are shown
in Fig. 11 to 18. From these plots the pronounced
effect br 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 em (Fig., 11), 0.184 cm (Fig, 12) and 0.219 em.
(Fig. 13) at various temperatures (S500°C =-700¢C)
reveals that the sulphur is increasingly removed with
increasing temperature. For example from a pellet of
size 0.1439 om., 57.5% sulphur is removed at 700*C

as compared to only 16.5% sulphur removed at 500=C

in 40 minutes of roasting pericd,

'b) gt P cle Sizes Effect of particle size
on removal of sulphur from pellets st various
temperatures are shown in Fig. 14 to 18, The recovery
of sulphur is seen to faull with increase in the.

particle size at any period and temperature of roasting.
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For example at 700°C (Fig. 18) 60% of the
total sulphur is removed in 42 minutes from pellet of
0.1435 cm, dismeter es compared to 47 minutes and 52
minutes from pellets of 0.184 and 0.219 cm. diameter,
reSpectivel& and at the end of 60 minutés'ot roasting
period about 67% , 73% ahd 82% sulphur are removed
from the pellets -of 0.219, 0.184 and 0,1435 cm.

diameter, respectively,

Study of Xinetics and Mechanigm of Roaghings To test |
the validity of chemical reaction rate controlled
model the values of (lu(lrﬂ)é) were calculated at
various $bémperatures and particle slzes from the
experimental results in the similar fashion as in
case of zine sulphide concentrate., These values are
listed in Tables 7 to 11, The plots of (l~(l~R)§) Vs
time at various temperatures gid particle sizes were
made and 1s 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 'K', The log K vs 1/T are
plotted to find out activation energy as is deseribed
in 4.,2:1, The values of activation energies are
listed in Tgble 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 reactgd and unregcted éore.
The various steps during roasting may be elther transport
of the gaseous reactants and products through the diffusion
boundary layer and porous shell formed on the surfeace;
and chemicel reaction at the interface of Cu0/CuS
similar to the roasting of zinc sulphide concentrates.
The diffusion through the gas boundary layer csn not
be the rate controlling step as has been shown by
Natsan -and Philbrook. The diffusion through the
regcted shell may be the rate contrelling Step. The
activation energy dats. show that it cen not be the |
rate controlling step. For‘this to be rate controlling
step the asctivation energy should have mich less value
then the value obtainedin this investigation. Moreover,
the chemical reaction rate model fits the experimental
data,wéll as can be seen in Fig. 22 to 24, Therefore

the rate controlling step should be chemleal reaction
at the interface.
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CONCLUSIO

On the basis of the results amd discussion the .

following conclusions can be drawn,::

1.

2.

3.

Oxidation of copper and zinc sulphide concentrate
proceeds in a topéchemical mamner.
Removal of sulphur increases with the increase in
time and temperaiure of roasting.

Bemoval of sulphur falls with increase in particle

~ slze at any period and temperature of roasting.

4.

In general at gll temperatures the reaction is

rapid in the initlal stage and shows down

. conslderably in later stage of roasting,

5.

The values of reaction rate constant increase with
increase in temperature for a particulsr particle

slze, thereby showing the temperature dependence

. of the reaction,

6.

A piot of (i-(l—R)ﬁ)_vs time has ylelded a
straight line relationship in case of copper
concentrate whereas in case of zinc concentrate

1t is followed in the initial stage only and then

_ the curves deviate from linearity.

7.

Activation energies for the zine¢ and copper sulphide
concentrates were found to be of the order of

2940 K cal/mole and 14.0 K cal/mole, respectively.
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s

8+ On the basis of the sbove two observations it is
inferred that the oxldation of copper sulphide
concentrates are surface reaction controylled in the
témperaturé range of 500 to 700°C whereas oxidation
of zine¢ sulphide concentrates are mixed controlled
' in the temperature range of 700° to 800SG.
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IABLE-] 2 QUTPUT OF VARIQUS ROASTING SYSTEMS WITH

Type of Roaster icapacity intonsg Sulphur rossted in
o per hrs.) | 2 hrs/sq. meter

! o § of roasting surface,kg.
Mechanical Roaster 25 o | - 80
Rotary Kilns 100
Flash Roaster 20 1100 |
Fludized Roaster 30 3 9600

ABIE-28); IGNITION POINT OF SULPHIDES FOR

Mineral g Chemical. Formla glgnition point¢C
—

Pyrite . Fe32 360
Chalcoclite Cugs 435
Sphalerite Zn3 615

Galenite Pbs 758




TARLE~3t MASS FLOW BATE OF AIR (@ . and G).

§2

Sulphide bensitylParticle i@mr calcu-g R omf BCcrrect- hmf 1(3

ore fgem/ecc., Kiameter i fion i /em sec !g/cm
eoncentrate {(em.) / togp ifactor & isec.
e i /o sec i

Zinc 3.94 0.184 0.411 419.0 0.32 0.134 0.2097
Zine 3.94 0.219 0.5645 686.0 0.28 0.188 0.2097
Copper 2,86 0,1435 0,195 155,56 0,44 0,0857 0.2097
Copper 2,86 0.184 0,307 314.0 0.25 0,1076 0.2097
Copper 2.86 0,219 0.421 512.0 0,29 0.122 0.2097
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TABLE-43 EXPERIMENTAL RESULTS FOR ROASTING OF ZINC CONCENIRATE

Particle l rTlme in 3'-Suiphﬁr 1h f; Fractidn l (l—(l-R)1/3)4
size § min, i pellet § sulphur §
. ,ir | gﬁ pgrcentaga g {ggéval g
0.1435 cm.,  10%+ 26,15 10,1750 0.062
(-10 414)% 20 21.93 0.3082  0.117
40 15,83 © 0.5006 0,210
60 12,12 © 0.6165 0,276
80 10.98 0.6543 0.298
0.1840ca. 10%% 27,51 01320 0,046
(=9 + 10)* 20 23,24 0.2676 0.008
40 18,28 0.4241 0.168
60 14,92 0.5296 0.222
80 13,12 0,555 0,240
0.2190cm,  10%e 27.86 0,120 0,043
(-8+9)* 20 24,24 0.23850 0,085
40 20,12 0.3656 0.140
60 17,56 0.4149 0.173

- 80 . 15,92 0.4978 0.204

* Tayler Sieve Number. -
** Data taken from plots.




Particle 'Time 1n}-3ﬁ1phur in ) Fradtién'

Facawb)

slze : gmin. g gzéiet, 'i gg;gggi g
W SRR . SR |
0.1435 em,  10%*  20.29  0.3570 0.136
(=10 + 14)% 20 13.49 0.5721 0,246
40 6,521 0.7942 0.408
60 3,242 0.8999 0.636
30 1,889 0.9426 0.622
0.1840 cm, 10%% 23,99 - 0,2430 0.088
(-9 + 20)¢ = 20 17.12 - 0,4596 0,184
40 9,983 0.6842 0.321
60 6,032 0.8120 0,416
80 . 4,008 0.8743 0,4980
0,2190 cm,  10%# 25,23 - 0,2040 0,073
(-8 + 9)% 20 18,09 . 0,3982 0.1865
40 12,31 . 0.6123 0,269
80. 8,604 10,7310 0.354
80 5.752. 0.8193 0.433

¢ Tayler Sleve Number
*%* Data taken from plots



LE-~63 B IMENTA SULTS FOR ROASTI

OF ZINC CONCENTRATES
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800°C.
Partiole  [ime in lfwiphur in ig?raetion  ENTEY 3)
size : in. ipellet sulphur i
jpercentege fremoval i
j — LR i
0.1435 cm, - 10%# 12,114 0.6182 0.274
(-10 + 14)* 20 3,021 0.,9070 0.548
40 2,103 0.9342 0.596
80 1.963 0.9393 0.656
80 0.9131 0,9698 0.689
0,1840 cnm. 10+ - 17,64 0,4760 0,194
(=9 + 10)* 20 6,210 ° 0.8077 0.423
40 3.613 0.8878 0,517
60 2.003 0.9381 0,604
80 1.421 0.9452 0,622
0,2190 em, 10%+ 20,61 0,350 0,134
(-8 + 9)* 20 11,12 0,6648 0,304
40 5,492 - 0.8272 04443
60 " 2,963 0,9062 0.536
80 1.821 0.9429 0.618

* Tayler Sleve Number
*##Dats taken from plots.
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rime ESulﬁhuirin‘ ;¥AFraction'v"(l—(l«R)*)

2?21019 {in {Pellset, § sulphur §
in. {percentage | removel ]
i SRR ) ]
0.1435 cm, 20 26,41 0,105 0.036
(=10 + 24)% 40 24.76 04161 0,057
60 23,37 0.203 0.074
80 22,43 0.24 0.087
0.1840 em, 20 27,16 0.08 0.027
(«9 + 10)* 40 25,44 0,138 0,047
€0 24,23 0.179 0.063
80 23,31 0.21 0,075
0.219 om, 20 27,50 0,063 0.022
(<8 + 9)* 40 26,06 0,117 0.041
60 25,08 0.16 0.053
80 24,46 0.171 0,060

* Tayler sleve number.



AB s EXPER

[ProT——

NTAL RES
CONCENTRATES AT 550°G.

FOR _ROASTING OF COPP

87

Particle frize in I suipnur 1n gl"‘ractlon 1(1«-(1«-&)5)
Sl S R T - B
- - i . ! SR
0.1435 oms 20 25,23 0,135 0.041
(«10 + 14)* 40 22,66 0,232 0,084
60 20,57 0.303 0.114
80 18.90 0.368 0.141
0,184 cm, 20 26,59 0,099 0,034
(=9 + 10)* 40 24,08 0,184 0.065
60 21,75 0,263 0,096
80 20.33 0.311 0.116
0,219 cm, 20 27,18 0,079 0,026
(-8 + 9)* 40 26.97 0,154 0,054
60 22,99 0,221 0.08
80 22,13 0,261 0.092

* Tayler Sieve Number,
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Particle -lfime in .]Sﬁlphur»in! Fraction ](lr(lﬂﬂ)%)‘
Size Min, Pellet, { Sulphur }
: % .~§Per-§entagei R:am??al j A
© 0.1435 om. 20 24,76 0.161 0.056
(=10 + 14)* 40 20,68 - 0.30 0.112
60 16,76 0.432 C.173
80 14,13 0.521 0.217
0.184 cm. 20 25,68 0.13 0046
(-9 + 10)» 40 21.81 0.261 0.096
60 17.25  0.392  0.162
80 14.76 0.50 0,206
0.219 cum. 20 | 26,38  0.,1082 0,039
(«8 + Q)% . 40 - 23,88 0.23 0.083
60 119,21 C.349 0.133
80 16,17 0,428 0,170

* Tayler 8ieve Number.



Particle

Time :Lnl. Sulphur .’m[ Fraction !(1—(1~R)§)

ERE Ry
i . R
0.1435 en, 20 23,17 0,216 0,077
(=10 + 14)* 40 17,56 0,405 0,168
60 12,63 0.672 0,246
80 9,33 0,684 0.318
0.184 cm, 20 24,14 0,182 0,064
(-9 +10)* 40 18,83 0,362 0,138
60 14,40 0.512 0.212
80 11,48 0.611 0.270
0.218 om, 20 24,76 0,161 0.056
(<8 + 9)# 40 19,63 0,335 0,126
60 16,84 0,463 0.187
80 12,62 0.572 0,242

* Tayler Sieve Number.

89
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Particle Eime in a Sulphur :m gl"raeticn !(1«(1«-&)*)
R R
- 3 i ‘R %
0.1435 em. 20 20,80 0.3162  0.116
(-10 + 12)e 40 12,85 104575 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 om. 20 22,34 0,2431 0.081
(=8 + 9)* 40 15,48 0,4753 0,194
60 9,64 0.6736 0,312
80 5,36 0.8182 0,435

* Tayler Siever Number



TABLE.12s RATE CONSTANT 'K' VALUE AT DIFFERENT TEMPERATURES
| FOR ZINC CONCENTRATES.,

1

Particle g Temperature .gl/T X 104§Rate Constant% log K
slze  y °C Ll § F
0.1435 om. 700 10,27 0,0057 ~2,2441
750 9,76 0.0123 -1,2101
800 9,32 0.0275 ~1,5607
| 750 9.76 0,00025  =2,0339
800 9.32 02135 »1.,6706
0.219 em, 7200 10,27 0,00406  -2,3925
800 9.32 0,015 -1,8239
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JABIE. 133 RggE CONSTANT (K) VALUE AT DIFFERENT TEMPERATURES

FOR_COPPER CONCENTRATES.

Particle TTemperature g:l/T x 10% IRate Constant% Iog K

size ! °C feph § o 'K

0,1435 cm, 500 12,92 0.,00116 -2,9365
550 12.15 0.00166 -2,7799
600 11.45  0.00266 -2,5751
650 10,82 0.00393 ~243956
700 10.72 0.00768 -2,1203

0,184 cm, 500 12,92 0,000833 -3,079
550 12,16 0.00153 -2,8013
600 11,45 0.00258 -2,5884
650 10,82 0.00363 =2,4401
700 10,72 0.00616 -2,2104

0.219 cm. 500 12,92 0,000830 ~3.0809
550 12,15 0.00113 -2,9469
600 11,46 0,00217 -2,6635
650 10,82 0.00315 -2,5017
700 10,72 0.00554 -2,2664




TABLE=148 ACTIVATION ENERGY REQUIRED TO ROAST SAMPLES OF
“DIFFERENT G17ES FOR ZINC CONCENTRATES.

Particle Size. i Activation Energy
‘ | X _calper mole,
1,435 mm, - 30,549
1.84 mm, 29,029

2,19 mm, | 27,312

TABLE-15% éCEI!AIION ENERG% REQUIRED TO ROAST SAMPLES OF
IFFERENT SIZES FOR COPPER CONCENTRATES . v

Particle Size Activétion.Energy

PO W2 Y

K cal per mole
1,436 mm, | 14,106
1,84 ma, o 14,787

2,19 ma, . 14,409
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The sulphur content of the pellet was estimated
before and after roasting as barium sulphate, One gram
of sample was dissolved #n a miituxe of concentrated
nitric acid and KClOa(small amount), All the sulphur
was converted into sulphuric acld which was fixed up
as BaSo, by the eddition of barium chloride. The
precipitate was filtered off, ignited and weighed.
8ulphur was finally,estimated from known weight of
Ba30, thus formed .
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