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SYNOPSIS J

Reactions between gases and solids play an 1mportant
part in many metallurgical processes and the need for
understanding the mechanisms involved in these reactions
cannot be overemphasized. In the present work, kinetics
of oxidation of compacted spheres of synthetic cuprous
sulphide in air was studied in the temperature range of
750-95000. The reaction was followed by measuring SO2
titrimetrically. The reaction is highly exothermic and the
heat generated at the reaction front can influence the
kinetics and this aspect has been taken into consideration
in the present .work. The temperature of the sample was
measured by using fine Pt«Pt/13%¥ Rh themmocouple wires
embedded in the centre of the pellet.

The process was found to be topochemical and the

heat released at the reacting interphase of the compact

mani fested 1tself in rise intemperature of the sample than
1ts surroundings. These temperature di fferences subsequently
levelled off after 20 minutes and remained constant during
rest of the experiment. The previous in'tes;i:igators]""5
unfortunately falled to recognise the sighificant contrie
bution of the exothemmic nature of the reaction towards
deciding the true controlling mechanism, therefore, led

to conclude that the reaction is chemically controlled.



The results obtained are analysed on the baslis of
heat and mass transfer phenomenon. Systematic study was
made by analysing separately the experimental results
in well defined two reglons. The one is referred as
*Transition Period! or 'non-isothermal' period where
temperature of the sample initially overshoots the tempera-
ture of surrounding. The second 1s referred as isgothermal
perlod where the temperatﬁre differences cease and practi-
cally no 'offset! was observed during this period. Attempt
was also made to study the effect of certain variables,
viz., a flow rate, porosity, pellet dia., etc., etc. on
the oxidation kinetics of copper sulphide pellets.

Trangport steps are found to be the rate controlling
and in the later case, 1.0., the effect of variables is 4in fair
15
agreement with the work reported earlier .
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Chapter One

KINETIC STUDIES OF OXIDATION OF COPPER SULPHJIDAE

1.1 INTRODUCTION

In the extraction of several of the important none
ferrous metals, like copper, Lead, Zinc, Cobalt, Nickel,
Mercury , etc., Sulphide ﬁinerals constitute an important
source. Roasting is practised as an intermediate operation
which 1s defined as heating a material witht?ut fuglon for
the purpose of adding to it some desired element, or elements,
usually oxygen. Roasting is usually undertaken in order to
affect the complete ox partial removal of sulphur et some
similar elements, such as Arsenic or Tellurium as a volatile
oxide. |

Rapid and complete oxidation would require fine
particle size, constant stirring of the bed to expose the
lower layers of ore and a rapid flow of air for the removal
of gaseous products of combustion. Practicalconsiderations,
however,1imit thegse conditions, for fine grinding is
expensive and all three would result in heavy dusting loss
eand so add to the cost of operation. It follows fhus
that complete elimination of the undesired element is
impracticab] 36 .

Quprous sulphide, above all, is sn important mineral
source of‘copper. it also finds use in the pfeparaﬁon_of
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{
, Cum4 and ha;k;een used as a cgmponent of electrodes for
thermo el ements. Cuprous sulphide has catalytic activity
and has been described as a catalyst in the cracking of
dicylopentradimev. Cuprous sulphlde melts at 1130°c.
shows transition points at 10%° and 350°C and has zns .

structure with N-interstﬁ.ale .

Recent innovations like flash sme.?.'l:i.ng9 electr ic

smeltinglo » WORCRA continuwous pmcessn. all converter

prc:u:ess‘12 etc. ha-s revolutioniged the sphere of copper
production technology. These innovations are, undoubtedly,
based upon the complete physico~ chemical explanation of
the fundamental processes taking place in the pﬁbduction
of copper. Oxi.datiog of cuprous sulphide, no need to say,
is the most fundamental process in copper pyrometallurgy
and physico-ch'emical nature of this process must need be
understood thoroughly well which requires the knowledge
of tha stxucturgl,' ther=modynamic and kinetic factors

i.nvolvec:!13 .

.Regarding thermodynamics, standard free energy of
a réaction at a given temperature is a measure of its
tendency to occui under those conditions when all the
participating substances are at unit activity . In a
closed system the consumption of reactants and formation
of products of variable activity (substances in gaseous
state or in unsaturated solutions) leads to a progressive
decrease in the free energy, which would become zero at

‘equilibrium. Although at the temperatures used in
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pyrometallurgical practice a positive tendency for a
reaction to occur generally means that it does, in faci,
takes place at an appreclable rate, the magnitude of the
free energy for the reactlon as a whole at any stage
affords no indication of the rate of occurance under those
conditions though the velocity must, of course, tend tow-
ards zero as equilibrium is app¥oached. Reaction velocities
must, therefore, be subjected to independent study, and
any calculation of thelir magnitude requires a knowledge

of the mechanism of the reactions concerned.

The study of kinetics helps to dotemine the rate
controliing step in the overall reactionand the evaluation
of the rate controlling step may help in‘tncreasing the
overall rafelof a reaction by hastening the rate controlling
step. | '

Oxidation kinetics of cuprous sulphide or the
mineral chalccite (Cuzs) has been a gubject of many investi
gatlonsl°5. There has always been a controversy regarding
the rate determining step in the‘oxidation of cuprous
sulphide. According to Perettid o @ diffusion step
involving the diffusion of reacting gas fs rate controlling
whereas Henderaon2 says that chemlical reaction at the inter-
phase, viz., formation of 0 is rate controll=ing process.
McCabe and Morgan3 who carried out the oxidation in an
atmo sphexre of oxygen, are in favour of a mechanism involving

transport of gases through the porous oxide layer.
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Recent investigators
the role of heat and mass transfer in M=S-0 Syétem. They
gsay that heat liberated during oxidati.on greatly affects
- the kinetics and must be paid due consideration towards

deciding the true nature of the ;ate controlling step.

The present work, therefore, has been undertaken
meinly with view point to visualise the effect of heat
generation at the reacting interphase on the oxidation'
kihetics of cuprous sulphide and on the basis of this
study, the previous concept that chemical reaction at
the interphase is rate controlling is ruled out.

1.2 PRODUCTS OF OXIDATION OF CUPROUS SULPHIDE

Mev etealma, investigated the roasting of
chalcacite (CuyS) in alr and oxygen enriched air, Lewls
et.alz"‘ also studied the oxidation of natural and synthetic
chalcacite in air and oxygen atmosphere. Their studies have
indicated that the maximum formatlon of water soluble sul=-
phates occurred at 450°C.

Aschcmftzz reportéd that oxide production during
the roasting of chalcocite resulted only from secondary
decomposition of sulphates which were formed as primary
products. !

Peretti refuted this claim by showing that a
layer of m20 appeared directly adjacent to the_ Cuze

during roasting of cylindrical briquettes of cupric sulphide,
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CuS. The lineaxr advance of the CuZSICuzo interphase was
ugsed as a measure of the kinetics of the roasting reac-
tion, The reactions proposed were =

" 1

N 2 QUS —— QU8 + 35, ()

3 S,t 0= g0, | (2

cuys + 20, (@0 + 0, - (3)
D

cup + %02-——-‘) 2 o (4)

At temperature 663°¢C only QuO has been reported to be the
final product in solid phase . Below 663°C increasing amounts
of sulphates were found mixed with the CuO., These products
were analysed by X-ray diffraction, photograms are shown in
Hloure 1.

McCabe and M::‘gan‘za have investigated the roasting
of dises of Synthetic chalcocite and reported the followlng
sequence of products beginning at the sulphide surface,

Cu0 , a mixture of Cu 0 and Cus0, , CusO, Cu0.CusO4 and

4
Cu0. The principal reactlons were reported to be =

3

CupS + 20, — QU0 + 0, - (5)
3 6

CY *+ 2, >0,—>  Cuso (6)

20us0y ———> Cu0 Cusn, + g N

o . Cuso,—> 2 cw +,  (8)



Xe-ray photograms of C.P. Cu20 and Primary Solid

phase formed during the roasting of Cu,s at
various temperatures -

A - C.P. Cu,0 , B-965°C, ¢ - 787° , D - 663°C

o]
E-572°C, Feb52%C.
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Equation (5) supports the claiui of Peretti while
Equation (3) supports the finding of Ashcroft that Cux0
is formed directly from Cug8 . rather than as a secondary
product from a sulphate. On the other hand Cu0 was found
to form as a secondary pﬁoduct from the decomposition
of copper sulphate and basic copper sulphate as given by
Equation (7) and (8). The formation fo sulphates was
explained by McCabe and Morgan to be a direct reaction
of Cu withO, and S0, or 0, at distinct reglons in
which the partial pressures of each were such as to

- form sulphates.

Thornhill and Pidgeori'24 roasted both netural
and gsynthetic chalcocite grains in alr at temperatures
between 450° to 550°C ., They found a dense priméry oxide
layer in contgct with the sulphide. A secondary layer of
porous oxidation products was found to expand with increase in
roastiné tbme, The oxide products were leached away and
the remeining core was studled by X-Ray diffraction. The
X~-ray patterns showed an increased conversion of chalcocite
to digenite. "Dlgenitez.) has a defect structure of cuprous
sulphide and occurs naturally as 0u2-xs where x = 0.12-0.45.
with an average analysls of Cu; gS. The mechanism of the

Digenite formation was preposed as =~

Cu,S & OXYGEN —> Cu o S+0.1 Cu0 (9)

Cuj g + OXYGEN ——) 0.9 Cups + 0, (10)
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It is apparent from the sbove studies that the
oxidation of Cu,S ultimately ends in the formation of CuO
and thus can be divided into 3 general stages (all of

which may eccur simultaneously) .

(1) Primary oxidation to Cu20
(i1)  Secondary sulphate formation
¢111) sulphate decomposition
Smyth and Flaber'l:s26 concluded that there 1s no
miscibility of Cu0 and Cux0 . This was later conflimed

by Reuter and Schrb'derm. Heats of formation of the

oxides of copper were detemined by Ba;i,ea~.r,¢iern".m

and dissoci-
ation pressures at several temperatures were measured by

Hastings et.a1? and Becker? .

Garner et.al® made adsorption studies of 0, and
S0, on Cud which has been reviewed by Trapnell®l. so,
chemi sorption was observed at room temperatures on Q.l20.
Garner proposed that there are two distinct mechanisms.
One is the primary adsoxption followed by chemisorption.
Chemi soxption is characterised by slow increase in the
heat of adsorption and irreversibility, for upon desorp~-
tion only 80, is removed.

Wadsworth et.a132 gave out the following sequence

- of reactions which was later fonfiymed by X-Ray Diffraction
technique =



Cu; oS+ 1.450; ——> 0.9Cu0 + S0, (4w (12)
Qup *+ 2 80, + gog-—-——-v 2 uv, (vaw) (13)
20u80, > CU0.CuS0, + 05 (AW (14)
Cu0 .CuS0,4 2 QU0 + g4 (-AM (15)

Overall reaction is

Cuss + M, , > 200 * 0, ( Aw =0) (16)

On the basis of the Xeray diffraction analysis
the following list of oxidatlon products at different
temperatures has been compiled by Wadsworth et.al.

Temperature Products formed

650°¢ Cu0, CusO,(Same had spots of Cu0.Cus0,)
700°¢ | U0, CuS04. CUO, CusD,

750°¢ Cu0, Cu0.Gus0y , Cuso,
785°C Cu0, Cu0. CusQy , CusQy
800°¢ ~ Cu0, CuD.CusOy
850°¢C cuo
900°¢C . cw
950°Cc Cuo

Cu0 has monoélinic si'.:r_t.\c:tu:ce8 with lattice constants as 4.65

3.41, 5.11 and 99029' v 1s a covalent compound and is
more acidic than -Cu207.



1.3 Cu=-5 PHASE DIAGRAM

Flgin:e (2) shows the expanded portion of Cu=S
phase diagram at low temperatures based upon the work of
Roseboomas. According to Rau34, Digenite 1s known to be a
p=type semi-conductor. S-atoms sre fixed at their lattice
sites while Cu-atoms are mobile through the interstices of

this structure.

1l Cu=S~0 PHASE DI AGRAM

From the Figure 3, it is quite evident that Cu,0
must initially form as an intermediate proddct during the
conversion of CuyS  to Cuo. At higher partial pressures of
O, in air, Cup0 1is then converted to CuO. This pattern
of behaviour has also been reported by Perattil and

Hendersonz.

wbdsworth32 while studying the oxidation of
chalcocite, has cited one very important phenomenon, i.e., the
formation of repeated 'Puff-Balls' or hollow gas filled pockets
which formed during roasfing.,'?ufanalls' as large as 3/4%
diameter were formed on several occasions. The presence of
SO, and C; within the porous sulphate layer stabilised
CusQ4 above 1ts melting point thus providing a viscous fluid
phase which expanded as the internal pressure increased.
He observed in many ingtances, an internal kernel completely

surrounded by a trapped gas phase, within a large sulphate Cu0

shell. Figures 4 and 5 amply illustrate this phenomenon.
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CHAPTER «1II

MECHANI SM AND RATE CONTROLLING STEP IN THE

OXIDATION OF CUPROUS SULFHIDE
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Chapter II

MECHANLSM AND RATE CONTROLLING STEP IN THE
OXIDATION OF CUWPROW SULPHIDE

2.1 MECHANISM

Oxidation of cuprous sulphide has been found to
proceed in a topochemical manner (Figure 616) .Progressively
increasingly layer of cupric oxide is formed at the expense
of cuprous sulphide on the exterior surface and the reaction

front marches onwards to the interlor as the time lapses.

The generalised model for gaseous oxidation of copper
sulphide ig illustrated in Figure 7. This ghows a partially
oxidised sphere of copper sulphide in a gas stream surrounded
by a stagnant boundary layer of gas.

.ﬁmdersong5 discussed the detailed mechanism of the
reactions of the type :

SOLID (A) + GAS(B) =  SOLID (C) + GAS (D)

These gas/solid reactlons e.g. the oxidation of
cuwprous sWphide involve gaseous product (502) as well
as a gaseous reactant (02) . The continuous removal of
former (502) form the sphere of actlon in a gas stream
may have an important effect on the velocity of the whole
process, for the Pgg N may be kept down to an extremely
low velue. By these meang, reactions that would be thermo=-

dynamically impossible may be caused to proceed rapid1y33.




Fig 6 Partially roasted sectlonof Cu,sS pellet16
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Anderson described the mechanism in relation to the
lattice defects as follows

The reactions involved in roasting and reduction
processes are largely heterogentpus, occurring at solid/
liquid, liquid/liquid, solid/gas or liquid/gas interphases.
The sulphides of transition metals like copper sulphide,
possesses wide rame of composition and are thus coupled
with moderate or high electronic con‘ducti.vity, The conduc~-
tivity varles with composition, but is intrinsically too
great to be markedly effected by surface reactions.
Bum:ger36 has attributed the part of uncertainty attached
to the polymorphism of chalcocite to be due to the readi-
ness with which oxygen is bullt on to the crystal structure
to give an oxy-sulphide with thé symmetry of the digenite
_phage, CusS; 11

Anderson35

proposed an electronic model upon the
data plotted by him in Figure 8 by taklng $nS as per
example. It has been proposed that similar expression can
be obtained in case of copper sulphide to fit the Log R
versus Log PO, plot. For Sns, the expression is,

k = CPO,;/ l 08

and explained it as follows °®

*Approximately 2 positive holes are created per
molecule of oxygen, Chemisorbed 1If this interpretation be
correct, oxygen is bullt on to the crystal lattice either as
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20- ions per molecule of 02 added or as molecular og“ ions.
The chemisorption process is very rapid at room temperature,
$0 that the former process which w ould presumably involve
higher activatlion energy, apbears to be less likely Figurg 9(B) .
This then provides a mechanism for the first stage 4in the roast
reaction. Stage 2, which does involve an activation energy and
s0 proceeds with measurable speéd at moderately high tempera=
tureg, would then be represented by Flgure 9(C), in which the
positive hole 1s destroyed and some oxide of sulphur formed.

2.2 RATE OF REACTION

Rate Equation for an irreversible heterogenfous reaction
of a gas with a solid has been derived37 by considering contribu=
tions of chemical reaction at interphase boundaries and diffu-
sion through sclid product layer simultaneously. The é equation
is given ag 2~

04
10 X 1 2
[} ) kl 2 Deff (17)

where,

Cjo = Concentration of gaseous reactant at the outside

e surface of solid.
Denglty of solid reactant

t = Time in seconds
X = Thickness of solid product layer
kl = Chemical reaction rate constant per unit area of react-

ing interphase for forward reaction.
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i3
Dygf = Effective diffusivity of gaseous reactant
'~ In dexiving Equation (17), diffusion rate of gaseous

product was not consideredas.

The first teim on the R.H.S. of Equation (17)represents
the contribution of interfacial chemical reaction and the second

tem that of gaseous diffusion.

Wel ~Kao Lu38 has derived general rate equation for |,
ga/solid reactions in Metallurgical processes by considering
the contributions of chemical reaction at interphase boundaries
and diffusion through the solid product layer simultaneously.
This equation takes care of the whole range of reaction
continuwously from diffusion control to purely chemical reaction
control. |

If Ry denotes the overall reaction rate at the Qolid/
solid interphase, then, |

By = Jg(ry,Chy) = av2 K Gy (18)
and at gas/solid interphase,
Ry, = Jglzyy Cgo) =471y Cgy Gy (19)

where Cgi(c 81) = The activity of gaseous (solid) reactant at the
interphage boundary of solid product and solid reactant as r = ry.
cg(cs) = The activity of gaseous (solid) reactant.

In these derivations, exothermic nature of the reactions
has not been taken into consideration, for the reactionsl6 are
: , o
CuyS + 3/2:0,——»Cu,0 + SO, “850% = «64,850 Cals (0)

- followed by
. ' 0
Cux0 + 1/2 O~ 2 Cu0 BFg,0. = 6090 Cals (21)
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and as such témperature di fferences are bound to set up between
sample and surroundings. According to Hill14
workers neglected the significant contrxibution of the heat

beneration and so were misled to believe that the reaction is

the previous

chemically controlled.

wadsworth et.al32 has noticed another interesting result
plotted in Figure 10 at 85000. At this temperature, the only
product formed is Cu0 , yet the rate of reaction,

Cus0 + 1/2 0,—> 2 Cuo
was greatly influenced by an overpressure of SO, with a maximum
at 2 parts SO, to 1 part 02 « According to him, since the rate
1s diffusion controlled, it is very surprising that if SO, could
have.any effect and also since no sulphates were present because

rapid weight loss occurred when S0, supply was cut off .

The same effect has also been reported by Hauffe and
Engell39 for the oxidation of zinc metal where the parabolic
rate congtant was found to vary with p02 s accoxrding to the
redetion :
: k = aln Po +Db ( 22)

2
This equation was developed considering development of an electrica
potential at the solid/gas interphase.

On this model, Wadsworth et.alaz has derived the follow=~

ing equation for copper sulphide oxidation.

k = alog (x) (l-x)l/z + b (23)

Where a and b were evaluated to be 13.9 and 7.61 respectively

and x is the fraction of SO, in the atmosphere, on Bhe assump=
tion that SO; adsorbs on the Cu0 surface forming SO;” or
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On
‘gven sq4 .

2.3 RATE CONTROLLING STEP IN THE OXIDATION OF CWRROUS SU.PHIDE

The possible rate controlling steps in the oxidation
of cuprous sulphide pellets in a stream of dry air may be
groupeé as follows - | |
(1) Diffusion of the reactant and the product gases through

the gas film surrounding the sample.

(2) Diffusion of these gases through the poreus oxide layer
(also interparticle diffusioﬁ, if any)y, and

. 4
(3) Chemical reaction at the interphase is not considered ,

for reaction 21 is as fast as , Lf not faster than, reaction 2.
According to Rajouk4 1f reaction 2 is slow, the stolchiometry
demands a Cu20 build=up which should result in a graduall
continuous decrease in the weight of the sample, throughout the
course of oxldation, According to the thermograms obtained by
Wadsworth32 et.al and Abrahml6 ,'there does occur small loss

in weightvinitlally which indicates the formation of thin layer
of Cu,0, afterwards there is no welght change observed, cqnfixm-

ing to the fact that there is absence of major Cu,.0 build up.

2

Examinatlon of the literature has shown that some
doubt still persists as to the nature of rate controlling
step involved in the oxidation of cuprous sulphide. One hamd
the reaction rate is assumed to be controlled by a chemical
step at an interphase whereas on the other hand it is agsumed
that transport processes between the reaction front and the gas

phase are rate controlling. ‘
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It ﬁould appeaz; that in the initial period when
the product layer is not sufficiently thick, the reaction at
the interphage 1s rate cor_ztrolling t0o be followed by the
diffusion controlled process as the oxlde layer is build up
but in this consideration the effect of heat release at the
14=19 and so the result

must be analysed on the basis of heat and mass trangfer pheno-

reacting interphase cannot be overlooked

¢
menon.

2.3.1 Role of Heat and Mass Trangfer

There can be three possible control mechanisms,
(1) Complete chemical control
(2) Complete transport control

and (3) Heat and mass Transfer control.

If the reaction is not heat and mass transfer controlled, one
can easily distingulsh between the nature of chemically controlled
reaction and transport controlled reaction because they possess
obsolutely different— characteristics. Confronting situation
arises when we distingtﬂ.sh between mechanism (1) and (3)
controlled reactions becauge they poséess many of the charac~

14

teristics in common™", viz.,

(a) Constant reaction rate per unit area of the
reaction front.

(b} Rate of reaction is virtually independent of gas
flow rate once a certain critical flow rate is
reached.

(c) Very high activation energy.
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(d) Linear or nearly linear, relation between reaction
rate and product gas partial pressure.
For a chemica'lla'( controlled reaction, the followlng
equation applies, | o | |

kc : ' .
T, do [l - “l‘ﬁf’l/sl] = -R-;—G- PO2 _G.t (24)

‘ /3
which shows that plot between [1- (1=f )'L ] vergug ¢
should be linear. Rao and Abrahm16 carried out the oxidation

of cuprous sulphide in the temperature range of 750.950°C, in a
stream of dry alir and observed that during initial half an 1

hour period {Non-isothermal period), the plot between |1 = (1-f F
versugs t 1is a gtraight line, higher value of the activation
energy during this p'_eriod and also found that, rate is indepen=
dent of gag=flow rate after 500 cc per minute and still maintalined
that the reaction 13 heat and masg transfer controlled in this
period. According fé;»@im, reaction can not be chemically
controlled because:~ - ‘

(1) since the particle temperature is significantly
higher than its surroundings and high activation energy has also
been obtained, the rate of advance of the reaction front should
vary rapidly with time during this period 1f it were to be an
exclusively chemlcally controlled process but it is seen that
the xreaction front irelocity does not substantially deviate from
linearity.
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(£4) with the release of exothexmic heat at the reaction
front resulting in higher temperatures, the reaction rate should
continuously increase for a chemically controlled process. Instead
& tendency for the reaction rate to decrease after few minutes

from the start of  reaction has been observed.

He, thus, concluded that chemical reaction is not rate
controlling but that the reaction is likely to be controlled by

a transport mechanism.

Bven 1f the diffusive steps are likely to be the rate
controlling the diffusivities are no doubt increased by the
higher sample temperature generated by exothemmic heat, however,
higher diffusivities do not cause higher reactlon rates because
of the anreaée in the diffusional resistance as a result of

- 16
the progresslve increase in the thickness of the product layer .

' 14,16,
2.3.2 Effectrof Di ffusion and Mass Transfer

Even though a ﬁoving interphase is involved Ain the
present topochemical oxidation process, the analysis assumes
a quasi-steady state process. This assumption is justified in
view of the fact that only an infinitesimal small fraction of
the total flux diffusing is likely to be accumulating, if
at all within the pores of the product layer.

Assuming a chemical equilibxium at the reaction front,
a rate equation for the non-isothermal period has been given by
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H11 814

gases .

+ Considering mass trangfer of both product and r@actint

[Poz]e - [Psoz.]g 7 keq

- (25)
E"M]n . }

WhereE"- M.] t and [-/‘- M] - are mass transfer resistances
due to both boundary layer and porous product layer melevant to

ROG

the reactant and product gases respectively.

o .
Since keq at 850 c’»f_—f\-u J i ° therefore
Equation (25 ) becomes,

[Po,]
R°Z/2 [""m];

Expanding [‘“ M]I and [—’\- " ] » Equation 26 becomes,
II

(26)

';\’ . [ 3 (27)
3{*)
G 1 D
L ~
4w [Deff]ro °
where

o / /

E;%— = Sh = 2+ 0,69 (R,,)1 2 ($¢:)"3 (28)
G ( From the work of Rowe, Claxton, and Lmi.s4o

)



2
and L DG] r
{ wakao and Smith“’ relation)
and | D.]l= 0.,0043 — (30)

(Gilliland, Hirshfelder and 00wonkers42 )

The equation (29 ) is used in view of the bidisperse structure
of pores in the product layer of reacting compact as revealed

by the microscopic examination.

- 14
F or many of the reactions y = 0.4 « 0.6
and T = 1,1 to 4.0

Thus theoretical reaction rates based on diffusion
and mass 'tranéfer can be calculated at different time intervals
from equation (27 ) and can be compared with experimental rates.
For mass transfer to be the rate controlling, theoretical rates

should never be greater than their corresponding experimental

rates.

2.3.3 Effect of Heat Transfer

Since the high temperature xige of the reacting compact
during the initial period of oxidation, heat transfer effects
may play an important role in the rate controlling step. Conse~

quently the experimental data has to be correlated with an

\
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equation based on the heat transfer process . Heat is generated
at the reaction front as a result of the exothermic nature of

~

the oxidationprocess. ‘I‘herefore;
¢ =fH (31)
Considering the heat transfer by conduction , convece
"~ tion, and radiation through the porous product layer and the
outer bourdary layer on quasi-steady state terms, a simplified eq,

can be derived 14,16 as .

-] - 9
R G (32)

B X k

6'1:1‘0 { =% =1 M

L4

hr,

Various values can e computed as follows

h = h, convection + h , radiation

k.
h, convection = --f:— 2 + 0,6 (l’le)‘v2 (Pz:)'l'/3 ] (33)

(Ranz and Marshall correlation’>)
3 - 14
h, radiation =4 ¢ o OG (A.w.D.Hills ) (34)

This relation is obtained by approximating the furnace
to an enclosure completely surrounding the sample, and at more

or less the same temperature as the gas.

Substituting the relevant values in Equation 32, the
rate of resction, q s Cah be obtained at various time inter-

vals and can be compared with the experimental results and ,
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ﬁ values for diff usion and transfer to decide the true nature
of the rate controlling step involved in the oxidation of copper
sulphide.

.2.3.4 Mechanism During the Isothermal Period

According to Rao and Abrahm16 » the nonelinearity of

the plot in the isothermal region together with small value of
activation energy could be taken as positive indication of trans-
port controlled mechanism in this period. Equation 26 is still
valid in this region where[‘"’ MJI stands for the total mass
transfer resistance offered to the diffusion of the reactant gas
from the bulk Qas phase to the reactionfront, with this view
point, Equation [-’\M.] I takes the foxm,

[p R GG 1 | R & T -1t
02]G = ‘hl"i' G + 0 ©°

q ar [Deff] 4 ‘2 % 4" 5T [Pe

..{35)

where reslistance,

E?FNJ 1 = R *182 + RG‘

r' S ) , ]
1 . o~ Tp r, - ro

6 vz [4] evxyr E’eff.] [Deff] 6 ¥y

0

Rl‘ = Resigtance offered by the outer boundazxy
layer. s
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R, = constant resistance offered by the product layer of thick-
ness (ra « r ) at time t, from the beglnning of the

isothermal period.
R, = The resistance offered by the product layer of thickness

’ (r; -1 ) at time t, from the beginning of the isothermal
period.
P%]G
According to Equation (35), plot of % __
f
versus (‘i- «1 ) should be straight 1ine whose slope

»t
T
should yleld the value of Doff - and the intercept should

give the value of mass trangfer coefficient , « .,

2.4 FACTORS AFFECTING THE RATE OF OXIDATION

. 6
2.4.1. Effect of Temperature1 032

- Oxidation of copper sulphide is a themmally activated
process, therefore, the rate of oxidation increases with incre-
ase in <temperature as it leads to increase the chemical
reactiane rate as well as Diffusion., Figure ll.

14
2.4.2 Effect of Gas Flow Rate

When the flow rate is low the reaction rate is found
to be strongly dependent wupon on gasvelocity increasing the
flow rate has less and less effect on the reaction rate
until a *plateau ' 1s reached when the reaction rate is vize

tually independent of the gas velocity. Flgure 12.
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when the molar flow rate of gas through the furnace
is low, the fdllowing equation goveims the rate,

1 . 2N (%)
["II ] eq. Crrr ] G Pr

Where,

N = Total molar flow rate of gas through reaction tube and

Pr © Total pressure, atm.

According to Equation (36) , reaction rate is proportional
to the flow rate of gas.

For higher gas velocities through the reaction chamber,
the following equation is derived -

: 1
1 = (37)
RO P
[pII-I eq. = [Prz Je > + -2-5--
4T FTdp

which &s the usual mass transfer equation,

2.4 .3. Porosity and Paxrticle Size

Othexr factors remaining constant, oxidation rate increases
with increase in porosity@(!-‘iguris 13 ) Increased porosity
facilitates higher diffusion rates while smaller particle size
affords more surface area for the reaction. The following

equation gives the effect of porosity on reaction rate =~

( a ) DA€, P L (38)
= L)
dt Cuzs o X
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where,

D DL ffusion coefficient

A 8urfaée area of sulphide pellet

=5 Porosity of the oxidised pellet

B Labyrinth factor = Viscosity x Porosity of Sulphide
pellet

AC Di fference in concentration of gaseous'product.

S0, at reaction front and at the exposed sﬁrface.

X length of diffusion

Thus the rate is directly proportional to porosity.
2.4.4 Pellet Diameter

It has been found that under same experimental condi=
tions of temperature, gas composition etc.etc. smaller is the
diameter of the reacting pellet96 , faster will be the oxidation

rate as more surface area is exposed per unit volume Figure 13.

2.4.5 Effect of Oxygen Enrichment

Partial pressure of Oxygen in air influences the oxlda=-
tion kinetics great1y46. Upto certain 1imit, rate increases
lineaxly with increase in oxygen partial pressuie beyond which
effect 1s very little and almost negligible at higher partial

pressures because reaction leads to be zero order. This i1s shown
in Figure 14.

2.4 .6 Effect of Impurities47

Main impurities associated with the mineral chalcocite
sl0, and Fey03 which are almost always present in roasting

operation act as catalysts and increase the rate of oxidation
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of copper sulphide.

2.5 METHODS OF STUDYING OXIDATION KINETICS

Various methods have been employed to study the
oxidation kinetics. One of the earliest and probably most
commonly used, is the gravimetric technique. Other methods
are volumetric, Manometric, Electrolytic and electron
diffraction.

2.5.1 Thermogravimetric Technique

By this method, change in weight due to oxidation
of sulphide may be made with the help of special single
pan balance ©. (Owa labor. type 707.04) which can record
change in welght to a sensitivity of 0.1 mg Figure 15.

Gulbransen?®® has designed a vacuum microbalance
which is more sensitive. Figure 16. Here the gpecimen is
suspended from the beam of a very sengitive, all quartz
micro-ba)lance operating in all g:lass vacuum system. The
tube 15 then sealed off. A scale micrometer microscope
18 used to observe the beam position relative to a fixed

point on the supporting frame.

2.5.2 Volumetric and Manometric Methods
The consumption of oxygen during oxidation may -

also be followed by volumetric and manometric methods.

The apparatus consists of a reaction chamber, connected
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N
to a reservolr of reactor gas. The reaction is followed by
measuring the pressure drop or volume consumed. Apparatus

uged by KUbaschewskiso and others 1s shown in Flgure 17.

2.5.3 Electrometric Method

This method conslsts in detemmining the quantity of
electricity needed to reduce the oxidation product either to
metallic state or to a lower state of oxidation campbell and
Thomas51 have designed an electrolysis cell as shown in
Figure 18.

°
The film thickness, § ina is given by

It Mx lﬂp
Yy = (39)
2A x 96500 “

where,
I Current in milliamperes
t time in geconds
M Weight in gms of oxidation product glving 1 g atom
of oxygen or equlvalent on reduction.
A Area in Cm2 .

2:5.4 Electrical Resistance Method

According to Anderson35 » the sulphides of the transie-
ion metals possess moderate or high electronic conductivity
and progressive changes in the semi-conductivity reflect the
courge of chemical reactions, following the initial step of

chemisorption. Seé Figure 8. Thus change in electrical resistance

of a pellet after heating for varfous time can be uged to measure
the oxidation velocities.
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CHAPTER «~ III

EXPERIMENTAL  WORK




Chapter II1I

EXPERIMENTAL _WORK

3.1 INTRODUCTION

Out of the numerous methods employed to study the
oxidation kinetics of sulphide minerals, thermogravimetric
methods ha&e been generally applied using a speclial balance
which can record welght change to an accuracy of 0.1 mg
But in case of copper sulphide, thermogravimetric technique
cannot be applied to study the reaction kinetics because

overall reaction follows with no weight change, viz.,
Cus *202-——-420110 +802
Evidently A W = 0

This is also manifested in the thermogram cbtained
at 85096 (Figure 19 ) by suspending a pellet of known weight
into a vertical furnace by nichrome wire, the other end of
which is attached to a very sensitive electronic single
pan balance (Owa labor.type 707-04 ) placed vertically
above the reaction chamber (Figure 18).

Thug <the reaction rate was measured by estimating
SO, quantitatively by absorption in iodine solution of
known normality. The unreacted L1odine solution was titrated
againgt N/10 Sodium thiosulphate solution to determine the
volume of lodine reacted with SO5 .
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I1f Z corresponds to the burette reading, V, the
volume of Lodine solution of normality N, then,

V olume of iodine consumed by N/10 sodium thiosulphate

solution . Z ce
10N
( z ) cc
Volume of fodine consumed by S0, = 'V « 10N

We know that 1 ¢cc of Nelodine solution = 0,03203 gm 302

Therefore Amount of 502 evolved = 0,03203 N ( V - -Iéﬁ-’ gm

(40)

3.2 MATERIALS USED

The detalls of the materlials used in this investigation ~

are as follows : =

- Material Purity _ Make

Copper sulphide Cu= 98.7% as Cu,S Vimu Chemicals,Bombaye2

Fe = 1.3% as FeS
(By spectrographic analysis)

Iodine crystals 99 .9% Medicinal Janta Medical Hall, Roork
grade.

Potassium Iodide A.R. Feota Lab.Chemicals,

Anhydrous Calcium A.R. Belami and Co,Bombay-4.

Chlorid-e

Sodium thiosulphate A.R. Apex Chemicals,Bombay-1

Crystals
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Concentrated H,80,  A.R. Vimu Chemical s-Bembay-2.
Hydrochloric Acid A.R. - mdo=
- Pyrogallol Solution A.R. ~do=

Attempt was made to convert all FeS of copper sulph1§e
to FeO by roasting the powder 450°C in a stream of alr where
oxidation of FeS is favoured but this resulted {n the formation of
copper sulphate which inevitably forms at lower temperatures of
oxidation. Since the amount of FeS is very low so it was safely
sssumed that it does not greatly interfere with the reaction
kinetics. This assumption appears justified in the sense that
in a mixture of these two sulphides, FeS is always oxidiged
first Just instantaneously but it does slightly increase the
initial oxidation rate of cuprous sulphide by adding extra
heat to that 1liberated alone by cuprous sulphide by increas=-
ing heat transfer which is the rate controlling step in the
beginningl6.

3.3 _PREPARATION OF THE PELLETS

Copper sulphfide powder was screened and ~100 to +150
mesh size was selected for the present work. The powder was dried
for about 3 hours at 110°C in a drier. About 4.5 gms of finely
powdered copper sulphide was then compacted in a cylindrical
die of diameter 1.55 cm to produce approximately unit height
to diameter cylindrical pellets. Compacting was done, in each
case, by applying a load of 1 T in a universal Testing machine
(Model 2D 20 Tons, Make GDR) The pellets were having sufficlent
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strength to permit handling.

3.4 _POROSITY MEASUREMENTS OF PELLETS

The pulk porosity of the pellet is readlly measured
by weighing, provided the volume of the sample is known and
information ig available on the true solid density46. If
w gns is the weight of the pellet, d is the dia of
pellet and h the helght of pellet, then,

v g2y
Vp s Volume of the pellet = T c.C.
w 4w
Pp » Density of the pellet = — " T, e
LI ¥ d“h
4
(°s s True density of solld?® = 5.8 gm cm™3
Therefore ¥ age porosity = P‘ - ,PP x 100 (41)
[
8

Porosity was varled by compacting the same amount of
- powder at different loads. Height and dla of the pellets

were accurately measured by micrometer.

3.5 EXPERIMENTAL SET UP

The complete experimental set up is shown in the
Figure 20,a,b,c. The line diagram is shc;wn in Figure 21.
It consists of the following units =

a, Alr Compressore

b, Alr purification train









-2, a,b,c -1, Alr Compressor , 2, N, Cylinder
3. Oxifice metor » 4. Manometer, 5. Alr and N

Purification unit, » 6. Two way cock for Air

and N, |~ 4. Preheating furnace , 8. Chromel~
Al umel Temperature recorder , 9. Reactor,

19- Silica Tube, 11. Pt-Pt/13% Rh Tomp.srccorder
12. Distilled Water bubbler to c¢lean S0o

13. Two-fold distribution valve , 14-15, One set
of Absorption unit, 16«17, 2 nd set of Absorption
unit, 18. SO, Trap. 19, Titration Unit.
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¢. [2c noter vACh Uonenotor
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0. Reasctor

f. FTitpotion Aosc:nblv.
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drop in pressure on both sides of the orifice and this, in
turn, was calibrated against Toshniwal wet gas flow meter
(Type No. GG05,028, Capacity = 2.5 1/rev. Min, Dial

- pivision = 0,02 Lit, ahd Accuracy = % 5%). It could record

minimum air flow rate of 250 c¢c per minute.

3.5.3 Pre-heating Furnace

It consisted of a mild steel tube of 1.25 ¢m diameter
~ and overall length of 150 cm placed in a sillmenlte tube
furnace of 2.54 cm internal diameter. The temperature in
the tube was recorded by chromel-alumel thermocouple and
controlled by énergy tegulator within the 1imits of + 5°¢C.

3.5.4 Reactor

It consisted of 25 mm diameter and 55 cm long silica
tube placed in a 1.1 KW muffle furnace of 30 mm diameter

and overall length of 30 cm . The furnace has resistance

of 15 ohms. The muffle was externally wound by 18 SWG Kanthal

wire. Pt«Pt/13% Rh therﬁocouple was introduced from the
air admittance pert, to minimise the leakage of

SO, , if any, through thermocouple beads. The silica tube
was fitted with referactory corks at its both ends.
Stainless steel tubes of 6 mm dia were passad.from centres
of corks at both ends to entrain air and to make exit

of the product gases. The all joints, tube connections

and cork flttings were made perfectly gas tight by

\_;"

-, !
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affixing plaster of paris. Leakage of SO, was checked by
wrapping potassium dichromate paper round the exit joint.

3.5.5 Titration Assembly

This assembly was designed with view point to recoxd
cbntihuously the amount of 502 in various time intervals.

The reactor effluent gases flrst passed through dis-
tilled water bubbler to clean 802 then to a two fold distri-
bution wvalve to a series of 302 absorbers as shewn in Fig. 21.

3.5.6 Abgorbers = Each fold was connected to a series of
S0 absorbers. S0p absorber consisted of a 500 cc flat-

bottomed flask containing a measured volume of ilodine

solution, noxmality of which is determined by titrating
25 cc of 1odine solution against decinormal NajSp0; solu-
tion, before the start of experiment.

To incresse the absorption power, iodine solue
tion was diluted several times with water and acidified
with dllute HCl.

To ensure that $O, s not leaking to the
atmosphere, a beater containing 25 cc fodine solution was
placed in serles and the balance was titrated against
N/10 , Na28203 solution to estimate amount of SO, escaped
to the atmosphere and to apply appropriate correction for the

same.
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It is found that in this titmmetric procedure
adopted minimum SO, of the order of 1.6 x 10“4 gn can be
estimated.

3.6 OXIDATION PROCEDURE

1. Pellet was weighed accurately on a single pan
analytical electronic balance and its height and diameter

determined accurately by micrometer.

2. 25 cc of 1odine solution was pipetted out in a
beaker and titrated against N/10 sgodium thiosulphate
solution taking starch solution as indicator. End point was
indicated when dark blue colour of the solution becomes white.
This determined the normality of iodine solution.

3. Each of the SO2 absorber was filled up with

50 ¢¢c of Lodine solution of known normality, diluted several
times with distilled water, acidified with HCl and placed in
series.

4, Preheating furnace and reactor furnace were

switched on and alr was flushed with nitrogen.

5. Pellet was transferred into the silica tube
into the centre of the combustlion zone , and titration
assembly was attached to the exit tube via two fold distrie
bution valve and distilled water bubbler.

6. Connections were made perfectly gas tight by
applying plaster of paris, superheated wax and quick fix cement.
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7. Temperature of the reactor was ralsed slowly to
the desired one., when the temperature was stabilised, air
flow rate was adjusted to 500 ml per minute.

8. At zero time, nitrogen was replaced by air and
stop watch sterted, indicating the beginning of reaction.

9. After some fixed interval séy 10 ﬁinutes, the
cock was reversed and product gases redirected to the
second set of SO, absorbers. Mean while the first absorption
unit was deteched and balance of the fodine unreacted by
SO, was titrated against N/10, Na,$,0; solution to know the
volume of iodine reacted by S0 and thus the amount of SO,
liberated in 10 minutes. was estimated according to Equation
40, This absorption unit again filled in as in step 3 and
replaced in original position . Agains the cock was
reversed say after next 1% minutes and the product gaées
were channelised to the first absorption unit and likewise
the 2nd absorption unit was detached and balance titrgted

against N/10 Na23203 solution.

10. The same process was continued for about 6 hours
ard at the end of experiment, the air flow was replaced back
to the nitrogen flush in order to collect last traces of
S0y , if any.
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Chapter 1V
CALCULATIONS

4.1 CALCULATIONS FOR NON IOSTHERMAL PERLOD

In this sectliontheoretical rates based on heat
and mass transfer has been calculated from the physico~
chemical data under experimental conditions and have been

compared with experimental rates.

Diameter of the pellet 1.552 Cms.

Welght of the pellet 4.1 gm.

Helght of the pellet 1.04 cm From GLlliland:
Di ffusivity of oxygen in air 0.83 cm? sec™! formulae??

Temperature under considerations 850°c

AMr flow rate through the reaction tube 0.5 @ mt"l

Diameter of the reaction tube 25 mm
42 ai
Viscosity of alr at 850°C ”85;% 00044 polse
_alr -
Kinematic viscosity v 0.388
850°C
' V. d 0 .
Reynold's number, Re = G 500 x 1.552

v

" x2.82 x 60 x.388

4



_ v o +388
Schimdt Number, Sc = 850 ¢ -
[‘ 83
Do / ]
(o) Ay
2 ' 850°C
= 0.4675

sherwood Number, Sh = 2 + 0.69 (Re)1/2(s¢)1/3

v 240,69 x 2.62 x 775

s 341

sh Dg / Ai.r]
Mass Trangfer coefficient = 2
: d
3.41 x .83 ,
e K= - = 1.82
1.552

4) '
[DG] v
1 " 4

v = Porosity factor = 0.6
T = Tortuosity factor = 3

6.83 x (.6)2 . 4
* [D fa = = 0,0006 cm“ gec
- ™ e 1 3

DIFFUSION AND MASS TRANSFER CALCULATIONS

. [ p°2-] G
{

.ROG (L* ) . EDeff]I
4 @eff]IrO T o %o




Now,
po "] 0021 a’tm.
[ 2:‘ Alx
R = 82,03 cm:3 atm. g-mole’l K.'l
g = 850 + 273 = 1123°K
[D ] = 0,996 cm2 sec”l
off 1 ¢
“1 = 1.82 c¢m sec“‘l
T, = 1,552/2 = 0,776 wnm.
Substituting these values, we get,
. 0.21
‘] o 4
82.03 x 1123 [ 099
: Y +
4 ™ x 0,099 x 0.776 182 x (776
2,22 x 10'6
=
Y + 0.0705,

1
From experimental plot between 1 =« (1=£) V3 Vs. ¢ (r* Hll-ﬁ?’)

At le 1'* * ¥= l O | N

minutes x* ' -1
gmemole sec

2.3 0.012  0.988 0.01214 -  2.55 x10°

5 0.0%  0.974 0.02672 2.28x10™°

10 0.050 0.950 0.05263 - 1.8x10"3

15 0.074  0.9% 0.07981 1.41x10"°

| | _ "
Mean theoretical rate at 850% , q 850% 2,01 x 10 “g.molesec
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HEAT TRANSFER CALCULATIONS

~ 42 o
Speclfic heat of alx at 8509C . C o = 0.269 Cals.gm'ldegc 1
| Pg50°¢
7 85006 = 0.00044 poise

14 -4
Thexmal conductivity of air at 850°c =1.7 x10

Cals ol sec"1°c-1

G # 0.269 x 0.00044
P B — = = 0,695

1.7 x 1074

Re = 6825
We know that,

hcorw ectlon’d

k

= 2+0.,6 (Re)va (py) V3

G
= 2+ 0.6 x 2.618 x 0.88

= 3,38
3.38 x 1.7 x 1072 »
= . = 3,68 x 10 Cals.
1.959

h
convection

and h 3
tadiation 460 QG

where _
[~ = PEnmissivity of copper aulphide42 = 0.2
o = Stefansg Boltzman Constant = 1.36 x 10"12 Cals Cm""2

O = 850 + 273 = 1123°K st K

o 74 UL

PP rNC T A LR Rl

AGTRAL LY
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Therefore, .
h = 4x0.2 x 1.3 x 10"‘]'2 X (1123)3
radiation ‘ - ) _

= 1.54 x 10™3 Cals cm~2 sest ¢l

also h = hconvectidn * hradiation

| i "
= 15.4 x 1004 + 3.68 x 10

ba ' -
= 1,008 x 10  cals cm™2 sec™l ¢l

: - 52,42
Thermal conductivity of product solid (Cu0)
. . ~4 -1 -1
= = )02 x 10  watts cm™ - ©°C
fowo  gg00c
.4 [ 3
102 x 694 x 10 . g~-cal
= . ]
03
2 o deg C
sec. em” '
. , - cm -
.4 1 - - -
= 24,40 x 10 g=cal sec™t cm‘ldegl el
| 5
(From International Critical Table 95
5
Thermodynamic Data 3
— - -
-A ,H298 8298 t::p = g + bt ;ct 2 Temperature
=S Range
a bxlO c xlo ) o
_ C
Cu 0 7.97 4 1.5 - 25 -~ 1084
Cu,0 40,400 2245 14,90 5,70 - 25 =900
cuo 37,600 10.2 9.7 4,80 - 25 = 980
CU2S 19'600 28 .5 20.3 . -

- . 350=1130




Overall reaction is,

Cu§ + 20.——p 2Cu0 + SO

u‘o - A Ho
208

2

= 2 x 37600 + 70950 «19600 «2(0)

_ -1
= 12,6550 Cals~g-mole

42

(Assuming A H is independent of temperature)

Now reaction rate based on Heat Transfer is given by

. " OG
l" =
H
s ( L* - ]_) +
kCuo ro z

- Op = Temperature at the reactionfront = 98006

6x3.14x24 .4)(10-4 x,776

980 -« 850

0.3665 x 1074

Y + 1.65

Time(t) r*=(.l-ﬂ‘l/3 Ya-}-#..]_

minutes

2.5
5.0

10 .0
15.0

0.988
0.974
0.950
0.92%

b o

0.01214
0.02672
0.05263
0.07981

4.4 x 10-4

|

1.908 x10-3x.776

'jt (g-mole sec"l)

2,20 x 10"

5

2.18 x 107

2.50 x 10"

5

-5
2.11 x 10
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TABLE = 18
Travel of . |Experimentall Theoretical | Theoretical
Volume of 1ot ate (diffu
Time reaction 0w rate ( 1 rate (Heat
front core L o |sion and )
(t) #lreacted ’]exp 60 ¢ Mass Trange transfer
r,= 1.552 a k o1 | fex) : gemole’
Min, Cm (W em g-mole sedt Tamt 3 r'ht ’
. | . ‘ g=mole sec A sec"l
, Dy g o -5 =5 -
2.5 1.533/2 0.43603 ' 8,25 x 10 ' 2,85 x10  2.20x10""
B0, 7665 -
) o . - -5
10.00 . 0.7372 0.635376  2.75x10™°  1.80x10°  2.50x10
15,00 ' 0.7185 0.85408  3,74x18° 1.41:6°  2.11x10°
MEAN | . 320072 2.01:15°  2.25x10




4,2 CALCULATIONS FOR IOSTHERMAL PERIOD

r'
(o]

Tt

(PLOT

rg

m .

=2

e
1+

* xr

v Ty

. TABLE
1l ) P
(= «1) Vs ..22.
x .

20 0

= 0.897 x '1852/2

- 19

qo

d, = molar density = 0.01315 gemole cm""3

= 0,606984 Cm

T, = 1.552 Cm, Py =.2l Atm

0.605

‘ 2 D
' -
¥ T, — -1 1= Oy 1
e D ™ : ( t=20) x60 , -l
Cm It -y : atm.g-mole “sec.
= t l-l
: gm.mole sec
I't /
-6 L 3
0.880 0.683 0.01922 3.75 x10 65 ,92x10
0.858 . 0.665  0.04506 3,620 58.0x10°
0.83 0.650 0.07072 3.552x100 59 .1x10°
0.794 0.616  0.1246 3.20x10™° 63.8x10°
0.782 0.607  0.1466 2.85x107° 73.6x10°
oo 3
0.778 0..1504 3.20%10°° 65 .6x10
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Calculations (contd..) (Isothemmal Period)

P02

Slope of the plot between (1 =1 ) and .2 i.e., slope of

o _ l’l :
S 6
the gtraight line as calculated is = 0,1012 x 10
Rog
This slope =
A
4w [Deff]I z

.« D (calculated) =
eff 6
4 x 3,14 x 0,1012x)0 x0.696

= 0.0007 em> sec™t

Also intercept = 54x103 = + ' o
o
ro c‘l 4% I‘o ! Deff 1
2 82.03 x 1123 0.776 = 0.6%
or 54x10 =
47 x(0.776) 2«1 4" x 0,776 x.696 x 0.0907
« -1
1 = 20% cm secC
TABLE = 20
Experimental Calculated
Dy 0.0907 en? sec™) 0.0996 cmgec™
= 2.26  Cm sec™t -1

1.82 c¢cm sec

As is congpicuous, a fakr agreement is obtained between experimental
and calzulated values of Deff and < wvalues.
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Chapter V
RESULTS AND DISCUSSIONS

In this Chapter the xesulta"of the presenf work
are summarised in the first part followed by a bxief discussion,

5,1 RESULTS

Figure 23 is the thermogram showing the changes in
welght of the cuprous sulphide pellet that followed with time
during oxidation in stream of dry air maintained at a flow
rate of 500 cc/ min. at 850°C,

Figure 24 1is the percentage oxidation versus time
plot at temperatures 750°¢c , 800°c , 880% , 900°C and 950°cC.
The oxidation data, for this plot 1s presented in Tables 1«5.

Fi gure 25 represents the effect of alr flow rate
on the oxidation kinetics of cuprous sulphide in the range
0£ 0.5 &mt™l 0 1.5 @ mt™t. This plot is on the basis of
the experimental data given in tables 13, 16 and 17, calcu=
. lated values of [.l. - (1=f) 1/3] and LL o {(1=f) 1/3]2 are

given in Tables 6~10 and plots [l-(l-ﬂ 1/3 ] versus t (min)

/31 2 |
and [l - (l-ﬂl 3 ] versug t{(min.) are represented by
Figures 26 and 27 respectively.

Figure 8 gives the rise in temperature of the
sample In each case when the temperature of the surroundings
0
was meintained at 750°C , 800° , 850" , 900° ang 9s0°c,
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Flgure 29 defines the boundaries of transition or

non-isothemmal period and isothermal period and nature of

the [l-(l-ﬂ 1/3] versus ¢t curve in the both periods.

This is in fact the superimposition of the plot 28 on plot
% at 850°C . This helps to analyse the experimental results
obtained in these two periods separately. Figur® 30 is the
log k versus I/T plot for nonei sothermal and isothermal
periods respectively based upon the data given &in Table 1l

Flgure 31 is the analysis of non-isothermal period
and in this experimental rates in first 20 minutes are
compared with heat and mass transfer rates obtained theore-
tically from equations (32) and (27) respectively. The
calculated values are summarised in Table 18 and given in '
Chapter four .

Figure 32 1s the Po2 /,3' Versus (%—;, ~1) plot

in the isothermal region. Calculated values from the experimental
data for this plot are given in Table 19. Effective diffusion
coefflcient and mass transfer eoefflicient are calculated
from the slope an;i .tnte'rcept of this straight line plot are
olven and compared in Table 20.

vFigure 33 gives the dependence of parabolic rate
congtants at 850°C on partial pressure of SO, in the product
gages and Figures 34 and 35 represents the offect of variables
viz., porosity and pellet dia on the oxldation kinetics of
cuprous sulphidel at 850°% . Experimental data for Figures 33,

34, & 35 are summarised in Tables 21, Tables 12«15 and Tables
3 and 15 respectively.
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Flg. 36. Cross section of partly oxidised -
of CusS . TurningR Eeug,bgning 'ef?ec ?-flht
fhg ixgtherméc heat generated at;the r
-fterphase. Hollow. pockets. indicate: the ruptur
gf 'puff-ball' with subsequent release of Srodgct
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5.2 DISCUSSION OF THE RESULTS

Flgure 23 shows that there is small decrease in the
weight of the copper sulphide pellet being oxidised at
850°C in a gtream of air, for initial 10 minutes, increases
in the next 5 minutes and remains practically constant duririg
rest of the period, This can be attributed tc the formation
of thin layer of Cu,0 Just adjacent to CuyS surface which
i1s subsequently oxidised to CuO in higher partial pressures
of oxygen. This confirms to the fact that copper sulphide
shows polymorphism and at higher temperature exists as CusS
and 1s oxidised according to the reactions (20 and 21).
Thus reactions (20 and 21) are in accordance with the thermo=
gram and that the final product is always CuO, This finding is
in agreement with the results of previous investigatoi‘gs’m’
23, 30,32

From Figure 25 , critical air flow rate is 500 cc
per minute. Increasing the alr flow rate beyond this, does
not affect the klnetics. This ensures the absence of gas
starvedion, According to I-B.1114, this is one of the charac=
teristics displayed by Gag-solid reactions controlled either

by chemical reaction or heat and mass transfer.

Figure (24) elucidatesthe effect of temperature on
the roasting of cuprous sulphide pellet. It is evident from
the plot that about 15% , 48%, 53%, 58% and 65% oxidation is
complete in 6 hours at 750 , 800, 850, 900 and 950°C respectively
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Oxidation rate is very fast in the beginning and gradually
slows down later on. From this it would appear that initially
the interfacla)l chemical reaction is rate controlling fol lowed
by diffusion as sufficiently thick layer of Cu0O is build up.
This claim is supported by Henderson2 . Wbdsworth5 » LU,
.w.K.37’38 . But all these invegtigators ftiled\to realise

the signiflcant contribution of heat release at the reacting
interphase, which isg manifeéted by the tumning of the comers
of copper sulphide pel let, showing that the reaction (20) is
highly exothermic and as calculated huge amount of heat

i.e., 126,55 K.cals 1s released per g-mole of cuprous sulphide
reacted. This manifests itself in the higher temperature of
the sample than 1ts surroundings as shown in Fig. 28. These
temperature differences later on subside. Recently several

papers have got published14'19

who have greatly stressed the
role of heat and mags transfer in M«S-0 gsystem. The overall
treatment of the oxidation kinetics of cuprous sulphide will

now be followed considering four rate controlling steps @

l. Boundary layer control

2. Chemical reaction control

3. DiLffusion control

4. Heat and mass transfer control.

The diffusion of oxygen through stagnant gas boun=~
dary layer to the surface of cnzs pellet is ruled out as
a rate controlling step because of high flow rate (Re=6.825)
of alr maintained during the oxidation of cuprous sulphide.
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Accoxding to Pﬂ.ll“. the resistance offered by the stagnant
gas bour ary layer is negligible as compared to the solld
product layer to the diffusion of reacting species , therefore,
under this condition the rate of oxidationof cuprous sulphide
pellet is controlled by any one of the rest of the tpree.

Experimenta)l results are analysed separately in each
period as discugssed earlier at 850°C . At 850°c , heat gffect
is most pronounced (Fig.28) and is, therefore, selected to
enlighten the role of heat and mass transfer in the oxidation
kinetics of cuprous sulphide.

5.2.1 Analyslis of Transition Period

Flg. 20 shows that transition period exists upto 20
minutes., If the oxidation of cuprous sulphide is exclusively
controlled by chemical reaction at the interphase, then
according to H:l]..ll4 , Abrahmlé the equation {24) is valid,
which indicates that for a reaction to be controlled by an
inter-facial chemical reaction, the plot [l - (l-f)lfs]versus

3
time should be linear . Figure 28 shows that plot [l - (l-f)l/J

versus time is approximately linear during this period.

The activation energy was calculated from the plot
(30) between log K and L1/T . The apparent activation energy
in the transisition period is found to have a larger value
i1.6., 2.7 K.cal~ g-mole"l. |

1/3
The linearity of plot [ 1 = (1-9)

]versus t
together with higher activatlon energies suggest that reaction



51

is chemically controlled, but according tb H11114, same
charapteriétics are also displayed when the reaction is heat
and mass transfer controlled. Thig, then, glves rise to
conflicting situation to decide the true nature of controlling
| 1-5 had o misconception that
the chemical reaction at the interface is rate controlling

mechanism. The previous workers

as they had nottaken into consideration the effect of the exo=
thermic nature of the reactions (20 and 21).

Assuming that oxidation of cuprous sulphide is
chemically controlled, then rate must increase contibuously
at higher temperatures caused by the generation of exothermic
heat at the reaction front but instead, rate slows down after
the few minutes from the start as indicated by Fig. 24.
Secondly as the temperature rises, chemical rate constant Ke
also increase and should, therefore, result in rapld variation
in the velocity of reaction interphase but it is evident from
Flgure 28 that reactlon front velocity does not substantially
deviate from linearity i.e. dv/dt = constant. and veloclty
of moving interface is uniformity adcelerated. So the possibility
of chemlcal reaction as rate controlling is absolutely ruled
out. Now the reaction is either diffusion controlled or heat and

mass transfer controlled.

4
If the reaction is dlffusion controlled, Gander‘s5
equation should be valid .
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[1 - (1- ﬂxla] 2 = kt | (5=1)

2 _
i.e. plot [l - (1-9) 1/3] versus time should be linear.

Flg. 27 is such plot which clearly shows non=-linearity during
this period. Secondly higher activation energles obtained in

this perlod also refute the idea that it is diffusion control led.
Complete analysis, however, will differentiate two rate controll~-
ing mechanisms operative in the transition period i.e., diffu-
slon and mass transfer as the first and heat transfer as the
second ., Theeretical rates on diffusion and mass transfer and
heat transfer were detemmined according to the equations (25)

and (32) respectively and compared with those experimental

rates at 2.5 mts, 5 minute, 10 minute and 15 minute.

The results of the calculations are summarised in Tables 18,

and graphically represented in Fig. 31.

Figure 31 shows that theoretical rates are never
greater than mean experimental rates at any instant. Theoretical
rates based on heat transfer are slowexr in the first 6 minutes
showing thereby , that heat transfer is the rate controlling
in this pexriod but after 6 minutes the condition is reversed
and diffuslon and mass transfer is the rate controlling thus
it is concluded that reaction is controlled by heat and mass
transfer in the transition period., This can be explained as
follows ¢ In the beginning higher temperature at the reaction
interphase increases the diffusivities of O, and SO, through
reactant solid and product solid phase respectively with the
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result that diffusion and mass transfer steps are faster but
later on diffusion steps become the rate controlling as the

Cuo layer is‘build sufflciently thick whereas the heat transfer
across the product layer is not markedly affected as indicated
by Flgure 31.

5.2.2 Analysls of Isothermal Pexriod

N Low wvalue of the activation energy i.0., 10.37
K.cal. g-molo-l (Fig. 0) together with linear nature of the

54 1/3 12
plot [.1'(1'f, ] versus t during this period can be taken

as positive indication for the reaction to be diffusion contro-
lled. According to Rao and Abrahml®, the equation 26 is still

valid in this region Where[;-ﬂ-NLL is the total mass transfer
resistance offered to the diffusion of the reactant gas from
the bulk gas phase to the reaction front . Equation (25) is
then the modified expression according to which the plot

[ o] 1
. ve - 1) should be linear and its

i

slope and 1n}ercept should yleld the value of Deff and “i
respectively. This plot is as shown in Fig. 32 which is a
straight 1ine., The calculated values of Deff and < are in fair
agreement with those obtained from experimental data (Table 20)
which confirms that reaction is di ffusion confrolled in the
BMMmupuhm
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5,2.3 Effect of Poroslty

BFrom Flgure 34, it is observed that increasing the
porosity about 10% led to the increase in the rate of cuprous
sulphide oxidatlon about 18% . This is attributed to the increase
in the pore volume per unit weight of the pellet which, in
turn, facilitates higher diffusion and mass‘transfer rates of
oxygen to the Cu,S / Cu0 interphase through solid product and

product S0, liberated at reaction interphase out of the solid

product phase.

9 .2.4 Effect of Pellet Diameter

Plg. 35 shows that by decreasing the pellet diameter
from 1.552 cm to 1 cm increases the rate of oxidation of
cuprous sulphide. This may be attributed to increase in the

surface area per unit volume exposed for reaction.

5.2.5 Effect of SO,/0;, Ratio

An interesting result plotted in Figure 33 has come
up in the present investigation. I+ is shown that reaction is
strongly governed by partial pressure of SO, in the product

2
gases during isothermal period. Apparently the reactlon,

1
Cug0 + 5 0 — 2 cuwo
should not be influenced by the partial pressures of SO, »
since the reaction in this perlod is diffusion controlled, It is
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surprising L f SO, could have any effect because it has already

been establishedzthat at 850°C there 1s no welght loss observed
confimming that no sulphates are present, The same effect
has also been reported in case of oxidation of zingc, by Hauffe
and Engell39 where the parabolic rate constant was found to

vary with the oxygen partial pressure by the relation

K = alnp02 +b (5~2)

This equation was dexived considering development of an
electrical potential at the solid=gas interphase. The same can
be explained in terms of this mod9139. Here adsorbed SO3
produces a potential at the CuO surface, thereby increasing
the rate of diffusion of Gu* iong through CuO.
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Chapter VI

CONCLUSIONS

| The following conclusions have been drawn from the
present investigation =
1. In the temperature range of 750 95000, copper sulphide
only exists as Cu,S i.e. cuprous sulphide and the final oxidation
product 4s Cu0O i.e., cupric oxide. No sulphates are found to be
present in this temperature iange.
2. Increasing the air flow rate beyond 0.5 litres per
minute does not increase the oxidation rate of cuprous sulphide

which is thus the critical flow rate for the present case.

3. The rate of oxidation is very fast in the beginning
and slows down after 20 minutes when sufficiently thick layer

of Cu0 is formed.

4, The oxidation of copper sulphide proceeds in a topo-
chemical manner (shown in Fig. 36) and the heat liberated at the
reactioniiggglts in the higher sample temperature than its surr=-
oundings, in the beglnning. These temperature differenced level
off after 20 minutes. Heat and mass transfer effects are
pronounced in this transition period and do govern kinetics to
great extent.

5. The activation energies were fournd to be 10.37 ¢ 2
and 29.7 ¥ 2 K.cal per g.mole for isothemal and non-isgothermal
period respectively.

6. Heat transfer across the solid product layer is the
rate controlling factor during first 6 minutes later on followed
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by diffusion and mass transfer of both reactant and product
gases as rate controlling factor. uIn other worlis the
reaction'is heat and mass transfer controlled during non=iso=-
thermal period and ot chemical reaction controlled as suggested
earlierl -9 .

7. Diffusion of Oxygen from bulk gas phase to the
reaction front is, solely, the rate controlling step in the
isothermal period. D e and < values ‘calculated in this
pexiod are in fiar agreement with <those obtalned from experi-

mental data. This supports the above conclusion,

8. Rate of oxidation of copper sulphide is increased by
about 18% by increasing the porosity by about 10¥.
9. Rate of oxidation of copper sulphide increases with

decrease in pellet diameter.

10, Increase in the partial pressure of 80, in thé atmos~
phere accelerate the oxidation of Cus0 to CuO , has been
explained in terms of a model® 39 ~where adsorbed 803 produces

a potential at the Cu0 surface, thereby , increasing the rate
of migration of C‘u+ through Cu0.



SUGGESTIONS FOR FURTHER WORK

It is suggested that following investigations should
be carried out to obtain better understanding of the oxidatlon
or roasting kinetics of cuprous sulphide.

l. Effect of forelgn constituents on the oxidation kinetics
of cuprous sulphide should be studied.

2. The kinetics of fluldised bed roasting of 0u25 should be
investigated in detail.

3. To minimise errors due to leakage of SOy 1f any, electro-

51

metric method should be adopted to study oxidatlon kinetics

or else, An absorption cell should be designed using platinusgn
and calomel electrodes. Increase in acidity following the
asbsorption of SO, can be recorded by a sensitive pH meter.

The pH changes can be caliberated against amount of §0,
evolutionf This process, of course, is trouble free, more
accurate and thorough continuous. |

4, An electronic model (similar to as proposed by Andersonas)
can be proposed by measuring the changes in conductivity that

follow with increasing partial pressures of oxygen.
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TABLE =« 1

% Oxidation versus time plot at 750°C.
Weight of the pellet = 4.25 gm.
Dia = 1.552 c¢m

load = 1 T,

Normality = 0.0512 N.I, soln.

Theoretical 802 = 1,71 onm.

| Corresponde~

lvol. of ‘Vol. of 802 in ¢gnm,. Fage
me | w/; ing Vol. of|Iodin t-
10 ng voil. o e reac » z oxidation
s. |Nays,0, | Iodine ed W’-t: SO5 | L03203N( V- T )
z
z . cc Ve = )
(v) cc 10N ( JON
19( 100) 37 .10 62.9 0.103 6 .00
21 .5(50) 42,00 '8.0 0.01300 6.9
10 .5(50) 20 .50 29 .5 0.,04850 9.7
18 .0(50) 35 ,20 14.8 0.02450 11.2
11.5(50) 22.50 .5 0.04510 14.4
22.5(50) 44 ,00 0.,00985 15.00

6 .O




TABLE

-2

11

1]
PERCENTAGE OXIDATION Versus t at 800 C

= 4.4485 Normality = 0,1 N , h = 1,965 cm.
= ]1.552 cm Theoretical §0, = 1.8 gm.
ne | Decinormal Correspond-};iz ?eagted 802 gms.
5. | £odine sol ing vol. opwith 50, 03203N Cunulative | Xage
. iodine 2 .
Z(V) ce (V" —-——) z 502 ogms . OX’.da"‘
2 e | N f(ve =) tion
| 10N
10N cc
6(50) 6 44 0.1408 071408 7.8
6 (50) 6 44 - 0.1408 0.2816 15 .8
22(50) " 22 28,0 0.0896 0.3712 20 .7
11.5(80) 11.5 38.5 0.1232 0.,4944 77 .6
24(50) B 2% .0 0.0832 0 5776 32.2
37 (50) a7 13.0 0.04160 0.6192 34.7
17(50) 17 23.0 0.1056 0.7248 40.5
0  29(50) 29 21.0 0.0672 0.7920 44,2
29 .5(50) 2.5 2.5 0.0652 0.8576 47 .8




-TABLE

-3
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* PERCENTAGE OXIDATION Versus Time at 850°C

ght of tho pellet = 4.] om ,

D= }.55% em .,
mality of lodine solution = 0.0976 N.

20 Vol'. of Corres. | Vol. of 1| Cumulative| SO, in gmsi Nage
Be ‘l\lazszt’.)‘3 ::1. of :re;g:td wi totq .03223!!'" bxidation

v Jaon | v E (Ve 755 )

10N

40( 100) 410 %00 " 9.0 0.198 12.3

38 5(50) 36 .40 13.60 72.6 . 0,240 14 .4

6 .5(50) 6 .65 43.38 115,95 0.376 23.3

38 .5(50) 9.50  10.30 125 .45 0.409 24

43 (100) 44.00  56.00 181.45 0.882 3% .2
) 16 .5(50) 16.90 35,10 214 .89 0.685 425
) 24(50) 2.0  2.40 239 .95 0.764  47.4
) 25.,5(50) 26.16 23.84 263.79 0.838 52.0
) 43,5(50) 44 60 5 ,40 269.19 0.854 53,0




iv

TABLE = 4
PERCENTAGE OXIDATION VERSUS T et 900°¢

W o= 2735 gn Dia. = 1.552 Cm, Theoretical SO 1.1002 gm

N/10  |Corresponde VOLted Ec:itmtuan S0, mgms
ing vol. of | reac ve
Time [N A )
®1"2%% w10 1 , by SO, | ¢otal ,03203N ?faxfda-
mts. solution [c¢ tion
() 2/108 | ) (v ) gnm.
VelON V- lon
ceC. e
12 315 37.5 62.5 62.5 0.2 18.2
40  66.0(100) 66 34,0 96 5 0.3088 8.1
60 271.5(50 ) N5 22.5 118 .5 0.3792 5.3
80  41.0 (50)  41.0 9.0 1775 0.4080 37.2
100  33.0 (50) 33.0 17.0 144 5 0.4624 42,0
200 23,0 (50) 23.0 2.0 171.5 0.5488 49 .8
280 BO(50) .0 15.0 186 .5 0.5968 '  54.3

30 400 (50)  40.0 10.0 196 .5 0.628 57 .0




TBLE 5

- 0
PERCENTAGE OXIDATION VERSUS t at 950

D = 1,552 Cm., Theoretical S0y = 1.006 gnm.

W = 2508 gnm,
N/10  |Corresponde " | l
| ing ., Vol .1o£ so2 Cumul ativ Yage
Tine Nap3:010 Lodine rtggtzg mgns - | 80 TS oxidation
mts. Solution lwi LO3203N
th 80
1v) [z . 2 l(ve 23
10N (ve 2= Yee [V TON
lON cc
12 17 5(100) 17.5 82.5 %4 %400 2.0
40  48.5(100) 48,5 515 1648 488 4280
60 420 (30) 420 8.0 5 6 454,4 450
80 38.5 (50) 385 115 %8 491.2 48,19
100 415 (50) 415 8.5 N.2 B84 5150
00 24,0 (50) 2.0 % 83,2 6016  59.75
- 80 38.5(50) 8.5 11.5 3.8 638.4  63.50
30 43.0 2.0 6.4 644.8  64.00

43,0 (50)




vi

TABLE = 6

1/3 312 .
1 e (lef) and [.l. - (1-9) 1/3] Vs t at750%

» /3 | / ]’
Ti.me f ' (l‘f) 3 . 1=f) 1/3 E. - (1ef) /3
1 2 3 4 5
20 0.06 0.98 0.020 0.00040
40 0.0693 0.976 0.004 0.,000576
120 0.1121 0,960 0.040 0.001600
180 0,144 0.95 0,050 0 .002500

300 0.150 09475 . 0.05% 0.002750




vil

TABLE 7
1/3 ‘, V3 -
1 e (1ef) and LCle(l-f) 32 Vs time (minute) at 800°C
| - 1/3
fime 3 1o(1ef) £ 1e (1o ﬂl/:s 2
(min) \ |
10 0.078 0.0251 0.000625
20 0.158 0,0553 0,003025
40 0.207 0.0754 0.,005625
8 0.276 0.1012 0 .010
128 0.322 0.12%5 001500625
140 0,347 0.132% 0.017556 25
200 0,405 0,1692 3 0286 2864
240 0,442 0.1775 0,03150625
320 0.478 0.1952 0,03710304




viii
TABLE. = VIII

1 oL 2 o,
l = (1-1’)/3 & L1« (lef) ® 7 Vs time (minutes) at 8%0°¢C

Time

mts, £ (18 3 | (g M3 (1. ﬂ1/3 ]2
5 0.123 0,958 0.0472 0002225
10 0.144 .0.949 10,0510 0.002601
20 0.233 0.915% ~ 0,08464  0,007164
30 0,254 0.90698 8109302 8460862

90 0.%2 0.86099 0.13901  0,0193
150 0,42 0.8%3 0.16%2  0.0%75
210 0.474 0..80724 0.19276  0,03718
210 0.520 0.78308 0.2692  0,04651
330 0530 077152 0,26  0.048%




l- (l-f)l/3 and [ 1 « (1=f)

TABLE « 9

1/3 2

1l v

ix

t plots at 900°C

Time

£ le{1-9) el (1.9t3

mis.

12 0.182 0.06418 0.0041
40 0.281 0.10420 0.01084
60 0,353 0.13416 0.0179
80 0.372 0.14418 0.,0207
100 0,420 0.16516 0.02718
200 0.498 0.20812 0.0421
280 0.543 0,22 910 0.0522
320 0.570 © 0,0610

0,24723




TABLE « 10
. . °
1« (1=f) 1/ and [ le (_]_-ﬂl/a ‘32 Vs time plots at 950 C
B 1/3
Time £ le (lef) L1 (1 ﬂ_L/a 32
mts. S
12 0.2%62 0.09512 0,009
40 0.425 0.16614 0.022%
60 0,450 0.18159 0.03342
80 0.4875 0.19511 0.038102
100 0.515 0.21312 0.04240
200 0.5975 0.26042 0.0677
280 0.6350 0.28521 0.0812
320 0.640 0.28812 0.0830




TABLE = 1l

13 - | «Q/RT
£1«(1-9 J =kt for non isothermal Period k = Ae

Cle(lef) 1/312 = kt for losthermal period 1In k w lnA ~’—R ('.'l'.)
- Isotherma),
Temperaturd Ji‘, xJ.O4 Non ia%mamal Xupx %3 -
0
T Result o1 Results
K 1e(lef) lbg K Cle(1-4]3
log k
100 9,78 5 0.69867 14 1,14613
| - , Slope 4 s%ope s
1073 9.32 13 11394 =45s10 3 15797 = KO
1123 8.90 Al 1.491% 0207 52 171600 210,37
1173 | 8.52 - - Kecal g0 1,77815 K.Cal

1223 8.7 43 1.63347 9 ™0l g5 ) g190g 9 Wole




xii

TABLE = 12
W o= 2,3158 gn s D=1lcem , Porosity = 49.1 +t 5%
h= 1 cm.
Wio | Vol. of | L2 consumed "1": :: 50,
e, | 2%2% /10N (ye 2= tive | 5a0an
z(v) _¢c 10N (Ve e )
] 1ON
2 %5(%0) %65 23,5 23.5 0,0752  0.802
40 O (50) 2,0 23.0 46.5 0.1488 0.160
60 325 (50) 325 17.5 64.0 0,2048 0.22
80 410 (50) 41.0 9.0 730 0.22% 0.5
120 -30,0(s0) 3.0 20.0 93.0 0.3076 0,32
180  32,5(50) 32,5 17.5 110.5 0.353 0.3
240 %O (50) 35,0 15.0 155 0.4016  0.43
300 41,5(s0)  41.5 8.5 1240 04288 0.6
30 47.0 (50) 47,0 3.0 137.0 0.4384  0.47

{




TABLE

- 13

xiii

W= 1.9 on , h=1,04 ¢m ,D= ) em ,Porosity = 52,45 ¢ 0.5%

Ant. of -
Fractional
Correspone ; :
Time PO~ Vo1, of 1, e | etion
Mtsd z(v) ding Vol. .
reacted by | Cumulae 0,08203N
of I tive. 2
108
r 4
z/10N (V.I.ON |
ec

0 23 23 20 . 20 0.0868 0.1
© 33 K 170 44.0 0.42 0.8
60 B 35 50 590 0,189 0.4
80 40 40 100 69.0 0.20 0.8
120 B 150 840  0.%8 0,3
180 315 BE 145 %85 0.35  0.40
240 35 7.5 125 1110 0.5  0.45
R0 NS5 3.5 125 123.5 0.394 ' 0,50
30 455 455 4.5 128.0 0.410  0.52




xiv
TABLE « 14
w = 2,123 gm ,h =104 emy D=1.0 cm , Porosity = 55,17 & 0.5%

Theoretical $0, = 0.845 gm,

Time %age
2(v) | (veie)| Toter  [O3F 1 oydation

(V .—-)-

10 N
20 16(50) 34.0 34,0 0.1098 13.0
40 31(50) 19.0 53,0 0.1690 20,0
60 30(50) 20,0 73.0 0.,2239 % .5
80 39(50) 11 .0 84.0 0.2691 31,0
120 31(50) 19.0 113.,0 0,333 43,0
240 41.5(5p) 8.5 121.5 0.,3887 46 0
300 34,5(50) 15.5 137.0 0.4394 52,0

320 46 (50) 4.0 141,0 0.4520 53.5




TABLE « 15

w o= 1,797 gmn , h=0,96 ¢m, D= 1,0 em, Porosity = 59.13+0 5%

Theoretical 302 = 0,7233 gn

Time z Total |0.3203N age
I I ) | teton
20 14,0 (30) 36.0 3%.0 0.1147 16
40 29 .5(50) 0.5 56,5 0.1808 %
60 41.0 (50) 9.0 65.5 0,097 2
120 35 .5(50) 14.8 90 .0 0.2893 40
180 39.0(50) 11.0 101,0 0.3327 46
240 36,,0(50) 14,0 115,0 0.,3689 51
300 43(50) 7.0 122.0 0.3906 54
320 48(50) 2.0 1240 0,398 55




xvi

TABLE = 16

w = 1952gm D=)em, h 3\0.875 cm , Porosity = 52 + 0.5%
Air flow rate = 1 ¢ per minute , Theoretical $05 = 0,785gm

Timd 2(v) - 2/10N ’

. ' v 2. | Total |.03203N

mis - .

cc ce 10 (v - 2 £
10N

.60 41.5(100) 415 59 .5 59 .5 0.1960 0.5
10 28.5(50) 28,5 21.5 8l 0.2590 0,33
180  31,3(50) 31.5 19.5 100.5 0.320 0,41
240  37.5(50) 37.5 12.5 13 0.3610 0.46
300  43(50) 43 7 120 0.4844  0.49

30  45(50) 45 5 125 0,4000 0.51




TABLE

- 17

xvii

w = 2.345gn, h=108¢gn , Mr flow rate = 1.5 emtl, D= 1,cm
Porosity = 52 + 0.5 ¥

9 Theoreﬁcal 302 - 00943 gm.

Time .
mts. | 2{v) | 2/IN e — [ qotam) 033N
10N P
(Ve )
ve 10N
60  20,5(100) 0.5 79.5 79.5 0.2544 0.7
120 % .5(50) 2% .5 23.5 103.0 0.33 0.35
180  29,5{50) 2.5 20,5 123.% 0.39 0.42
240 35 ( 80) 35,0 15,0 138 .5 0.443 0.47
00 41 (50) 41.0 90 141 .5 0.4715 0.50
320 3.5 (50) 385 11.5 159.0 0.51 0.54




TABLE = 21

xwiil

Plot of Parabolic rate constant k Vs % S0, in Atm.

at 850°c
Amount | Oxygen Oxygen
o] <
Timo of flo q/,th
sO, rate. : n the
ate. |2 e'-i Reacted. | tn /Z (ng/e
ed phere. min
?@M\ 0.376 0,13 0.188
0 0409 Tinea 3745 0,109 4.6
60 0,582 0.135 0.291 11,859 0,049 2.19
150 0,685  0.135 0.342 19,808 0.8346 1.45
20 © 0,764 0.3 0,385 27968 0074 1.23
210 0021 1,05

0,838 0.35 0.419 36,031
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