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A physicochemical study has been made of roasting and
sintering proccssés for zinc sulphide ores. The sulphides are
oxidised to metal c¢xides or sulphates accofding to conditions,
e.g. temperature and time of heating, cowposition of surrounding
gases, whether under static or dynamic conditions. The
mecnanisms and kinetics of oxidation depend also on surface
area, crystéllite and aggrecate sizes of the materials and the _.
oresence of any impurities. Thus, for basic oxidstion studies,
f;ﬁely—divided zinc_gulphide sanples have been precipitated.from
soluticn ?t various pHi levels and in the prescnce of different
ccncertrations of eletroljtés. These experimental cenditions
have been correlated with changes in phase composition, surface
area and crystallité and agpgregate sizes during the fo*matipn of
the precipitates and their subsequent ageing in soluticon at

various temperatures.

The oxidation of the two rure zinc sulphidess and five ore
concenirates were investigated using the teckhnigues of thermal

analy

o

is, gas sorption, X-ray diffraction, optical and electron
microscoepy.

. by use of D.T.A:, the effects of temperature, time, grain
size, flow rate and oxygen cantent of the air on the rocasting of
Lhe above materials were determined.

Changes in specific surfzace snd average crystallite size

(deduced from gas sorntion) illustrate the influence of the zinc.

2]

L]

ulpnate on the sintering of the zisc oxide. Further.exgferiments

ect of small amounts of lead and iron sulpnides on the

~

show the eff

zinz oxide sintering. Results have been corrzalate

ot

~

1 with oxidation

ratzss,



Attempts have been made to apply the bhasic researches to
problems arising with the industrial roasting and sintaring of
natural ores such aslsPOntaneous ignition (during shipment,
storage and processing)'and their poor sintering behaviour and
incomplete sulphur removal at higher temperéture. Improvements
obtained by the use cf lime and éilica additives in the

production of sinters have been investigated.
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‘Chapter 1

INTRODUCTION AND REVIEW

1.1 Introduction

The element of zinc has teen known and used for a long

time in history. (Mellor, 1946)(1) The metal, which accounts
for 0.02% of the earth's crust occurs almost entirely as zinc
sulphide, ZnS; this exists in two forms, the.much'coﬁmoher cubic
zinc blende or sphalerite and the rarer hexagonal wvurtzite. Iron
and cadmium are present nearly always as substitutional impurities.
Other metals glso, 8,g. lead, have been removéd from the ore.during
its concentration. The sulphide is converted easily té the oxide
by roasting in air. The metal distils when it is heated in a
retort with carbon. The following is an outline of the industrial
use of zinc sulphide-
Zns heag i 710 heatcwitg Zn

BN ;

I Volatilise & burn

o — pel
H 504 HCY .0
l (Pigment)
ZnSOl, 7H 0 ZnCl .

l-or 11tnoporﬂ for Tlmbe-r —J
pigment preservation
In the presence of impurities, zinc sulphide is phosphorescent and
it is vsed in the manufacture of luminous paint. It is used also
to make screens sensitive to X-rays, and when mixed with barium
sulphate, it forms the white pigment, lithopone.

The metal is used for 'Galvanising' steel. An alloy with
~L4% Al and C.15 -~ 1.25% Cu is teing employed increasingly for die-

Ty

casting.



According to M.Hill.et-al(1970)(2) several ship-loads of
concentrates from the Persian Gulf have been recorded to have
caught fire. 1In 1969 the cargo of the "S.S. Aryaman' was reported
glowing and large amounts of sulphur dioxide were evolve&. At
Khorramshahs (a port) fires have occurred in bagged, unbagged and
humified material and at Konchke (a mine) a dump of concentrates
in woven polypropylene bags ignited in 11 days.

To prevent the self-heating of Bafq concentrates or to
minimise the self-heating, so that the material can be stockpiled
and shipped in a safe manner, and to determine the 'cause' or
'trigger' of the self-heating, preliminary investigations by M.
Hilllet-hal (19703 (2) have been extended in the present work.
Thus, zinc sulphide has been prepared by both wet or dry méthods
giving both crystalline forms. The oxidation to zinc oxide and
zin¢ sulphate has been studied by thermogravimetric methods.
Attempts have been made to correlate the temperature conditions
with changes in surface area, crystallite or aggregate zizes and
crystal morphology. Effects cof variations in the surrounding -gas
composition, e.g. reduced oxygen content, also have been studied.
Likewise, the role of impurities such as iron, lead and copper in

the oxidation of zinc¢ sulphide concentrates has been assessed.

1ﬂ2 Formatior of zinc sulphide

Mellor (1946)(1) has summarised the methods of preparation
of zinc sulphide by earlier workers. These involve mainly the
action of hydrogen sulphide on various zinc salts. The properties
and form of the product depends on the conditions ofhgreparation.
The summary contains the methods of precipitaticn‘ofv%indﬂéulphide

from solution of gaseous H,S under different conditions of

2



hydrogen ion concentration and temperature. He discusses alsec the
phosphorescence of the material.
| Zinc sulphide is dimerphic changing from the % or cubic

modification (sphalerite) at about 1020° t6 the of or hexagonal
podification (wurtzite). ZnS sublimes at 1185o and melts at 1850o
with a vapour pressure at 150 atmospheres. |

So acccrding to R.A. Laudise et al (1959)(3), the conventional
crystal growth techniques are not suitable for its preparatioh,
especially if the cubic modification is desired. Small crystals
(«1 mm) of zinc sulphide have been prepared by sublimation and
vapour-phage reaction. But their size, purity, stoichiometry and
luminescence varies. -Allen éE_gl_(l912)(4) and Kremheller et al
(1957)(5) have crystallized ZnS isothermally under hydrothermal
conditions, but the increase in particle size was rather small
(5w.m.). However, R.A. Laudise et al (1959)(3) have grown large
crystals in a hydrothermal system where the required supersaturation
was produced by a temperature gradient.

R. Dimitrov {1969)(6) has prepared small needle-like Zn$S
single crysta}s. His method of preparation is as follows. Zinc

sulphide, obtained by precipitation with H_ S from a zinc sulphate

2
solution was used as initial material. The powdered sulphide was
briquetted beforehand into sméll tablets, which (in a quartz vessel)
were heated up to 3 hours in a vipe furnace at 1280 K in a current -
of super-pure nitrogen.

A horizontal Celite furnace was used for the resublimation
of ZnS. It was establised that at 1723 X (1450°C), with a nitrogen
current of 6 x 10-3m3/3600 sec (1 hr) ZnS crystals»(Sxxmilx 0.2)

10-3m in size accumulate in &4 hours on the wall of the quartz tube.

The crystallization temgerature of the crystals was 1523 K(1250°C).






Comparison of observed interatomic distances in B3

and Bb crystals-with sums of tetrahedral radii.

ALN 1.96 AlP 2.36 Alds 2. 44 A1Sb 2.62
Bl 1.90 B3 2.3 B3 2.4 B3 2.64
GaN 1.96 GaP 2.36 Gahs 2.44 Gasb 2.62
Bl 1.95 R3 2.36 B3 2.4k B3 2.63
InN 2.1h InP 2.5 TnAs 2.62 Insb 2.80
B4 2.15 B3 2.54 B3 2.62 B3 2.80
ReO 1.72 BeS®  2.10 Be Se 2.20  BeTe 2.38
B4 1.65 B3 2.10 B3 2.20 B3 2.
Zn0 1.97 ZnSs 2.3%5 ZnSe 2.45 ZnTe 2.63
B4 1.97 B3B4 2.35 B3 2.45: B3 2.63

Cds 2.52 CdSe 2.62 CdTe 2.80

B3B4  2.53 B3B4 2.63% B3 2.80

Hes 2.52 HgSe 2.62 HeTe 2.80

B3 2.52 B3 2.63 83 2.79
CuF 1.99. © CuCl 2.3k CuBr 2.46 Cul +2.63
B3 1.85 B3 2,34 B3 2.46 B3 2.62
EN 1.58 Sic 1.94 MeTe 2.72 Azl 2.80

B3 1.57 B3B&  1.89 Bb 2.76 B3B4 2.80

* B3 is the sphalerite structure {cubic) and
B4 the wurtzite structure (hexagonal).






rlaces formal'chargés 2+ on zinc ana 2- on sulphur. It is
probable that the bonds have enough ionic character in this
crystal and in othe?s of similar structure to make the actual
charges of the atoms nearly zero; for ZnS, tnis would require
about 50 percent ionic character.

A set of values of tetrahedral covalent radii for the
use in compounds of these types is given in Table 2 and
represented graphically in Figure 2.

Table 2

(o]
"TETRAHEDRAL COVALENT RADII/A

Be B C - N o . F

1.06 0.88 0.77 0.70 0.66 0.64

Mg Al Si P S c1

1.40 1.26 1.17 1.10 1.04 0.99
Cu Zn Ga Ge As Se Br
1.35 1.31 1.26 1.22 1.18 1.14 1.11
Ag cd In S, Sb Te I
1,52 1.48 1.44 1.40 1.36 1.32 1.28

Hg

1.48







1.4 Oxidation of Zinc sulphide

The oxidation of zinc sulphide has been a subject of both
experimental and theoretical investigations (G.S.G. Beveridge,
1962)(8).‘ The reaction is exothermic and may be‘considered to be
irreversible. Such a reaction has been found to proceed in a
topochemical manner. In other words, as the-reaction proceeds
a progressively thicker outer shell of zinc oxide is formed while
the inner core of unreacteq éulphide decreases. Thé reaction may
be represented by

ZnS(s) + %Oz(g) = Zn0(s) + SOZ(g)

Several possible side reactions may occur, with sulphate formed
: below 700°b and an interaction between the sulphide and the oxide
becoming important at 1400°cC.

Studies on the kinetics of roasting of pure zZinc sulphide
in air carried out b& earlier workers have shown that two main
-processes are involved in the oxidation of zinc sulphide, a kinetic
range Qith activation energies 30 - 70 k.cal/mole at low temperatures
and a diffusion-controlled range with low activation enérgies at
high temperatures, _:Varicus temperatures have been reported in the
literature for the changeover from the kinetic¢ region to the
diffusion region. Ong ct al (1956)(9), working with single
crystals of sphalerite, found that the oxidation rate of sphalarite
crystals is linear over the range 7000- 87000, with an activation
energy of 50 k.cal/mole; indicatirg chemcial control up to 87000.
ACannon and Denbigh (1957)(10), working with small single crystals
of zinc sﬁlphide, found that the reaction is controlled by
chemical kinetics up to 830°C with an activation eneré}mof:about
SC K.Cal/hole. T

At low temperatures, between £80°- 830o it has been shown
(Cannon‘EE‘E}. 1957)(10) that the rate of movement of the Zn0 - 2nS
interface depends con the processes taking vplace at this interface

and not on the diffusion through the overiying layer of 2zinc oxide,

g.



Similar results havé.beeﬂ publiéhe&igy>ong et al (1956)(9) for a
single crystal of ZnS and by Diev et al, (1955)(12) and Wada et
al (1957)(11) for the powdered form. In the lattice, the.reaction
is chemically controlled up to about 600°C. Beyond this
temperature, the rate is controlied by the diffusion of oxygen
through the oxide layer; this occurs at a 1dwer temperature than
for single crystals because of the much greater surface area
available.

The temperature at which the chemical reacticn rate first
becomes significant increases with decreasing surface area; values
of 470 to 540°C are-reported'for precipitated powdered zinc
sulphide by Balikhina et al (1937)(13) and 555 to 750°C for
sphalerite crystals by Ongawa g& al (1929)(14), Orlev et al
(1942) (15) and Cannon et al (1957)(10) depending on the particle
size.

Wada and Niva (1957)(11) followed the roasting of zinc
sulphide by a weight loss teéhnique using a spring balance.
Beveridge (1962)(8) used spherical compacts of zinc sulphide and
followed the overall reaction rate by absorbing the gaseous
reaction products in hydrogen peroxide solution and estimating
their concentration by a conductivity method.

The spherical pellets of zinc sulphide made from
Santander concentrates were studied by K.Natescn et al (1969)(16)
at a temperature range of 740° to 1020°C. The analysis of their
data iﬁdicated that the précess of oxidation was predeminantly

controlled by transport through the zinc oxide product layer.

.
,

10.



1.5 Kinetics of oxidation of Zinc sulphide

The linear oxidation of sphalerite as described by
John N. Ong et al (1956)(9) may be considered a heterogeneous
gas-solid reaction in#olving én absorption process on the
surface followed by desorption of the products.

According to him, the steps by which the reaction of
éphalerite.proceeds may be represented as follows :

ZnS + Oag:Z ZnS ... 0, (chemisorption).seecececeeas(l)
followed by decomposition of the surface site:.

ZnS.....0,~ (activated state) 200 4 SO veevenenean(2)

- .
and 280 + 02 2502 t.-oo--.-co-noo---o-cto-c--o-oa.o.(})

~—Ultimately resulting in the formation of ZnO and 50 The

Pp
postulate that S0 exists as an intermediate product has been
suggested by M.E. Wadsworth et al (1953)(17). Itslﬁresence would
ﬁe onljvtransitory and it would be immédiateiy removed at the
surface by reaction (3).

According to the absolute reaction rate theory of K.J.

Laidler (1950)(18) the rate of a reaction may be represented by

KT m ,  -AF /R

Rate = k. h i i

Mooy
= icix ceeecarseserseneneallt)

where qici = the product of the concentration of
.the reactants
AF = the free energy of activation
k = the transmission coefficient usually taken
as unity '
K = Boltzman Constant
h = Planck constant
K* = the specific reaction rate constant

11.



ff the rate-determining reaction is the thermal decomposition of

a surface site, then

Réte - f(G)Kl -on...-o--o-o-o-(B)
Where f(Q) = some fuﬁction of the fraction of the surface covered,

The rate then may be written as

-AF%/RT
Rate = kT £(8) KSRe
h
-AH®/RT As*/R
= KT £(9) KSRe e
h- '-I......Il...l(e)
where KSR = constant, which includes a surface roughness factor.
AR*® = the enthalpy of activation.
AS?! = entropy of activation,

For the mechanism involving single site adsorption of an
oxygen molécule on the surface the reaction appears to be extremely
rapid. This may be represented by

— a
7nS (surface) + O2 & Zn3 ....Oz(surface)

from which K1 = 0 . 1 _ e-AFl/RT
1-9 (025 -
cesasesecscsanesl?)
where 6 = the fraction of the surface covered with adsorbed oxygen
Kl = the equilibrium

constant of the adsorption process

(02) = the concentraticn of oxygen in thne gas phase

ﬁFl

The equilibrium value of AFl'from thermcdynamic considerations

the free energy of adsorption

may be expressed as

) , nw A0
-AF o ..C- 0. C
l = anl - an1 .= In ;1 p - 1In ;1 g,
RT.. ii°R 11%R
--....--u-oonlc(8)
where Cp = the concentration of the products
CR = the concentration of the reactants

Superscript o refers to the standard state., The quantity

o ;W Lo
In ii‘jy/ii R 1is arbitrarily chosen such that it equals zero in

iz2.



the standard state, Since the oxygen concentration is expressed

in moles per litre, the standard state is defined as 6° = 0.5 and
°)

(0.2

= 1 mole per litre. Solving eguaticn (7) and (8) the

following is obtained :
K, (0,)

.L+K1z021

Q

R 4°D)

e =

Assuming that at constant temperature the gquantity

K., kr e “DF /T :
SR ﬁ— ¢ remains constant, then equation (6) may be

written in the form :
51(02)

1+K1Z025

Rate = K
o

from whicﬁ a value of K, mzy be obtained by simultanecus evaluation

1
of two points cn each isotherm.

4 plot of log K, against the reciprocal temperature gives

1

the value of enthalpy of adsorption,AHl ¢f O, on svhalerite; it was

2
foeund to be =59.6K. cal per mole or oxygen with an entropy of
adéofpticn‘cf ~39,2 k.cal/K.

The rate of oxidation of the (110) faces of sphalerite
studied by K.J. Cannon et al (1957)(10) show that the rate of
penestration of oxygen diminished somewhat during the early stages
of reaction, but subsecuently approached an almost constant rate,
the thickness of the oxide layer increasing linearly with the time.
The linearity which fecllows the initial period is consistent with
the assumption that the observed rate is 'chemically ccntrolled'.
The steady reaction rate as measured in centihetérs pen=tration
per second, haé been calculated from the linear portion of £he
curves, A plet of the logarithm of the steady reactighgygte
against the reciprcesgl of theAabsolute temperaturé c;er tge range

- €80°¢C te 83000, is & linear one and the rate can thus be

13. ' ANy



represented by the relation :

Rate = const. X e -E/RT...........(I)

with E 50Kcal/mole

"

The c¢ombined effect of temperature and partial pressure

may be represented bf

-E/RT

Rate = Ae p-%----.conuno--(l'l)

where P the partial pressure in atmosphere

n

E

50 Kcal/mole
and A has the value 8.0 x 101+ when the rate 1is expressed as cm

3

penetration sec-l or the value 3.2 x 10”7 when the rate is expressed

as moles ZnS cm-'2 sec-l. At temperatures below 830°C the
penetration was very uniform over the faces, the 7Zn0-ZnS interface
was sharply defined and the corners of the sulphide core remained

sharp. On the other hand, at temperatures above 83000, the corners

began to show a rounding, as in Fig

Zn0
1ZnS ' ¢

This is clearly due fo the diffusion oy oxygen or sulphur dioxide
through the oxide layer, . becoming significant as a rate-
controlling factor. |

At temperatures over 90000 the penetration becomes very
uneven over different parts of the crystal. The uneven penetration
was at first thoﬁght to be due to cracks or other faults in the
crystal, but this does not explain why.the effects become marked
only above 9OC°C. It is probably due to thermal instability: the
thickness of the oxiae layer impedes the escape of the heat of
reaction whiéh thereby causes a local rise in temperature and there-

fore 2 still further increase in reaction rate.

14,






the oxygen concentration at'thé-ZnO—ZnS interface.

Q
[}

Q
1l

the oxygén concentration at the outer surface of the

crystal = the concentration in the bulk gas phase in
the absénce cf any appreciable mass transfer
resistance in this phase.

The rgaction rate at the interface is approximately
proportional t6 the square root of.é, the number of moles of oxygen
"reacting in unit time at unit area of the interface is

KC% P ¢ A8
where K = a velocity constantgequ;ting (111) and (IV) at the

steady state

KC%

= D(CO - C)/x
and hence C = CO (1 +vy -~(JT—:—§7; JeosoeaeaalV)
where - Y = the dimencionless quantity

X= x2K2/2DZC°..........;...........(VI)

The penetration rate dx is obtained by multiplying (IV) by
: dt .
(V), the mnlar volume of zinc sulphide and by a factor 2/3, from

the stoichiometry of the reaction. Thus from (IV) and (V) together

with these factors

>

dx = 3
*se e0 v (VII)

I = 2/3 Kve

(1 +7’ -”Y;Fi:§7qr_j

This expression reduces to simpler forms under two limiting

C

conditions

(1) If Y «<1,which occurs at temperatures at which K is small,

dx 2 1
dt ©~ 3 KVCO

This corresponds to 'chemical control' since the rate is
independent of the thickness or of the value 6f the diffiusion

coefficient.

(2) IfY >>1, which occurs at higher temperatures vhere X is
relatively large, dx = 2
it 3 DVCO/x

whichn corresnonds to 'diffusion control’ Integratingixé=A%—DVCot

and ;the 4thickness:is thus proportiondl to’the ‘Square roof of the time.
16,



l.5a The sintering of Zinc oxide formed on zinc sulphide

su?faces

Since solids are involved, reactions which are thermq—'
dynamically feasible may be kineticaily unfavourable, because éf
(1) loss of reactive surface through sintering of the solid
reactants and products and (2) impedance of the participant gases
(oxygen and sulphur dioxide) by the sintered materials. Thus, the
degree of sintering affects both chemical and diffusion kinetics
as in (1) and (2) respectively. |

1.5.1. General princivnles of the mechanism of sintering

Systems undergoing sintering are of two types, namely:

(1) homogeneous systems consisting of a single component or
components which give continuous series of solid solutions.

(2) heterogeneous systgms consisting of multipie component
systems.

In the homogeneous sinterins of a powder, distinction can
be made be;ween two overlapping stages of sintering.“The first
stage is characterized by the formation and growth of bends, i.e.
the contact areas between adjacent powder particles. The growth
of these contact areas takes place during the early stages of

sintering, and is manifested by improved cohesion of the compact.

s

If the maferial is electriéally conducting, there is rapid
increase of coﬁductivity. In the seccnd stage of sintering, the
material is densified and the pore volume decreased. Under
favourable conditions the pores are practically eliminated.
IThe surface free energy is considered to bé“tge driving
force in both stages of sintering. The energy requi;e&?for
_sintering is suppiied by the decrease of surface areas or by the
replacement of high-energy interfacings by those of lower enérgy,

e.g. grain boundaries. The surface free energy is sufficient to
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account for sintering, provided a suitable mechanism is available
for the transport of atoms invelved in the consoélidation of powder
compacts. The following five mechanisms are poséible in the case
of homogeneous materials:

(1) Evaporation follcwed by condensation

(2) Surface diffusion
(%) Volume diffusion
(&) Viscous flow (Newtonian flow characterized by a linear

relétionship between strain rate and stress).
(5) Plastic flow (Bingham flow characterized by the existence

of a yield stress)ﬁ

Frenkel (1945)(18) assumed that with toth amorphous and
crystalline powders, viscous flow would occur undér the variation
of influence of the capillary forces associated with the curved
surfaces of the pores with time, ?he_viscosity may be represented

by the equation :

N

KT/D L0 veveeeennnneesa{l)

where 7, = viscosity
D = coefficient of self-diffusion
T = thermodynamic temperature
K = constant
flo-= atomic volume

Accarding to Shaier and Wulff (1948)(19), Nabarro (1948)(20)
and Herring (1950)(21), at high temperatures, crystalline solids
~can deform at stresses below the yield point.l The mechanism of
deformation is considered to be the migration of individual
vacancies orvatoms, i.e., volume diffusion. The driving force for
this migration is the gradient in chemical potential resulting

from the differences in stress.
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The first demonsiration that maés flow by volume diffusion
occurs during sintering was provided by Kuczynski (1950)(22). He
was the first to provide quantitative proof of this by comparing'
the observed time-dependence of neck growth with the time-
dependences pfedicted for viscous flow, evaporation condensation,
volume diffusion and surface diffusion. He showed that in-all
four: cases, the sintering time, t, to produce a neck of radius, x,'
should be given by the form:

(x)" = A(TIt veeevnvenan..(11)

(a) ~ ol
where a = radius of particle

A(T)= a function of temperature only
and n=2, m=1 for viscous flow

n=3, m=2 for evaporation-ccndensation

n=5, m=3 for volume diffusion

n=?7, m=4 for surface diffusion

n=6, m=6 for grain boundary growth

Kuczynski's model fop neck-growth by voluqe_diffuéipn{éé
shown in Fig. 3, which shows two spheres in contaét, sectioned
through their centres. The capillary suction in the neck is then:

1/r = 1/x = }f ceeeeeee-(111)
Y

n

surfacg tension
r = radius of curvature of the neck surface in the
plane of the section.

When a vacancy is formed under the surface of the neck, a
quantity of work,'Wsj/}, is done; therefore by capillary suction,
whereQ 3 is the volume of the vacancy, the thermal energy required
to form the vacancy is decreased by this amount. Hence

&8 . o g 8

C T -pXT

€€ 1l sirenneneaas (1V)
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where C

and C1

concentration of vacancies in the unstressed crystal

concentration of vacancies in the neck.
This expression isidentical with that for the'increase in the
vacancy concentration around a cylindrical pore of radius,r, Iﬁ'
case of the vacancy flux away from the neck, Kuczynski assumed in
effect that the surface of the latter could be considered as forming
one half of the surface of a-cylindrical pore, from which there was
radial diffusion to sinks on the surfaces>o£ the sphere.

For this case, the vacancy concentration gradient adjacent

te the surface is AC
rind/r

where d is the distance at which Cl = C; lnd/r

~

was assumed to be unity. An equation cculd thus be set up for the

rate of increase in the volume of the reck:

(x)° _ 40753Dt seeeeneesss (V) _
where a = particle radius

D coefficient of volume diffusion

1}

Kuczynski's original model assumed that vacancy sinks are confined-
to the particle surfaces and could only account for deﬁsification
s0 long as the pores remain open and inter-connected. Kingery and
Berg (1955)(23) showed that the observed rates were too rapid to-
be accounted for by neck growth due to volume diffusion and propoged
a model (Fig. 4) in which a grain boundary existing between two
spherical particles is considered to act as the vacancy sink.

Atoﬁs would then flow from the vacancy sinks to the neck.
surface, as indicated by the arrows, and thus, by spreading out
of material et the neck, cause the particles to coalesce.
Subsequently Coble and Ellis (1958, 1963)(24,25) concluded that
the deformation produced by plastic flow is limited to a fixed

value determined by the hot hardness of the material, limited asg
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a mechanism to < 84% theoretical density.,

1.5.2 The effect of cintering on the kinetics of zinc

sulphide oxidation

G.S.G. Beveridge (1962)(8) found that the physical
properties of the originally similar pellets of zinc sulphide
used in rate—determining experiments were altered by sintering
or partial softening éction above about 900°C to an extent
dependent upon the temperature level of operation. As the
heating fempérature rises from 900 to 120000, not cnly does the
pelletlshrink in size, (its diamefer being reduced by 20%,
although there is negligible loss in weight), but also"it; bulk
density almost doﬁbles, its‘internal voidage or porosity decreases
to negligible values, and its internal surface {(as measured by
the BET method) drops to.about 5% of its original value. These
observations show that the properties begin to alter at about
900°C from their original or low temperature values with the
onset of sintering, with mdst ;hanges occurring in the narrow
temperature range 950 - IOSOOC,

Thi§ sintering action, occurring not only in nitrogen but
also in air, Qill tend to decrease the available surface for
reaction, as well as decreasing the size of the entry pores due
to fusing of the particulate material in the pellet. It may als;
caguse a blanketing of area, not measurable by the BET method, but
it is possible that this might be detected by the bulk density
measurements. These measurements of the changes in the physical
prqpertieé of the 2zinc sulphide specimens arelnecessary for any
prediction qf the over-all reaction rate.

Masakazu Sakaguchi (1970)(26) has studied the oxidation
of zinc sulphide powder in cxygen or in an oxygen-hydrogen chloride
atmosphere, at 500 -~ llSOOC. The specific surface area of samples
was measured by the gas adsorption method. At SOOOC the addition
of HCl increased the formation of Zn0 on ZnS. The specific
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surface area decre;sed with increase in partial pressure of
oxygen. Oxidation rates of zinc sulphide in an atmosphere of
oxygen increased with increasing temperature up to 850°C. The
addition of HCl, however, retarded the oxidation at that
temperature. When an equimolar mixture of HCl and O2 was used,
the maximum surface roughness of oxidised ZnS and preferential
orientation of the (002) planes of Zn0 were observed. At 105000,

less Zn0 was formed than at 850°C, and the properties of these

" 2n0 crystals were similar to those of pure Zn0 crystals.

For basic oxidation studies in the present reéearch,
zinc sulphide samples of widely different particle size were
precipitated from solution at various pH levels and electrolyte
concentrations.

1.6 Precipitation and ageing of Zinc sulphide

1.6.1 General phenomena of precipitation;processes'

The stages of a precipitation process are represented by
A.E. Nielson (1970)(27) in Fig 5 . Precipitation starts wiih
rucleation on impurity particles (or seeds), or witk the
formation‘of embryos. - The nuclei grow into visible crystallites.

According to R.F. Strickland-Constable (1963)(28), some-
times the growth process is accompanied by the formation of new
(secondary) nuclei, so that crystaliites of two or more size
groups are present. The crystallites may form & stable
suspension or they may coagulate. When the crystallites or the
coagulated clusters in a liquid become larger they tend to
sediment. This is usually the last step of the process, and then

the growth of the individual particles seeme to have ceased.

But if the system is observed for a very long time it is evident

that the small crystallites redissolve and the larger ones grow

further.
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Supersaturétion

Precipitation is not possible unless the solution is
supersaturated. A saturated solution can be supersaturated by
temperature change or by fractionation through evaporation or
crystallization of the solvent. Another way of making a super-
saturated. solution is to mix two solutions or liquids whieh
react chemically, e.g. electrolyte precipitation from aqueous
solution.

Nucleation

Preciptiation does not start at any supersaturation
because small crystals have 2 higher equilibrium concentration
than large crystals. It foilows that crystals smaller than a
certain critical size will dissolve if they are brought into-
contact with a solution of moderate supersaturation - the critical
size depending on the ratio of the concentration to the solubility
whereas crystals larger than the critical size start growing = and
grow more and more rapidly, as they get larger. This can happen
in two ways :

Heterogeneous nucleation

Any solution which has not been extremely well cleaned
contains a vast number of invisible solid particles., A hundred
parﬁicles per mm3 is quite normal even in filtered liquids. They
may act as'heteronuclei, i.e. catalysts for the initiation of
precipitate crystals, the solute being adsorbed on the particles
to form a layer which is larger than a face of a crystal of the
critical size, and thus able to grow in the solution§: This is

the normal way of nucleation of a new phase.



Homogeneous nucleation

R. Baker ét al (1935)(29) explained homogeneous nucleation.
At & moderate supersaturation there is an appreciable number of
embryos, i.e. subcritical associates of crystal-like structure in
equilibrium with the solution. A small fraction of these reaches
the critical size by thermal fluctuation. When this happens the
chance that the assqciate will grow further is larger than the
éhance that it will dissolve again. The critically-sized embryos
thus play a role similar to the activated complex of chemical
reaction kinetics.- Homogeneous nucleation has been observed in
twé types of 'experiments.

According to E.R. Buckle (1960)(30) and H.J.De Nordwall
et al (1961)(31) the growth of the heteronuclei is limited by
dividing the system into a very large number of sméll parts, so
that only a small fraction of these ¢ontains one of more. of the
heteronuclei.

In the experiments of precipitation of spariﬁgly’éoluble
electroiytes from solution, A.E.Nielsen (1961)(2?) showed that a
very high supersaturation is produced  very rapidly so that the
number of homogenecusly-nucleated particles is much larger than
the number of hetercnuclei present.

Iﬁ the case of heterogeneous nucleation the number of
particles is roughly constant during the precipitation process,
and the particles are of nearly the same size. When homogeneous
nucleation takes place the number of crystals increaées with time.
The rate of nucleation is strongly dependent on the concentration
and approaches zero-as soon as the concentration has decréased

-

by a relatively small amount.
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Crystal growth

Nucleation in a sclution has never been observed directl&
because
(i) the nuclei are extremely small
(ii) they are formed at random positions, and
(iii) they are extremely unstable and immediately start to grow,.
Therefore the nuclei cannot be observed until they have been
developed through growth.

Crystals grow by the continued addition of one layer of
molecular units on ancther. The units arrive at the crystal
surface §y diffusion, sometimes aided by convection, énd are fitted
to the crystal lattice. Thé addition of new layers to the Erystal
may follow at ieast four different patterns :

A, Growth on a perfect crystal face:

(1) Mononuclear layer fomation (Fig 6a)? A.E.Nielsen(l964)(3£)
has described mononuclear layer fofmgéion. Gn a perfect crystal
face very small surface embryos are unstable and dissolve, but
larger surface nuclei grow. At low deérees of supersaturation
this results in a very slow.surface nucleation followed by a
growth, which is relatively siow, but fast enough to spread the
layer allever the face before the next surface nucleus is formed.

(ii) Polvnuclear layer formation (Fig 6b): W.K. Burton et al

(1949)(33), O.M. Todes (1949)(34) and A.E. Nielsen (1564)(32) have
shown that nucleation rates increase more rapidly with concentration
than growth rates. At higher concentration this will result in |
several nuclei being present at a time on the crystal faces. Each
layer originates in moce than one surface nucleus, but the layers

in the-final crystal are just as perfect as in the case of

mononuclear layer formation.
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B. ~ Growth.on an imperfect crystal face

(i) Spiral step {screw dislocation) growth (Fig 6c):

Most macroscopic crystals have many lattice defects called
dislocations; One type is the screw dislocation. This can be
visualized.as a perfect cryétal cut half way through, distorted
and put together again, with an imperfection énly visible on £wo
opposite faces, but nof on the face from where the cut was made,
When a crystal has a screw dislocation; it can grow without
surface nucleation, since the ‘step on the face where a screw
dislocation ends will not disappear. According to F.C. Frank
(1949)(35) and W.R. Burton et al (1951)(36) the crystél grows..

and acts therefore as a permaneht catalyst for growth, efficient

even at very small supersaturation.

(ii) Rough Surface Growth:

In precipitations from solutions of very soluble substances
the interfacial tension may become so small that it does not
stretch the interface into a plane. Instead the interface tecomes

molecularly rough. This is found in metallic systems.

Suspension Stability

Particies in a suspension act on one another by electrostatic
and dispersion forces. If all the particles have appreciable
electrical charges of the same sign, they will collide rarely and
when colliding, they will probably part again. J.Th.G.Overbeek
(19523(37), B.Tezak et al (1954,1968)(38), J.Kratohvil et al (1960)
(}9) éhowed that if the charges are small the particles collide
more-readily and stick togethe; because of the short-range
dispersion forces. Substances which neutralize the charges on the

particles, such as indifferent ions, may induce coagulation.
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Other substances which charge the ions électrically, such as
specifically adsorbed ions or ionsAwith a high charge, stabilize
the suspension and thereby prevent coagulation, and may even
peptize a coaguléted material.
Ageing:
The decrease of the interfacial area of a precipitate is
called ageing. This process takes flace through
(a) Recrystallization of the primary particles, transforming,
e.g. needles, thin plates or dendrites, into a more
compact shape by surface wandering of adsorbed molecular
units, or by transport through the mother liquid.
(b) ~ Transformation of a crystal from a metastable modification
into a stable modification by dissclution and reprecipitation.
(c) Aggregation of primary particles followed b&'sintering
(inter-growth) and
(a) Ostwald ripening, i.e. growth of the larger particles at
the expense of the smaller ones.

Ostwald Ripening

Small particlés have a higher Gibbs free energy per
molecular unit than larger particles have, because of the 1§rger
interface.per molecular unit. The solubility of a small particle
is higher than the solubility of a large particle.

If a solution is in contact with three sizes of crystals,
and in eﬁuilibrium with the middle size, the smali particles will
find the sclution undersaturated and therefore dissoclve, whereas
the large particles find it supersaturated—and grow.. It follows
that a solution- cannot be in equilibrium with a precipitate

consisting of crystals of two or more sizes (0.M.Todes (1946)(40);
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I.M. Lifshitz et al (1961)(4#1); E. Klein et al (19635(42) and
M. Kahlweit (1963)(43).

If.a solution is left with a polydisperse precipitate, the
concentration will sooner or later reach a value between the
solubilities of the largest particles and of the smallest particles,
and remain in this interval while the smali>partic1es dissolve and
the larger ones grow, until eventually only one large crystal
remains. During the ageing the concentration is close to the
eduilibrium concentration of a particle with the radius equal to

‘the arithmetic mean value of the radii of all the particles,

1.6.2 Precipitation of Zinc sulphide

ievi ;nd Fontana (1928)(44) reported that the particle
size was essentially the same, Ca.204 {0.002 um) for zinc sulphide
precipitated by hydrogen sulphide from normal zinc sulphate
solutions alone or with additions of ammonium hydroxide, sodium
hydroxide and acetic acid. They sugéésted that the dissimilar
analytical behaviour of the precipitates was caused by differences
of agplomeration rather than particle size. !However, Allen and
Crenshaw (1912)(4) described newly-precipitated zinc sulphide as
spherical particles 0.2 - 0.5 um in diameter.

Ortman and Piwonka (1960, 1961)(45,46), Lendvay et al
(1965) (47) obtained samples with particle sizes of up to 50 um
and 100 - 200 mm by slowly precipitating zinc sulphide with
hydrogen sulphide from acid solutions.of a soluble zinc salt.
Brown (1968) (487 showed that the pH of the surrounding solutio&
had a marked effect on the particle size. Precipitation in
strongly acidic solution resulted in the formation of aggregates

of the order 1 - 5 um which were irregular globular masses.
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Production of fineiy-divided zinc sulphide with hydrogen sulphide
from more dilute acidic zinc salt solution (0.1l. - 0.2 M - Zn$0,

or ZnClZ) has been described recently by Shishlyanmkov (1970)(49).
Some of the products had sp. surface of over 100 ng-l, corresponding
to average crystallite sizes below 0.0147 um),

1.7 The spontaneous oxidation of more reactive zinc sulphide ores

1.7.1 INTRODUCTICN

The chemical changes occurring in Bafq and other Zinc-lead
concentrates susceptible to spontaneous atmospheric oxidation have
been examined by M.Hill et al (1970)(2). "Bafq concentrates'is
iinc-lead concentrate of composition Zn = 449 W/W; Pb = 7% W/u;

Fe = 8% W/W; the phases present in £hé concentrate, as determined
by X-ray diffraction, are § -Zinc¢ sulphide, lead sulphide (Galena);
iron pyrites and lead sulphate. After oxidation at'70°C for 300 h,
this material contained Y -sulphide, lead sulphate, zinc sulphate
(ZnSOh. 7H20) and iron pyrites.

The initial reactions of Bafq concenirate are, therefore,
the oxidation of sphalerite and Galena to their respective
sulphates :

ZnS + 20,2180, .eceeaaen... (1)

PbS + 20, =¥PbS0, .eeenen.e... (1d)
or, in thé preseuce of moisture

ZnS + 20, + '7HzO-—)ZnSO£+.?H20 ceseseaass (iii)

A sample of concentrate that had caught fire contained zinec
ferrite (ZnO.FeEOB), lead sulphate and Zinc sulphgte. Oxides can
be produced by the following reaction

27050, —% 2Zn0 + 250, + 0, RN £ 2 W

2

or by direct reaction

22n8 + 502 — 27Zn0 + 2502.... ...... ees W)



In a stockpile of concentrateé the ﬁeat'evolved from the low
temperature (<100°C) exotherm reactions of types (i), (ii) and
(iii) is sufficient to raise the temperature of the stockpile
such that reactions of the type (iv) and (v) can occur. The
enthalpies and free energies are -listed in Table 3.

1.7.2 Kinetic studies of sulphation

(1) Effect of moisture and temperature on reaction rate

Maximum reaction rate was aéhieved with 3% W/W moisture.
Increasing the moisture content (>3% W/W) appeared to decrease
slightly the reaction rate. The 6% W/u HZO sample at.70°C
be;ame flooded (13.1% HEO) and this effectively killed the
reaction. Dry concentrate  did not undergo a sulphation reaction
to any significant extent during the time of test. "It is possible
that the moisture removés the reaction products (e.g. sulphafes)
from the surface of the concentrate particles and hence providesa
fresh surface for further attack by oxygen, thereby increasing the
reaction rate. The reaction rate is increased two—fold'fdf a
20°C rise in temperature,

(ii) Effect of inhibitors on reaction rate

Most of the additives decreased the rate of reaction
(except ammonium pentaborate, which has no effect) but did not stop
the reaction. Addition of-0.0S% rhenol resulté in a three-fold
reduction rate.

(1ii) Reaction rates of various concentrates

The order of rsactivity of various concentrates is as
follows :

-

Rafq - Type A > Type B > Type C > Type D
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TABLE 3

THERMODYNAMIC ‘VALUES

Compound AHEC AF£° S Cp
K.cal/mole 'K.cal/mole
ZnS (sphalerite) -48.5 -47.4 13.8 10,8
Z0S0, -233.88 -208, 31 29.8 28
Zns0,.7TH,0 -735.1 -611.9 92.4 93.7
PbS(Galena) -22.15 -22,15 21.8 11.83
PbSO, ~219.5 -193.89 35.2 24.9
FeS, (pyrite) -42,52 -39.84 12.7 14.8
: FeSZ(markasite) -36.88 - B - -
FeSO, -220.5 -195.5 - -
FeS0, . 7H,0 ~718.7
FeS a -22.72 -23,32 16.1 13.1
B -21,35 -23.32 - -
Cus -11.6 ~11.7 15.9 11.43
Cuso,, -184.0 -158,2 27.1 24,1
CuS0,, . SH,0 -544.,45 -449.3 73.0 67.2
0, 000 0.00 42,003 7.017
H,0 liquid =68.3171 -56.56902 16.71.6 17.97
H,0 gas -57.7976 ~54.6352 45,105 8.025

v
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Tyéical assays of tﬁese compounds are given in Table 4.

According to M. Hill-gi al (1970)(2) the reasons for the greater
reactivity of Bafq and Type A concentrates is not known. However,
they have spggested the following :

(a) Pyrite content

The involvement of pyrite is questioned, but the above
order of reactivity can be correlated roughly with
decreasing pyrite - -content. Eafq and Type A concentrations
also show variations in the pyrite content. The pyrite
content in the Bafq concentrate is believed to be of the

mackinawite (FeS

l-x)' early stage in its oxidation.

When 10% /W pyrite was added to Bafq concentrate the
reaction rate did not increase, It is concluded that it is probably
not the amount of pyrite, but possibly its degree of alteration
that is important; ' -

(B) Particle size

The fineness of Bafq-concentrate contributes to its
reactivity, because the finer the particle size, the
greater is the surface area available for oxidation and
the greater the reactivity.

(e) Flotation additives

It is considered that the addition of copprer sﬁlphate,
potassium amyl xanthate and scodium cyanide to the
concentrate haﬁe no significant effect on the rate of
oxidation.

(iv) Reaction rates of synthetic mixtures

Very little oxidation occurs in synthetic mixtures of Zinc

sulphide (50:50 mixture of(xand§5forms), pyrite and Galena..



TABLE 4
L}

TYPICAL A5SAYS OF CONCENTRATES

U/ Bafq §§§§g§ ﬁzieﬂfunswick giiiiis gigieg Hill
Zn bh. 2 123.05 47,7 51.2 52.6

S 31.6 [22.4 32.7 31.9 ‘31.8
Pb . 7.2 [32.55 3.1 0.41 1.11
'Ag(izﬁézzig 0.16 [10.05 | 3.35 6.95 0.65
c1 0.027| 0.002 0.001 0.003 0.05
As 0.04 | 0.165 0.12 0.03 0.06
Te 7.8 b 4s | 10.9 9.6 9.85
A1203 0.60 | 1.64 0.55 0.67 0.26
Mn 0.1% | .07 0.06 £0.01 0.7k
Ca0 0.56 | 0.18 0.45 0.13 0.27
Mg0 0.17 | 0.02 0.17 0.12 0.03
Insoluble 1.28 - 0.52 2.38 1.563
Cd‘ 0.15 | 0.23 0.08 0.28 0.17
Cu 0.12 | 0.40 0.20 0.52 c.l2
5b 0.G08| 0.10 0.03 £0.01 0.025%
Sn <0.002| 0.001 0.05 n.17 0.C01
F 0.05 | 0.04 0.02 <0.01 0.05
S as S0, 1.32 | 0.30 0.83 0.77 0.17
810, 1.06 | 2.93 0.93 2.00 1.29
Ba.50,, <0.1 5.94(Bao) ND 0.1% ND
Bi 0,01 | c.oo4 0.005 o.obs 0.005
co, 0.31 - - <o.1i -

o Ca 1l | 4.0 0.3 0.3 -
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' Therefore, the pure minerals undergo oxidation only ﬁery slowiy,
compared with Bafg concentrates.

(v) Effect of Acids and Bases

The reaction rate in the presence of 0.1% VW/W sulphuric
acid and 0.2% %/W =odium hydroxide are analogous to and not ///*j
significantly different from, that of Bafq concentrate alone.

Cause of self-heating of Bafq concentrates

From the above observations, M. Hill et al (1970)(2) came
to the conclusion that the probable cause of self-heating of Bafq
concentrates are as follows :
(i) The presence of highly reaetive material in the ore itself,
(ii) Chhmical additives and physical changes to which the ore
is subjected during the flota;ion and subsequently Eandling
procedures.
(i) Bafq concentrate contains a type of pyrite {mackinawite)
which could possibly be a 'reattive species'.
(ii) Increasing the particle size and the presence of water in
the concentrate accelerate the oxidation process.
Increasing the accessibility of oxygen to the stock-piling
procedure could be a means of increasing the rate of reaction.
It wag thought that bacteria may be initiating the oxidation
process. lAn invéstigation by the Warren 3pring Laboratories
confirmed the presence of thiobacillus-ferro-oxidans in Bafq
concentrates. These bacteria cannot be involved in the oxidation
process because they are inactive above 5000, and at pH 5.G, they
are alive but inactive.
However, bacteriological initiation cannot be ruled out since
tﬁe presence of thermophilic bacteria (capable of oxidising sulphide

minerals under extremes of temperature) has not been negated,
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Thus, in the sponténeous ignition of zinc ore concentrates it is
probable that there are primarily llow—temperature and subsequently
high—temperature oxidation mechanisms operative. The latter
mechanisms will be similar tc those encountered in the commercial
roasting of zinc¢ concentrates, of which ava@lable thermodynamic
information is now summarised.

1.8 The thermodynamic properties of the Zn-Fe-5-0 system

at elevated temperatures as related to Zinc Concentrate

Roasting :

A compound stability diagram was constructed by R.L.Benner
and H. Kenworthy (50) for the Zn-Fe-$-0 system to show the
phases that should be thermédynamically stable at various
temperatures, oxygen pressure, gnd SO2 pressures, Becguse'of the’

complexity of the problem, the thermodynamic properties of the

ternary system of Zn~-S-0 and 4f Fe-S5-0 were calculated first; thpn

the thermodynamic properties of the two ternary systems were

‘combinéd to give the Zn-Fe=5-0 systems. The calculations: were

simplified by assuming the following conditions :

1. The free energy of reaction equations are lirear functions
of temperature.

2. " Reactions régarding basic¢c sulphates were not considered.

3. All s0lid phases have an activity of unity and they are
completely immiscible in one another, with the exception

of ZnoO, Feao and FeBOQ.

3
4, Only two types of reactions were considered: those
invblving oxygen or oxygen plus 502, and tﬁbsg involving
\ He

solid—solid ion exchanges.
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1.8.1 Development of Zn-Fe-S~0 compound stability diagrams

In order to show the effects of temperature and oxygen
pressure on'compound stagility duriﬁg roasting. the co-ordinates
of.the stability diagrams vere plotted as the logarithm of
oxygen pressure versus the reciprocal of absolute temperature,

at a constant SOZ pressure. The effect of SO, pressure was shown

2

by constructing the diagrams at two different SC_, pressures. In

2
constructing the diagrams of the Zn-Fe-S-0 systems, S0

5

2 pressures

of ‘1 x 10-1 and 1 x 10 7 atmospheres were selected: the first of
these was selected because rcoasters frequently operate in this
range; the second was selected to illustrate the effect that very

low SO2 pressures have on the system.

1.8.2 Zn-5$-0 system:

Because of the interest in roasting ZnS, soncsiderable data
have been tabulated on the thermodynamic properties of the Zn-S-0
system (51). Within the system, the following compounds are known

to exist: ZInS, ZnOfAZnsoq, @ZnSOu, ZnO.ZZnSOA, SO2 and 503'

" However, because of the conditions found in a roaster and bacause
of the simplifying assumptions noted previcusly, only the compounds

of 7ZnS§, ZnO,FiZnSOA and SO, were considered in this study. Table 5

2
gives equations for the free energy of formation of these compounds
as presented in the literature. These equations wera used to
calculate the free energy of reaction eguations 1,2,3 and %4 which
are also-shown in Table k. The reaction equations were then used
to establish the boundary lines between regions of stability. An
example of this procedure follows :

When reaction No.l is considered, the low temperature free energy

equation is given as

AF = —156,800 + 125.28T. ... (1)

ko,



)

i

Table 5

- Free energy data for the Zn-S-C system -

Reaction Temperature Cal/mole, A¥ °
range, ° K :
Zn:l . _ . ) ) .
Solid + 3 S2 sasy + 202 (gagy—= 2050, (s01).|  298-1,180 [ -243,500 ¢ 105.5T -
LAqQUEd. . e e s 1,180- -277,000 + 128.8T
€ - - . - :
Zn:®2 ‘ ' )
Solid + % 53 (ras s 208 (porgay-eereneens 298-693 | -60,565 + 22,70T
Liquid.."....... rann T .| 693-1,180) -61,740 + 24.27T
G35+ s arnereennsansessnsessessssnssessssss| 1,180-1,5001 -89,165 + 47,50T
Zn:? 1 . o
SOLi¢ + 2 s (ras ) Z00(gqrgq)-vnrereeres 298-693 | -83,100 + 23.57T
LAQUAd. .Y st ie e etiiiieeeniiiereernreaanns 693-1,180 | -84,480 + 25.55T
Gas...... e eeienaee et 1,180-1,500 | -110,140 + 47.357
% Sa (eas) + Oafpan)o_s S0z (saa)(Coughlin®)... |  298- ~86,620 + 17.311
Derived reactions:*
h)
S KRN e, sl 208- -22,600 + 21.36T
(1) 2270 + 280, + Oy= 2200, «vver.n....|  693-1,180| 156,800 + 125.287
. 1,180-1,500 | 160,400 + 128.28T
(2) 208 + % Op-n 200 + 80z.iusernnenann. ! 693-1,180 [ -i09,360 + 18.59%
- : | 1189500 | -207,5%5 + 17.161
(3)  Z0S + 20pmm 2080, +iasretrarnarananens 293-A93 | -188,935 + 82.2T
€92-1,1€0 ¢ -187,760 + 81.2T
(4) 320S0, + ZaS—=> 4Za0 + 4504........... D 693-1,180 | +125,700 - 165.41

- B e —— 1
g s L WP 3t I e W als * e et T TTENLT Y YT R -

|

Mathewson, C. H.
and Cowpounds., _
Corp., New ¥York, N.Y., 1059,

2Richardson, F. B., and J. il. E. Jeffes.
Interest in Iron and Steelmaking. III.
fastitute, v. 1706, 1552, pp. 165-175.

2Coughlin, J. P,

342,

1954, 80 pp.

Sulficdes,

ByMines Pull,

Contributions to the Dnta on Theoretical Mecrallurgy.
Heacs and Free kpergies cf Formation oi Inorganic Oxides.

Zinc, the Science and Techinlogy of the Metzl, Tts Alloys
Am. Clhiem. Soc. Monograph Sericc No. 142, Reinhold Pub.

The Theuvmodynamics of Substances of
J. Tron and Steel

X1T.

“Derived by cddition or subtraction of the proper free euaergy of foimation

cquativias givern above.

i,

P S P v

. = ——— T A ——— —————— =

s mrmam i b

p—




However, the free énergy equation can also be written as

AF

-2.303RT log,, KeQe-eouensoneasl(il)

Where Keq equilibrium constant

Since the condensed phases are considered pure and immiscible,
according to condition-3, the equilibrium constant can be

expressed as

)-2

Keq = (Poa)-l(Pso ceeseceadannea(iii)

2

wﬁere P62 and Pgo6.are the pressure of oxygen and the pressure of

2

S0 respectively. By substituting this expression into equations,

2!

setting the equation equal to the tabulated free energy equaticnm,

and simplifying, an expression of loglon2 can be obtained in terms

2,
log,yFo, = (-34,280/T) 27.38-2loglopso2 veeo(iv)

of temperature and loglOPsw

This equation is then used tec establish the boundary line between
an and ZnSOh at a constant 502 pressure, as shown in Fig 7.

From equation 1 of Table 5 and theiafﬁlication of LeChatelier;s
principle, it can be seen that sustained oxygen precssure, greater
than the equilibrium values, would force the system complately to
the ZnSOh side of the reaction. Applications of similar procedures
to equations 2 and 3 of Table 1 result in a complete diagram (Fig 7)
with three regions of stability. The solutions of equations 1,2,

3 and 4 of Table 5, together with the_material needed te construct
Fig 7, are shown in Table 6. Equation 4 of Table 5 revresents

the poinf of intersection of all three boundaries, and because the

80, pressure is held constant, it gives the invariant point in TFig 7.°

2 -
1.8.3 Fe-5-0 system

Although the compounds of FeSa, FeS, FeO, FeBOL,_Fea 3

FeSOh, FeZ(Soh)B’ SO2 and SO5 were known to exist, there were

L2,







Table 6 - Temperature and oxygen pressurc data for the Zn-$-0

compound stability dizgram

Reaction

Temperature, AF° Pso;, 1og10P02
_ ° K atmespheres
(1) Zr0 + S0, + % Cy == ZnSo, .... 1,200 3,100 0.1 +0.9
. 1x107% 4+7.5
700 -34,600| 0.1 -19.6
1x1078 -11.5
3 —_—— .
(2) 205 +2 0, . Z00 + SO5...... 1,200 -87,100| 0.1 -11.2
2 ~ . 1x1078 -14.1
700 -96,200| 0.1 -20.7
1x1075 -23.3
(3) ZuS + 2 0y = ZnSDy eeerersnnn 600 -139,635] 0.1 -25.0
N 1%10 -25.90
400 -155,085) 0.1 -42.8
’ 1x1078 -62.8
(4) 37050, + Zn5 = 4Zn0 + 450,. 570 12,206 0.1 -21.8
482 12,200 1x1G® -34.2




probably a number of basic sulphates and other complex compounds
that also exist within the system. Of the known compounds, experi-

mentally determined free energy data exist for FeS ¥eS, FeO,

21
Fesoh, and FeEOB'

. Y 0. ..
published AH 258 and AS 308

permif the estimation of the free energy of formation of FeSOh at

In addition, Moore and Kelly (52) have

values for FeSO“, these values

any temperature. This estimate employs the assumption that the
change in heat capacity (ACp)-for the reaction equals zero at all

temperatures and that

- (o] Q
AFp = Al 59z = T8S 508 . . ... ... ()

AltﬁOUgh this assumption is pot necessarily true, the equation
does give a gdod first approximation for the free energy of
reaction at any temperature.

A free energy of formation equatien for Fe2(504)3 was
developed from published decompositiecn pressures of the'sulphate(SB).
In general the decomposition pressure measured in the sum-of the

partial pressures of SO SO, and 02, becausz the decomposition

3! 2
occurs in two steps. The first of these is the decomposition of

the sulphate :

Fe2(504)3 ->F9203 + 3:303

The second is the decomposition of the sulphur trioxide:

.....,....7..(vi)

280, &=2 280, + O, e S 25D

3
By considering the thermodynamic prowerties and stoichiometry of
the szcond reaction, the partial pressures of 503, 802 and O2 can
be calculated. By employing this procedure, Warner and Fagraham

(53) derived the equatiorn : -

log), (PSOB)3 = 28,34 - (EE%QQQ) eeneenelviii)

45.



where is expressed in atmospheres, and the temperature (T)

%3
is between 630° and 724°c.
Applying the relétionship':
AF = 2.303RT loglO(Psos)B.............(ix)
to equation viii, a linear free energy equation
AF = 135,400 = 129.7T +uvevenensnsna(x)
was derived for the reaction given in equation vi.
By combining this equation with the free energy of formation
3 . 3(55), it was possible to calculate
the free energy equation of Fea(SOq)3 from its elements '

equations of SO, and Fe20
according to the reaction
2¥e () + 7/2 5,(5as) + 60, = Fe,(50,), (solid)....(xi)
the value of this free energy equation is
AF = =656,620 + 305.1T .eeeneen..(xii)
In order to determine if equation ¥xii was a fair estimate of the
free energy and to determine if it was valid over a wide range of
temperature, an alternate method was used to calcunlate a free
energy -of formation equation. This method employs the avrproximation
mentioned éarlier, of
NF, = AH,gg - ‘TA-S°298 ceveenenes(xiii)
Where Hoé98 and 50298 now represent the standard-heat of
formation and entropy change, respectively, of Fea(SOh)s,
éccording to the reactien given in equation xi. Utilizing the
heats of the reactions

2Fe ) + 33(rh) + 6 Oz(gas) = Fea(SO#)B(solid)....(xiv)

.AH°298 = - 640,000 cal .
and ’/2 s,(gas) = 33(rh)
0 .
AH 5gg = ~46,500 PRI ¢392,
L6,




it was possible to calculate the heat of formation for Fea(SOQ)B
o .
BH 298 - bl 686)500 Cal LI I S R S R (XV:I.)
as the ‘reaction is shown in eguation xi. It was necessary to
estimate the entropy value of Fe2(504)3 with a method devised
by Latimer.

In this method the compound is considered to be the sum

of an equivalent number of cations and anions :

Fe,(50,) - 2Feot 4 3(504)2' cereeena(xvid)

3
The standard entropy of this compound is likewise the sum of an
equivalent number ‘of cationic and anionic entropies that have
been empirically delermined from fhe size, the charge, and the
mass of the ions. -

Employing the ipnic entropies given iﬁ Table 7, the Staﬁdard_
entropy of Fea(Sou) was estimated as :

3
s° = 2(10.4) + 3(13.7) = 61.9 cal/degreg ceos(xviii)

293
This value was combined with the standara entropies of the
eleﬁents given in Table 8 to calculate the entropy éhange of the
reaction given in equation xi,

1350298. = =3226,9 cal/degree .........{xix)
Substituting equations xv and xix into xiii gives the estimated
free energy equation

AFT = = 686,500 + 326.9T eveeono.(xx)

Equation ﬁi and the free energy of formation equations for FeS,
FeOQ, Fe

0y Fe FeS0,, SO, and SO, are listed in Table 8.

3 2% 2 3
The values of Fe82 are not shown because it decomposes quite
readily at low temperature into FeS and S. Also given in the

table are the free energy of reaction equations needed to calculate

the boundary lines in Fig 8.

147,
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Table 7 . rrea enexey data for é!g_ﬁe-S-O system
Reaction Temperature AR®
e - Tange, *K cal/imole
]. n - ¥ 1 ~
Fc(q'v) + 7 S2(ene) j"**es(sultd) ...................... 412-1,300 | -36,020 + 12.565T
1 “ - c .

0.947Fe (g oy + 4 0a (pay)y>Teo.0¢ 26 (ore) orrrren o 298-1,650 | -63,200 +  15.47T
3Fe 4+ 20 —> Fe,0 netite)?. . ... ... .. { 298-3500 -265,660 + 76.81T
Yy 2 (ees) ©a0, (magnetite) 900-1,303 | -261,200 + 71.36T
3 o . 268-950 -195,450 + 61.38T

Z¥e™ + = C — Fo,0, (hematite)d . oo ivenernnne.. - L9255 .
2 “u(sas) 20, (h ire) [ 950-1,800 |-192,680 + 58.21T
Felyerq) + 3 Sappes) * 202 (pas) ——>FOS0 0yt e e 298- 221,300 + 106.22T

1
2
3 . ’,z % o3 ’ [
2P (ioiia) * 3 Saqeas) * O0n(ae) T Fe2iflik(ear,q)7e | 2981,500 | 656,620 + 305.1T

1 ] '

5 SE(;!;) + 02(5“5) —_— SOB(;ns) e e . 298-2,000 | -86,520 + 17.48T
s aey + 3 O (oas) > 50, (gan)derneesn s 298-1,500 | -109,550 +  39.09T
{ ud 33 298-950 -201,610 + 183.3T
{a) ¥ep0, + 505 + 350, _ Fea(SOp)g...v. .- e { 950-1.500 -20b:3SU T lon.uT

——— [a] Y
b} 4Fe,0, + O A T [ 298-500  |-110,060 +  Gl.0AT
(b) 4Feg0, + Oy __ 6Fe30, 1 200-1,803 |-111,280 +  63.82%
- - : 412-200 -417,160 + 91.30T
¢) 3FeS + 50 FayOr + 350t v e inennnsnn ] a2 )1
(e) 2~ TVat 2 b L 900-1,300 |-412,7C0 +  B5.353T
. I A R .
e 7. . [ 612-950  [-397,720 +  80.60T
(d) 2Fes + 7 02 o« lea05 + 2800 . i tueni i e \ 950-1,300 | -394 880 +  77.40T
(e) 2FeS + 50, + 50, T Fea(S0 )genrrerrroneer r s co.. ] 4122300 [-498,060 + 262.57
{(£) 2FeSQ, + SO, + 0 —_ Fen (8%, )g...... e 298-  [-137,50 + 75.2T
Y L —_— [ 265-950 "«74,110 4 116.1T
Fe,0., + = 0, +:280. 2FES80, t v ettt e -2
(&) Tez05 + 5 0; 2 1 i L 950:1,500 | -76,960 + 119.3T
& B .
o _ . P ro293-900 -138,680 + 189.417
() Feg€y #1380z + 05 PRS0, o eruriiiiihe ; 1 e00-1,803 | -1437140 + 194.867
(i) FeS + 20, _ FeSO, ...... e | 412-1,300 [-185,420 +  93.52T
(3) Fes % 0p = FeN + S0.5,..%...... e i 208-i,300 |-113,700 + 20.3T
k) 3Fe0 + 2 0 T FCL0,F e 298-900 ~76,060 +  30.4T
v 7 2 ~— T _ [{ 300-1,650 | -71,500 + 24.°T
(m) 10we 0, + 2780; T 7Fe,(S0,), + 6FeS............... ' a12.950  1-521,920 + 1,125.8¢
(n) TF2,0, + SO JOFea0, + FeS.vveennunennnnvnnen.. [ 412-900 44,380 &+  71.3T

— —— d
rkichardson, F. D., and J, H. E. Jeffes. The Tharpadvionics of Subscances of Interest in
Iron and Stezlmaking. ILI. Sulfides. J. iros. and Steel Inst., v. 170, 1952,
Ep. 165-173, . .
2Coughiin, J. P. Contributions to the Data on Phearntizzl Metasllurgy. ¥IL. Heats and
Free Encrgies of Formatiow of Inorganic Oxides. Relfines Bull. 542, 1954, 80 pon.
"dYork cited in footnote 2. Avcrage of *wo couztions: .

0p ™ Fep0,¢5 ) 950-1179 - 142,200 + 52,507

ZFe(c) +

o, — Feaoz(y) 1179-1800 - 14&,530 + SB.VET
4Hcore, G. E., and K: K. Keiley. The Specifir Henrs <+ Low Temperature cf Anhydrous Sul-
' fatec of .Iron, Magnesiwn, {anganese,-Pocas.lwa. J, an. Chem, Soc,, v, 64, 1Y4Z,

pp. 29£5-2951.
. "Bperived frzm eguabion in the text and -the nb.-
. OFor simplicity, Fe, o, ,0 Was assumed ts br .ts

2Fe(a) +

N e N

fooo nnergy equations.
b lemaivic FeO.
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TABLE 8. - Jomperature and exwvgen pressuvre datz for the
Fe-5-0 compound siability diagrams
Temperature, AoF° S50,
Reaction ° K, cal pressure; |log, o P
- atmoczhere <
YN
( 400 -1z6,200({ O o | Tn
) | ) 750 ~60,385 { ?;16_5 2.
(a)Fe,t, + % 0y + 350, = Tep (S0, )5..... ) _
: . | < , ‘0.3 +0.06
( 3.,000 -13,3101 81 +0.06
elf 0.1 +9.85
1,369 80,850 { :1os | L3300
‘ 400 -85,640| - -46.8
. — : 750 - 64,280 - -18.7
(b) 4Feg; + 0 T 6Fez0; .. vuvecinnnnn| { g ong C47la60) - 103
1,500 -15,550 - -2.2
-4
400 -380,660{ Vio-s | Tanoo
750 -348,685({ 011 0s | T304
(¢) 3FeS 4+ 50, T=Fe,0, + 3805..-0ennn.. . ‘
. . ¢ -
1,000 -226,850[{ 9> s | 10
| 1,500 -283,025/{ 91 Tol
. r 42,
400 -286,034({ )-1os | Ceaes
| 750 23,0701 { 01 o |00
(d) 27eS + % 0, — Fep0, + 2503 00cvunnn ' :
1,000 -225,810 { 2;;0-5 :ig'g
1,500 SEINILI SO B
[ 400 -393,140|{ 0-1 -42.6
. . \ : 73, 11075 -41.8
(e) 2FeS + 503 + SOE b FEE (SOq, )3 ....... ’ 0.1 2 8
: 1,500 ~104,710{1 ;5 06 2
alf 0.1 -52.2
: 400 -97,418 (1 1-10-s igo
— - -
(£) 2r¥eSO, + S50, + O, ..,_'Fe2 (80,)3.----- L 500 L4 7lf 0.1 1.1
’ U 1078 +2.8



N
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Yable & Temperature and oxygen pressure data for the
Fe-5-0 compound stability diagrams--Continued
Temperature, AF? 50,
Reaction ° K . cal pressuret, 108101"0"?
atmosphere
0.1 -26.2
-4 -27,6
: : H00 7,670 { 1x10°% | -10.2
(8) Fep0, + % 0s + 280; T 2FeSOp....... -
. 0.1 . +11.5
. E “ -
| [ 750 12,9551 [11g-s | ta7s
~lro.1 -31.3
400 -62,916 |3
\ < : i 1 1x10°% | -19.3
(h) Fey0, + 3S0; + 0p —— 3FeSO, ......... ) :
: - 0.1 +3.5
L0 33771 1x10°5 | +15.9
. —_ 400 -147,872 - -40.4
S 4+ 205 «——Fe80, cvvrrrrurnnnnansns ’
(1) FeS + 20, Fes0, {1,500 -£45,000 - 3.2
400 32,500 ({ 0-1 o123
3 1x10 -15.1
(j) FesS +§on.\?:21-"eo+so2 e :
- 0.1 -8.7
000 -§3,250 -
1, 83, 1x).0°% -il.4
, ; S 400 -63,900 - -69.8
1 — 750 -53,260 - -31.0
(I’.) 3Fec0 + E § Fp— F~,304 ........ veee . 1,000 _46’650 - -=20.46
(1,500 234,175 - -9.9
(m) 10Fez0, + 2750, — 7Fe; (S0, ), + 6FeS. 420 -49,170| 0.1 -39.8
o N 584 -2,640] 0.1 -27.7
(n) 7¥2,0, + SO5 < 10Fey0,; + FeS....... 471 -10,800 lxlO'E .37 .4




The solutiOn to the reaction equations, in terms of
loglOPo2 and temperature, are given in Table 9 and are shown
graphically in Fig 8. It can be seen from the figure that only
reactions a,b,c,d and e are st;ble within the temperatﬁre and.
atmospheric conditions for this figure. The Fe-5-0 system shows
two invarient points, which are given by equations m. and n in
Table 8.

1.8.4 Zn-Fe-5-0 system

The compound stability diégrams were constructed by
superimposing the Zn-S-0 system onto the Fe-=-5-0 systém. The
Zn-Fe~5-0 diagram (resulting from the two ternary systems) was
divided into areas where a zinc compound was stable with an irqn
compound. Reactionsbetween the éompounds were ccnsidered and with
the exception of Zn0 plus Feao or Fe Oq were founa to be thermo-

3 3

dynamically unstable. The reactions between Zn0 and Fe203 or

FeBOq were assumed to produce ZnFeZOQ and the free energy of this
reaction was assumed to be small in comparison with the eguilibrium
reaction between Zn0 and 7nSQ, (reaction 1, Table 5 and Fig 7).
Thus, when the ternary systems were superimposed, line 1 was not
altered. Under actual conditions, however, line 1 is probably
displaccd sligntly to the left of it; position in Figures 9 and 10.
If attenfion is now confined to the ordinary conditons of roasting
(loglo‘Po2 between-l and -2) Fig 9 shows three regicns of stability:
ZnS0, plus FGE(SOH)B' ZnSOh plus Fe203 and ZnFe204
These three regions have been observed by Umethu and Suzuki (56)
in their investigation of recovery of zinc from ZnFe204.
Figures 9 and 10 can now offer a simple explanation as to

why zinc metallurgists have found Zm’*‘ea\’)L+ to be more prevalenf at

higher roasting temperatures. Apparently, the higher roasting










temperatures are énlj temperatures at which Zn0O and Fe203 can
coexist with oxygen and 502 in the atmosphere; therefore, it is
the only condition at which they can be present to combine to form
ZnFeaoq.

General conditons for the industrial roasting of zinc
concentrates are now presented. -

1.9 Roasting of Zinc Concentrates:

Roasting is one of the main stages in the production of
zinec. The recovery of zinc and the efficiency of subsequent
treatment of roasted ore depend to a great -extent on the success
of roasting. The principal process of roasting is the oxidation
of sulphides with oxygen f}om the air.

Roasting has two aims: the complete or pdftial‘rempval
of sulphur and the transformation of the sulphidés into metal
oxides.

The oxidation of metal sulphides proceeds in various
ways, but they are all based on the chemical reactions occurring
in the system Me-5-0. The heat evolved during oxidation depends
mainly on the amount of sulphur in the raw material, on the amount
of air_ coming into the furnace, on the amount of raw material, i.e.
ore concentrate, and on many other factors.

The degree of desulphuration depends on the composition
‘and other c¢haracteristics of the raw material, and on the
conditions (temperature, gas composition, particle size elc.)
which influence the mechanism of roeasting.

There are different hypotheses (57) explain;ng the
phenomena associated.with the dxidation of sulphidés:wfﬂowever

the following two theories are the most important :



1. Sulphate theory

2. Oxide fheony

According to the first hypothesis the following reactions occur

during roasting :

ZnsS + 202-——-)Zn804 eeressnsas (i)-
Znsoh: ZnO + 503 .-----o-o-(ii)

SN 1 1i1
SOBvSOE'F?OE -o‘..ouoncnnr(lll)

Zn0 + 503-,:—_‘-_Znsc'>,+ N ¢ '3

ZnSOh + ZnS + 02*? 2Zn0Q + 250 (v)

3.o-cu

According to this the primary product of rbasting is metal

sulphate. Metal oxide is a secondary product which resulte

from dissociation of the sulphate (ii) and from reaction (v)

between unchanged sulphide and primary sulphate.

Under certain

conditions which depend on temperature, gas composition,

material properties etc., the oxide can react with S0

(iv)_and

3

form metal sulphate. Therefore, at the end of the process the

primary

proceed

and secondary sulphate can exist.

Azcording to the oxide theofy the following reactions

Zns + 3/20.2 —> Zn0 + SO

2
—

S0, + 30, = 50, cereneaaa...(2)
—_—

Zn0 + S0; T— ZnS0,  .eeiieennns.(3)

ZnsS + 20, ~—> ZnSOQ veeseanesacas (lt)

2

areceass(l)

The oxide theory maintains that metal oxide is the

primary product of roasting while the metal sulphate appears

as a secondary product.

e




1.9.1 Sulphatiﬁg roasting of sphalerite in a fluidised bed:

Many authors (58) have concerned themselves with the

kinetics of the oxidation of sphalerite. A.A. Perfenov (1570)

(59) studied the ratio of oxidation of zinc sulphide in air and
gas media under the conditions of sulphating roasting. He
carried out the experiments with natural sphelerite, Zn = 6hk.1%,
S = 31.78%, Fe = 3.68%. The particle size of the mineral was
0.246==0.208 mm. Mathematical analysis of the curves 2,3,4
(Fig, 11) established the regularity of the iscthermal process as

described by the Benkhem equation:

el A
log 75z = log C + log Frro— ..weenennf(l)

where o

the degree ¢f desulphuration

and Tind

the length of the induction pericd

The graphically~treated data of equation (1)(Fig 12)

-establish that value ofe{at which the concentration of zinc

oxide formed at the end of the induction period is detgrmined
(A= 0.2, dotted line parallel to the x-axis).

The rate of the proccss is determined by the Lleagth of .
the induction period and by the gradients of the lines; for this
reason the observed rate constant K, exoressed in parts of
reacted sulphide per unit time, may be represented as the fraction

of sulphide reacted after the induction period

K =
Tind

The activation ehergy of the process calculated is 49.9k.cal/mole
which indicates the kinetic nature of the process in the

temperature interval studied. He alsoc studied thelfaqiation cf

~the rate of oxidation of sphalerite with concentration of oxygen

in.the process outside.the kinetic region using 4.15 and 21%

oxygen at 700°C. Mathematical analysis of the curves (Fig.ll’

57.






curves 3, 3' and 3") shows tne linear variation of the value of
the rate constant with the oxygen concentration. K =0400'5,which
indicates the zero order of the reaction witﬁ respect tc oxygen(60).
R.Dimitrov and A.Paulin (19565)(61) carrieé out the
experiments on synthetic ZnS (99% pure) and selected crystals of -
sphalerite (65.9% Zn, 32.4%S, 0.95%Fe, 0.06%Cn and O.65%Si02) and
marmatite (55.1% %n, 11.7%Fe, 33.1%S). They did the differential
thermal analysis (DTA), in order to determine the temperature
;ange within which the experiments should be made. According to
them, the oxidation of ZnS, sphalerite and marmatite procéeds at
~temperatures above 580, 6?0 and 650°C respectively (Fig 13).
G.S. Frents (1964)(62) gave 560°C as the temperature of initial
oxidation of ZnS and 623° and 647°C for sphalerite. .The- endo- |
thermic peék at 850°C was due to decompostion of zi;c sulphate.
The area between the DTA curve and the zero line is

given by the equation :

F o= Fyar A ¢ D
4 .
where F = peak area
a = time of the start
¢ = end of reaction
Y = the temperature difference measured
. and dt = differential time.

The heat liberated during the process can be defined as

I o TR £ D)
a
The peak area F is directly proportional to the quantity of

heat liberated {(61) in the course of the reaction : . -

mAH = ngjcydt ceeeenanas(iii)
a

59.







where m = samﬁle weight

AH = specific reaction heat
g = geometrical constant
and Ks = a constant which depends on the sample investigated

The constant gKs depends on the thermal gonductivity

density, and other properties of the sample, -and on the.
geometrical- shape of the sample block, heatiaug rate, etc.

~All experiments must be.carried out under the same conditicns in
order to mairntain gKe at the same value so that the results can
be compared.

Although a particular reaction proceeds only up to a
certain degree, which depénds on fhe experimental conditions, the
peak area F, being proportiﬁnal to the heat liberated, can be
used aé a progress of roasting (63). The length and height of the
peak indicate the intensity of the process.

R. Dimitrov and A.Paulin (1965)(61) measured the peak
areas and the ratio between them and the maximum area, which was
constant at higher temperatures. They show the relationship
between the ratio F/Fmax and the temperature of synthetic ZnS,
sphalerite and marmatite (Fig l4). According to them, the point
at which the curve cuts the zero line represents the initial
temperature of oxidation, i.e. the temperature at which the
" oxidation starts, depending on the sensitivity of the apparatus;
whereas the sharp deviaticn in the curve represents the initial
temperature of intense oxidation. Then the oxidation of ZuS,
sphalerite and marmatite starts at 220, 620 and 63Q°C respectively,

while intense oxidation begins at 570, 680 and’?lO?C fespectively.
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Besides determining the kinetics of #nS roasting, they
tried to determine the rate constant of the overall process.
Since the roasting ﬁrocess is composed.of several reacticns, a

number of them can proceed simultaneously (62) :

Zn? + 202 = ZnSOu ...........,.i (a)
ZnS 3/20"2 = Zn0 + SO, +evvirnnaae. (b)
ZnS0, + ZnS + O, = 2Zn0 + 250, ae.n. (o)
32n50,+ ZnS = 4Zn0 + 450, ......... (d)
Zno""SOB\——:: Znsol_'_ LA I B R I B N R B N B A Y (e)

S0, + %02;23 805 wessniniiieiiiiea. (£)
(InS + 2200 = 3Zn 4 50, ceveivneno.. (g)

ZnS + ZnS0, = 27n + 250, eeeveenenne (D)

Zn + %02 = an B ¢ D

Since tﬁe experiments were carried out with a significant
excess of air, it can be assumed that the in£eraction between the
sulphate and the sulphide more probaély proceeded according to (c)
than according te (d) which would also seem reasonable after
consideration of free 'energies. . Further, it can be
assumed thét the concentration of SOB‘wés very low because of a
strong air flow, which means that (é) should proceed only from the
right to the left. Reactions (g), (h) and (i) aré not probable
since their free energies are poéitive. 'Thus qnly.
(a), (b) and (¢) remain. The free energies dependence
on temperature (64) for (a), (v), (c) and ée) were calculated to
determine the temperature range within which thé.particular

reaction predominates :

LG’+ = -15021,:’ +7'95T lOgT - 3-99.10—3T2+ O.L\“?.IOST-l
+ 510647 L.aiieee.o(F) '

2

AGy = =71205 + 6.41T1og T - 2.46.107°7% + 0.084,10°7"}

=20.86% Lsieieeeaea. (k)
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AGg = -32205 - 1.34T log T + 5.76.10"°1%.0.79.10%7"1
“U7.67T eeieieeccaness (1)

3ne Op-1

AG, = 126975 =~ 15.15T log T '+ 190.10; T - 3.15.10

’ - 145.2T teevnenanans (m)

From Fig-16 it was seen that generally the most probable reaction
is the farmation of sulphate at lower teﬁﬁeratures. |

It was assumed that the reaction

ZnsS + 3/202 = Zn0 + 30,
is of the first order, the rate of which is proportional to the
concentration:

v = K.C cescesescesss (N)
Instead of v, put dé/dt. "By differentiation:

1n ¢

o = - Kt ceeesee (0)

Kt ... (p)

or C = Coe
Equation (p) shows that ln(G/Co)is proportional to the
time of the first order reaction, and-that the rate constant K“
can be deétermined graphically frem the plot of ln(C/Co) versus t.
To verify the assumption that (b) is the first O;der-reac£iqn, the
plot cthKC/Co) and t was made for different times and Eempératures
as in Fig. 15, Change in the concentratiﬁn of ZnS was determined
indirectly by measuring the heats liberated up to a definite time.
The linear form of the plot confirmed the validity of the
assumption. The inclination of the straight curves indicaéed
strong dependence of the rate constant on temperature. This
relationship was more clearly given in the 1nK versus l/T plot
(Fig ' 15). The relationship was linear within the temperature
range of ?OOO- 57000 whereas at lower temperatures there.is a
deviation f;om linearity. A break in the curve, in the temperaturer
range which corresponds to the intense oxidation of ZnS may he

explained by the fact that at lower temperatures only reaction (a)

oy
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proceeds on the surface of grains., After the formation of a

compact sulphate layer (64), further oxidation is restrained.
The kinetics of roasting of Z2nS in s fluid-sclid

reactor was alsc investigated by R. Dimitrov and A.Paulin.

The degree of desulphuration ¢

Se.100
D = So
where Se = removed sulphur

So = original amount of sulphur in the sample,
in relationship to temperature and time was presented in Figia,
They confirmed that the rate of roasting in the fluidized bed is
much higher than that in phe stationary layer.

They also carried out experiments with five different
grain sizes at 700°C in order to determine the effect of grain
size on the kinetics of ZnS oxidation.

Similarly as in the case of the stationary layer, the .
roasting proceeds at a lower rate wheéen using c¢oarse grains due
to smaller active surface and hindering influence oi diffusion.

They also studied thé effect of air flow and its oxygen
content on the kinetics of ZnS oxidation. Their results were
shown in Fig.1?7 from which it could bYe seen thaf both of these
factbrs accelerate the roasting. The addition of oxygen has a
supplementary positive effect since it caused a more cemplete
roasting. The enrichment of air Qith oxygen was more appropriate
for increasing the roasting rate, since air flow cannot be
increased above a certain limit without bringing along large
amounts of dust, :

In practice, the reactions :are made mcreffav;ﬁrgﬁie

kinetically by special sintering processes.
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1.10 ‘ Sintering of Zinc Concentrates:

Zinc is produced at Avonmouth by two processes, the
Vertical Retort process and the Improved Vertical, of-blést
furnace process. Each requires the zinc feed in oxide form,
but the physical nature of this oxide differs for the two
processes. The objJects of the sintering operation are to
desulphurize the zinc blende and to produce zinc¢ oxide in
forms most suitable for the subsequent reduction to the metallic
form.,

For reto?t smelting the zinc feed composition is simply
that of a roasted mixture of concentrates, i.e. the sinter
- consists principally of zinc oxide, zinc ferrite and very minor
quantities of gangue materialé. Good desulvnhurization and a
uniform porous texture of sinters are the objéctiveslin this
type of sintering; the sinter used in retort processes is a
crushed product,'so that hardaess and lump sizing are irreievant;_

For the blast furnace a lump sinter feed is required, within
the:}fn - hin range. To supply such feed, after handling in plant
systems, a minimum hardness or strength of sinter is necessary,
and this dictates the use of added silica and limestone in the
sinter mix., Furthermore, the incorporation of fluxes in the
sinter rather than as a separate additon is advantageous.

The sintering process-may be cenveniently divided into
four major stages, hamely ;

(1) . Cbnditidning of the raw blende

(2) Mixing of the sinter machine feed

(3) Sintering of this mixed fced

ey

-~

(4) Separation of the sintered material into ''product"

and "returns'" and the physical ccaditicning of each.>
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The raw blendmsréceived are mainly flotation concentrates
containing 50-£0 per cent zinc and 36-33 per cent sulphur.

A certain amount .of agglomération takes place‘in these finely-
divided coﬁcentrates. These agglomerates have to be broken down
to obviate imperfect sulphur elimination during sintering. The
high sulphur content of the blende. precludes its direct use on
the sintering machines as the high fuel value would cause
excessive bed temperatures with consequent slagging of the material
and imperfect sulphur elimination. The sulphuf ;ontent of the
feed is adjusted therefore by the addition of sintered product
(feturns) so as to give a mixture which will combiné high
sulphur elimination and tﬁe requisite degree of ffitting to give
a good guality, cellular-structured product.

During sigtering, the feed becomes fritted together and
‘is discharged from the macﬁine largely in lump form. This is
screened on a bar screen, the undersize providing the "resturns"
and the oversize the product for the furnaces.

The direct and complete roasting of zinc¢ conzentrates on
sintering machines had been envisaged for some years.and an
extens;ve campaign of investigations on a stationary sintering-
pallet had indicated its feasibility and of utilizing the
flue gases for sulphuric acid manufacture. The underlying
principle - was the dilution of the fine zinc concentrates with
sufficient inert and porous material to reduce the sulphur
content to a suitable level and to render the mixture permeable
to the gases. VYithout some such diluent, the bed became so hot
during sintering that it slagged into a non-porous, partly

roasted mass. This became more so, as the quantity of air



passed through tﬁe bed was restriéted in order to produce a
strong gas for the Acid Plant. Sinter was the obvious diluent,
"and in the first aﬁtempts. sufficient sinter was mixed with the
concentrates to reduce the sulphur content of the mix. However
the fuel value of this was found to be too great, and a hard,
slaggy sinter high in sulphur content was formed. A hard seal
rich in galena was formed on the grate bars, sealing them off
and effeétivély preventing further roasting. The reason for
tﬁis_was the absence in the mixture of the endothermically-
reacting sulphate compounds in the preroast, and eduivalent
fuel value being obtained with a lower sulphur content in the
concentrate mix than in the prercast mix.

The determination of sulphur conditioné in'the charge
was, ﬁowever. only part of the problem. The effect of warticle
size, the form of the bed, the distribution of gas through the
bed, and the quantity of moisture in the charge had all been
investigated. This culminated in patents being granted in all
countries for what has become known as the "5:1 straight
sintering process'", -which remains essentially for producing
the sinter for the Vertical Retort process. It is known
familiarly as ”soft”'sinter in differentiation from the harder,
lump sinter required by the blast furnace process.

The need for this latter type of sinter arose with the
development of the blast furnace process, and initially the
normal "soft" sinter was hardened by increasing the fluel
value of the mig. and the inclusion of silica and lime in it.

The introduction of the blast furnace process for the
simultaneous smelting of.zinc and lead created problems in

burden preparation. They were resolved by the adoption of the
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updraught sintering method for the production of self-fluxing
sinter.> Since most zinc and lead raw materials are sulphides,
it is usual to employ the sulphide content of the sinter mix
as the fuel for sintering and to use the sinter gas for
sulphuric acid production.

The increasing availability of mixed zinc-lead raw
materials and the world-wide interest in a process which can
treat economically such raw materials have involved the
preparation of sinters from rAW materials of widely differing
chemical composition.' During the course éf experimental work
on the preparation of these sinters, it became evident that the
quality of the sinter was'affected markedly by variations in its
chemical composition. Sinter quality is usually judged by
sulphur content and rattle index - low sulphur and high rattle
index being desirable.

1.10.1 Factors in Zinc-Lead sinter production

S.E. Woods and C.F. Harris (19546)(66) discussed the
factors in zinc-lead sinter production. In the {irst place,
they gave a brief cutline of the physicochemical background,
indicating the phases existing in different c¢circumstances, the
possibilities of partial melting, the vapourization or
decomposition which was liable to take place.

The following properties of the compcunds arising in
the different types bf sinter were relevant to the bhehaviour
in sintering :

1. The roasted zinc concentrate of the composition of
53% 2Zn,-31% S, 8% Fe, 1.5% Ph, 1.5% SiO2 used in soft sintering -

consists virtually entirely of zinc oxide and zinc ferrite.
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Microscoﬁic examination showed that above a temperature of
138000 zinc ferrite entgrs into solid solution in zinc oxide
and the staté of sub-division of the zinc ferrite in the final
sinter is related to the rate of coocling of the sinter from
this temperaturé. At the peak temperatures attained in soft
sintering, sublimation of zinc sulphide becomes an importaqtr
consideration. Gaseous zinc sulphide is dissociated into zinc
and sulphur. In highly-fuelled zinc sulphide sinter%qg there
is evidence of tran5p0r£ of zinc in some gaseous form, in that
crystals of zinc oxide are found which have clearly been
deposited from the gas. |
2.. " The incorporation of silica in the sinter mix leads to
"the possible presence of a number of silicates. The oxidizing
conditions in the sinter bed leave the iron in tﬁé final sinter
-predominantly as zinc ferrite, so that the iron éan ex;ét iﬁ-thg
ferrous state only to a limited extent or perhaps transiently in
the burning zone.

Willemite, ZnESiou, is frequeatly found in the siqtén,
3. Lead as a constituent of the sinter neceSsarili implies
phases thch are molten, over =a substantial period in thé
sintering process. The sulphide, sulphate,.oxide, silicate and
the metal itself all have melting points at least 100°C below
the peak temperatures normally encountered,
b, The maximum temperature at which the sulphate is stable
in the presence of 2ir containing 1% 502 is :

Zn80, ... 805°¢C

PbSO, ... 1065°C | ~Tjé“t;

Cas0, ... 1255°C

Basy, ... 1575°C
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Zinc sulphate is so unstable that it should not be
formed, lead sulphate shoul@ also be decomposed in the
sintering, but calcium sulphate is sufficiently stable for
its decomposition to depend upcn the particular sintering
under consideration.

The change from soft sinter to hard sinter manufacture

involves higher sulphur content of both output and returns. In
addition; however, the peak temperature in hard sintering is
lower tﬁan in soft sintering.

A thermocouple at any pgint in the bed wili rise in
the course of sintering to a temperaturé which is referred tg
as the peak temperature. The value of this peak temperature
is lower in early stages of sintering, but thereafter fairly
constant, uﬁtil in thg later stages it iz influenuced by the
cooling effect of grate bars or radiating top surface. As the
" fuel content of thé bed is increased, the peal temperature also
rises until a range is recached in which no great change irn peak
temperature occurs.

In soft sinterirg, i.e. with zinc concentrates only,
peak temperatu?es in the range 1450 - lEOOOC are typical.

Hard sintering gives peak temperatures about 1500903

. Temperatures attained with coke fuel are siwilar to

khose obtained with zinc¢ sulphide.

The main effect of lime or lead additions is to. .
reduce the peak temperature and to enhance the effect when both
are present. Siliéa has no censistent effect; in associaticn

with high lime it dimintshes the effect of the lime.
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Sinter hardness:

As a physical property of sinter, hardness could be
aefined and measured in a variety of ways. In this insfance,
what is meant by hardness 1s simply the ability to withstand
plant handling; the handling treatment at Avonrcuth seems to
be reflected best by measuring hardness in a tumbler or rattle
test. .In the test used at Avonmouth a 50 1lb. sample of sinter
sized - 2 in. + % in. is rotated in a drum (outside diameter
16 ins. external length 16 ins.) fitted with one 2 in.rlifter,
for 80 seconds in which time thecdrum has completed 84
revolutions. The percentage of sinter remaining in an Z~in
screen 1s quoted as the rattle index of the sinter.

Lead veolatilization and migration:

At the peak temperature in zinc-lead siaterirg, both
PbS and PbO are volatile, and transport of the vapours takes
‘placé in the gas stream. As long as the hot zone has not reached
the top (or bottom, in down-draughting) of the cake, condensation
and filtration of the volatilized lead occurs, so that the net
effect is a transport of lead and of heat forward from the
roasting zone. When the hot zone reaches the top a copious
_evolution of lead compounds occurs; with continued draughting-
and cooling of the bed, the concentration of lead in the gas
falls again. The temperatures in this type of sintering are
higher than in lead sintering, so that the lead volatilization
can be a more serious problem. 'ﬁigration of lead can also
take place by downwards movement of liquid under gravity.

In soft sintering it is advantageous to remove as
much lead énd cadmium as possible from the cake. In hard

sintering of mixes containing substantial amounts of lead,



lead elimination is undesirable, Typical figures in soft
sintering are.as follows :

Downdraughting : lead volatilized 30-40% of lead

charged, i.e. 2-3% of the sulphur burnt.

Updraughting: lead veolatilized about 60% ol lead

charged, ie. 43% of sulphur burﬁt.

In hard sintering, a volatilization of lead equal
to about 15% of the sulphur would be typical.

Retention of lead in theregion of the grate bars
occurs in downdraughting, both in static pallet experiments
and on ths plant. In updraughting, this type of retention
does Abt occur but the volatilized lead is largely filtered
out in plant practice, in so far as the gases are recycled.

The compositional effects shown can be summarised as
follows :

With oxidised lead, the presence of silica prevents

lead volatilization; however, lime neutralizes thise

cffect of silica, but with lead sulphide additions '
the volatilization is high and insensitive to
composition,

1.10.2 Effect of compositional variations on the quality

of Zinc-lead sinter :

C.F. Harris 93'3; (1967)(67) studied the effect of
variation of the lead, Iime, silica, iron, alumina and magnesia
content of sinter on the quality of zinc-lead sinter. It was
shown that the quality of sinter {defined by the sulphur
content of sinter) and the strength (as indicatedmé}?é rattle
test) were affected by compositional variatioés. .On thi;
basis, low sulphur and high rattle index are desirable.

Usually, less than 1.0% sulphur and a minimum rattle index of
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10.2.1 IExperimental procedure:

The optimum fuql content in zinc~lead sintering is
approximately 5% new sulphur in mix (69) {i.=2. the sﬁlphide
sulphur ccntent of the new materials excluding sinter feturns).
The fuel content is céntrolled by mixing the aporopriate
.amount of returns (pfeviously sintered material) with the new
materials, The allowance for lead volatilization is normally
about 10-15% of the lead in the mix,but this has to be varied
with the lead content of the mix aad with the temperature
attained during sintering. The componenfs of the sinter'mix
are used in the same size range as on the sinter plants and
returns are crushed, essentially to -i in. before use.

Sintering was carried out on a laboratery uwpdraught
pallet with a 104 invdiameter grate and a G in.;bed depth,
Ignition was @ffected by downdraughting a 1 in. layer of sintér
mix under a gas~fired ignition box for 14 mihutes, after which
the rest of the sinter mix was placed on the ﬁallét and |
updraﬁghting was commenced. The apparatus was shown diagram-
atically set up for ignition and for updraughting in Fig.lST
The sinter mix was contained in a packing of $oft sinter fines
(fines produced from the sintering of zinc concentrates fér
retort smelting) during sinteriﬂg in order to reduce edge effects.
The packing was held in position by formers, the former between
the pgcking and the sinter mix being femoved before updraughting
was commenced.

During sintering, bed pressures were noteétéﬁrl minute
intervals and bed temperatures are recorded by uéé ofﬁfﬁo
sheathed piatinum/platinum rhodium tharmocouples placed

2 and 4 inches above the grate. The waste gas tomperature was






also recorded iﬁ order to determine whén the draughting
was stopped.

ifter sintering,the cake was brokeﬂ in a standard
manner by placing it on two 1 inch thick bars at 4 inch
spacing and breaking with @ 1 inch thick centrally-placed
lever. The broken cake was allowed to fali aboﬁt 2 ft, to
the floor and the proportion remaining above 1 inch in size
was determined.

10.2.2 Effect of lime, silica and lead variations on -

sinter quality:

. Sinter for the zinc-lead blast furnaces waé normally
self-fluxing, but variatioﬁs required in slag composition had
meant that sinters had to be produced at times with ditferent
lime and silicza levels. The work involved two.leadrlevelslto
give an indication of the effect of lead. During tﬁis work
the iron level was held constan£ at 73%.

There was no difference in rattle index attributabie to
the change in lead level, The effect of increaéing thé silica
level was to increase rattle index lineariy at both leéd levels
. (20% and 30%). The rattle index also increased with the lime
content at the lower level, the relationship being guadratic
and tending to flatten at the higher lime levels. The lime
effect was not significant at the higher lead level.

The totral sulphur content of sinter made under each
experimental condition was measured as sulphate. The sulphur
contents of the sinters containing %0% lead were higher-than
for those containirng 20% lead. The total sulphur content was

increased with both lime and silica additions.
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The peak temperature reached .in a sinter bed depends
on the way that the hot zone ﬁoves through the bed (69), and
on some limiting processes of heat consumption such as
fusion and/or an endothermic chemical reaction.

It was shown that increasing the lead, lime and silica
content of sinter resulted in depression of the peak bed
temperature, The effect ofllead and silica éouid be attributable
‘fo the greater proportion of readily fusible material in the

sinter mix. The effect of lime was difficult to explain.

¥

10.2. 3fEffect-of iron.,variation on sinter quality:

| Tzsts were made using zinc concentrates with a low iron
content and deriving the.iron from additions of conmercial iron
sulphide {(essentially FeS) in one case and from add@tions of
iron oxide derived from pyrites roasting (essentially Feéos) in
the other. The lead, lime and silica levels were 15, 8 and 5%%
respectively.

It was clear that the rattle index of sinter declined
with increasing iron content, but that this effect was more
marked when iron oxide was used as the source of iron than when
iron sulphide was used. No effect of iron was found on either
total sulphur content or on sulphate sulphur content of sinter.
This was in accordance with neither ferric sulphate nor ferrous
sulphate being stable at sintering temperatures.

The values for the peak bed temperatures obtained are
particularly interesting; when iron was added.as oxide, the bed
temperature declined with increasing amocunts of-iron, but when
iron was added as sulphide, the bed temperaturesitgﬁﬁed to rise

with increasing iron content.

80.



10.2.4 Effect of alumina variations on sinter quality:

Alumina was relatively minor component of zinc-lead
sinter, with a typical level of 0.5%. It can have an effect
on the properties of blast-furnace slag. It was clear thét
the sinter with the highest rattle index was made at the
higher alumina level using ball clay (impure aluminium silicate).
Also; sinter with the lowest rattle indéx was made at the
higher alumina level by using alumina. The sinter with the
higher alumina and lower lime content had the lowest sulphur
content. The peak bed temperatures were not significantly
. different. The effect on rattle index was clearly attributable
to thé ferm in which al&mina was added. Alumina in the form of

ball ciay rather than fairly pure Al was prchably more easily

203
assimilated into the glacssy material which binds .Sinter together.
For that matter, it seeméd that silica in the form of ball clay
may also be more easily assimilated into the binding material

than sand.

10.2.5 ©Iffect of magnesia:

Magnesia, like alumina, is normally a minor constituent
of sinter and has a typical level of about 0.5%. Some ores and
concentrates contributed more magnesia than normal to sinter and
a further contribution could be :uade from =ome limestones. In
the course of operation it was found that relatively small
increments in the magnesia content of sinter were éssociated
with a significant decline in rattle index. The use of dolomite
appearéd to produce an even‘more pronounced effect than the use
of magnesiaj the latter had no effect on either sulphur content

or peak temperature.

81.




1.11 Cbjectives of the present research:

The research comprises a physiccchemical study of
roasting and sintering processes for zinc sulphide ores.
Conditions under which the sulphides are oxidised to.metal
oxides or sulphates are to be compared to .determine the
relative effects of time of heating and.composition of
surrounding gases, whether in static or d&némic environment, .
To elucidate the mechanisms and kinetics of the oxidation
processes, information is required also about the surface
area, crystallite and aggregate sizes of the materials and
the inflgence of any impurities.

‘ Thus, for bssic oxidation studies it will be necessary
to prepare finely-diQided zinc sulphide samples of widely
different specific surfaces. This will involve precipitation
from solution at various pH levels ‘and in the presence of
different concentrations of electrolytes. The behaviour of the
pure zinc sulphides on oxidation is to be compared with samples
having added impurities, particularly other metal sulphides.
(suéh as thoée of lead, iron and copper) ncrmzlly present in
zinc ores,

There will be attempts to correlate the basic researches
with pfoblems arising with the industrial roasting and
sintering of natural ores such as spontaneous ignition (during
shipment, storage and processing) and their poor sintering f
behaviour and incomplete sulphur removal at higher temperatures.
Improvements obtained by the use of lime and silica additives

in the production of sinters will also be investigéﬁég.
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Chapter 2

EXPERIMERTAL TECIUHNIQUES

2.1 X-ray diffraction identification cf phases

2.1.1. Theorv of X-ray diffraction

A crystal consists of a rezular three-dimensiocnal
arrangement of atoms in space. Points Having identical
surroundings in the structure are calied lattice points, and
a collection of such points in space forms the crystal lattice.
The arrangement is such that a straight line drawn through any
twe adjacent lattice poiﬁts of the nétwo?k and continued will
intersect at eiual intervals the same succession of points. If
neigﬁbouring lattice points a;e joined together one obtains
the unit cell, i.e. the repeating unit of the structure. 1In
general the shape of the unit cell is a parallellepiped, Eut
in some cases, depending on the symmetry of the crystal, it can
have more regular shape e.g. a rectangular box, or in the
extreme case a cube. The shape of the unit cell is conmpletely
described by the length of its three edges or axes and the
angles between them. By convention, the 2xes are named x,y,z
or a,b,c and the angles (, p, ¥ i the angle between y and z is
& etc.

Crystals are classified into seven classes depending
on their symmetry. The unit cell dimensions cof a crystal obey
certain relationships according to the crystal class. These
relationships are represented as :

Crystal class . Conditions limiting . Minimum symmetry
' Cell dimensions T

N

Triclinic afbfoyd +HE90° T

Monoclinic abgc; 0(=T=90?f"/5 One twec-Told axis
or one plane of
symmetry. :
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Crystal class Conditions limiting

Orthorhombi.¢

Tetragonal
Hexagonal
Trigonal

Cubic

Cell dimensions

atbge; = /B=Y = 90°

azbic; ol = /A=Y= 90°

az= btec; =45 =9C_)0 ;T:lEOo

a= b Cy & = /5:‘{1.900

a='b

C3 x::/g, ="r:900

Minimum symmetry

Two perpendicular two-
fold axes or two
perpendicular planes
of symmetry

One four-fold axis

One six-fold axis

One three-fold axis

Four three-fold axis

It is possible to draw various scts of parallel planes through

the lattice

points of a crystal. Each set of planes is

identified by a set of three integers, namely, the Miller indiceé,

h)k, 1, corresponding to the three axes a, b, c, respectively.

The index,h,is the reciprocal of the fractional value of

the intercept made by the set of planes on the a-axis and so on.

When an incident. beam of X-rays impinges on a crystal,

they are scattered by the atoms.
results frem the acceleration and
in motion by the X-tays,

incident X-raye.

3ince the scattered radiztion
deceleration of electrons set
it has the smame wave-~length as the

This fact plus the repgularity of. the pattern of

atoms in a crystal permits the crystal lettice to act as a

three-dimensional diffraction grating.

emerges, in

Bragg's law

A=

where =
. d =

and e =

The diffracted beam which

rhase, from a particular set of lattice planes cbeys

2d sin ©

wavelengtﬁ of X-rays
intergplanar spacing
angle of incidencg

angle of diffraction
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d is related to the unit cell dimensions of the crystal and
thé Miller indices of the set of planes. Hence the measurement
of Bragg angles can lead to the determination cf lattice parameters.
There are a large number of lattice plenes in each set.
when the crystal is large; so the diffracted beam appears at a
sharp angle in the case of a large crys£al. However, with
appreciably small crygtals, diffraction takes place over a range
of Bragg angle. !/ith aggregates of smz2ll crystallites, broadening
occurs, 'of which the extent serves as a measure of crystallite size. -
If a single crystal of a substance is rotated in a beam
of monochromatic X-rays, the diffraction pattern forms a series
of sﬁgts on a photgraphic film. However, if the sample is in
the form of a crystalline powder or a sintered compact, the
crystallites of which show random orientation, the ditffracted
beams lie along the surfaces of a set of coaxial cones.
The pattern can be recorded in two ways
(1) By a photographic method
(2) ' Using an X-ray diffractomgter with attached
counter and ratemeter. '

2.1.2 Debye~-Scherrer Powder Diffraction Camera

A Debye-Scherrer camera of 9 cm-diameter was used for
the photographic methed, the film being mounted according to
the Van Arkel method.

The specimen was prepared by loosely filling a glass
capillary tube about 0.5 mm in diameter and 1 cm in length with
the crystalline powder; and sealing both ends of the capillary
tube with an adhesive. The sample was mounted vé;iiqally along
the camera axis and the necessary alignments‘were made by means

of two push=-pull =zcrews set at right uangles to ecach other. The

specimen was rotated about the camera axis bringing each set of
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lattice planes'of every crystallite to a diffracting position
several times during an exposure. The camera was evacuated by
having it continucusly pumped for several.ﬁours during exposures
in order to minimise the scattering of X-rays by air. The
powder camera was used in conjunction with the Raymax 60
generating unit.

Kodirex X-ray films were used in the powder'camgra.
After exposure the film was developed for 5 minutes at 20°C in
Kodak D-196 developer, rinsed with water, fixed in Kodak FX40
fixer, washed ;n running water'for 3 an hour and hung up to dry.
The fixing time was twice the time rejuired for the milkiness
on the film to disappeaf. This was usually about 5-6 minutes.
The films weré examined and measured or an illuminated. screen
fitted with a scale. The intensities of the pbwder diffracticn

lines were visually compared.

2.1.3 The Counter Diffractometer

The pounter diffractcemeter gives a direct, simple and
accurate measurement of Bragg anpgles of the variocus ”1:'é7,-f‘.‘.e'z:tionr;:"l
in the powder diffraction patterns.
| A Solus~Schall X-ray diffractometer fitted with a
Geiger counter and connected to a Panax ratemeter and an Elliot
chart recorder was used. The difrfractometer works on the
focussing principle described by Eragg and Brentano. The
diameter of the diffractometer is 50 cm;

The sample for examination was prepared by pouring a
suspension of the crystalline powder in acetone onto a glass
slide. On evaporation of the organic liquid, the powder remained
adhered to the slide. Somectimes it was rnecessary to mix an

adhesive with the suspension. The glass siide containing the
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sample was mounted vertically at the centre of the diffractometer
and rotated at half the.speed of the detector. The k—rays
generated in a sealed tube unit, passed through a collimator .

diaphragm. The intensity of the diffracted radiation as a

" function of the diffracting angle, 6, was given by the chart

recorder coupled to the associated rate meter. The full chart
deflection could be made equal to 2,000, 10,000 and 40,000 counts
per minute to aecommodate the traces of the peaks. To give
reasonable smooth traces, a time constant of 25 seconds was used
for the highest scale (2,000 c.p.m) and 5 seconds for the other
two scales.A Since the peaks are recorded at different times by
the diffractometer, it is necessary to have a stable incident
beam of X-radiation. Hence the sealed off tuke pre generhiof
with a copper target was used with the diffractomets;a ?tfuas
necessary to use nickel filter to remove the KP component, for
obtaining monchromatic radiation. The tube was operated at a
rating of 30 kV and 10 mA. The Elliot chart recorder could be
operated at eitﬁer 3 inches per hour or at 20 inchnes per hour
and records the line intensitiea. Both the specimen and the
counter could ke rotated in a clockwise or anti-clockwise
direction by means of a geared electric motor having three

available speeds of 1/3, 1 and 2 angular degrees per minute.

- In order to cbtain the intensity of a particular peak, the mean

btackground level on either side of the peak was subtracted from
the maximum peak height. The breadth of the peak was measured

at half-maximum intensity.
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2.1.4 X-ray Line—Broadening

X-ray diffraction is useful not only for identifying
chemical constituents in various samples, but also for
determining average sizes and shapes of crystallites. A narrdw
sharp peak indicates relatively coarse maﬁerial, and a low,
broad peak indicates fine crystallites ulfimately transitiocnal
to an amorphous nhase. The X-ray diffraction line broadening
technigue is ordinarily used for measurements in the size range
15 to 2,0003. (0.00015 to 0.02 micron) or approximately the
range covered by the electron microscope. Though the electron
micrq;cope gives the advantage of direct observation of size, the
- x=- ray method is faste; and statistically more valid because
it measures a far greater number of crystallites.

2.1.1*
(a) Theory of X-ray Line-Broadening

The Bragg equation, 8in '@ = n)
2d

specifies a definite angle for a diffraction maximum-ic occur,
© being the angle between lattice plane in a crystal, and the

incident X-ray beam. The incident beam is diffracted in phase

from planes, i.e, the difference in the path length of the
diffracted beam is an integral multiple of one wavelength.

| In large crystals containing -numerous parallel atomic
planes the value of 6 is precise, and the diffraction maximum
is sharp.

In small crystalé or crystallites the number of atomic
planes.is reduced, and a small deviation from the ideal & angle
becomes tolerablé to in-phase diffraction. The diffraction
therefore no longer produces a sharp maximum. The normally sharp

diffraction peak broadens; the amount of brcadening is related

to the size of the crystallite, This relation was quantitatively
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defined by Scherrer (1915)(70) with the equation :

D‘;K’A!
pCos ©
winere K = constant (~ unity)

N = wavelength of the radiation

©. = Bragg angle

Vm = mean crystallite volume
D = a linear dimension
=3JVm

ﬁl = line width (in terms of 2 ©)
b is estihated either from the recorder trace as the peak width
at half the peak maximum after substraction of the background
radiation, or gsing the sealer and vnrintout teo give c¢ptimum
statistical accuracy. 'This formula can he used experimentally
only Qhen there is no significant instrumentql ]iﬁe broadening.
As it is not possible to correct by simple subtraction the
contribution ¢f the instrumental broadening, the method due to
Jores (1932)(71) is used (in cases where such broadening is
significant).

The observed integr;l breadths of the lines are first
.correctgd for the fact that they are préduced by thecklﬁz -
doublet of the copper XZ-radiation using the graph of bﬁao
againét A/Fo, vhere B§ is the observed line broadening, b is

1
the corrected width for the sharp, S-line of calcite (14°437)

(taken as a standard for a large perfect crystal), 4 is the
doublet separation measured in the same unit.

The correction curve is reprcducéd in Appendix 1(a)
and can be used to calculate the intrinsic broadening due to
the single radiation, K -d. -The symbols shcwn in the

Appendix have the following meanings :
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Radiation Dbarryved Breadth Instrumental Intrinsic

Breadth ‘ Broadening
K _(3(.1 B C ﬁ
K —Oﬁoublet B o] Co 130

The angulayr separubion, A, of the K =y and-K A5
radiations 1¢ calculated-using the expression, whose
derivation is given in Appendix 2

A 360 . Ao

[t

- et 4+ tan @
7 .Taverage = C tan ©
: A N average 8. .

The value of C for copper Kc&radiation is 0.2385.
. There is a further correcticn required to account
adequately Tar instrumental broadening as given by the curve
in Appendix 1L(:7.
The carve of /3/

against C/ was derived by Jones

B
(1938) wusing the function :

where K = a coustant -

x = thw sangular distance from the top of the peak.
This function desecribes the inﬁensity distribution across the
diffraction line ¢btained under ideal conditions of ne
instrumental Broadening.' The evidence available so far (Jones,
1938, 1950) suggests that the function is the best one to
descrine the intrinsic diffraction profile where a Gaussidn
distribution of crystallite sizes (or even distribution of
strains} is preseute . In applying Joneds methcd“of correction
it was assumed fhat-there was such a distributiogmbfvcrystallite
sizes or ;traina in the maferial. ‘. |

2.2 Lleciron licroscopy and Diffraction

Cempretensive accounts of the theory and practice of

¢lectron migroscepy.and diffraction are given by lirsch et al

(1965)(72), Kay (1965)(73) and Zworykin ct al (1545) (74).
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2.2,.1 Theory'of LElectren Microscopy and Diffraction

A beam of electrons possesses wave properties similar
to those of a beam of slectromagnatic radiation, the wavelength

being given by the de Broglie relationship

N=h = h ceeeiiiiiiiieieieaa. (4)
P mv
where A = wavelength
h = planck's constant
m = mass of aﬁ electron
v = velcocity of electron
and p = momentum of the electron

If the accelerating potential difference is V, the energy E
of an electron is given by :
E =3 BYS 2 Ve  eenieneenerennes (i)

where e = elecktron charge

Fliminating v from equation (i) and (ii),

N - B

Jemev cessmccssssennssneas (i11)

A relativity correction has te be applied to this sguation %o
account for the variation in electron mass with velocity, which
itself depends on the voltage. Tn practice, however, the wave-
length, if required, is determined by recording the diffraction
pattern of s substance with known uait cell dimensions. This
enables a single Tactor, the camera constant, LA, to he
calculated, vhere L is the effective camera léngth. Jf the same
instrument, is used at the same accelerzting voliage, then LA
remains constant. At an accelerating voltage ofw}QO kilovolts,
the wavelength of an elecircnic beam is 0.037f. K

lﬁ view of the fact that electrons beams possess vave
properties they can be used in a magnifyirg instrument with

electromagnectic fields as lenses, just as light waves are used
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in the Optical microscopé with giass lenses. The theoretical
limit of resolution of a microscope 1s half the wavelength of
the radiation used. Tor the elect;on microscope ﬁhis is about
0.02 R, whilst for an optical microscope it is about 2000 .
The shorter wavelength of eleptrons enables a much greater
resolution to be achieved on the electron microscope, although
fhis is still very far from the theoretical limit.

The ceonstruction ofran electron microscope, in principle,
is similar to that of the optical microscope, Fig. 19. It
consi;ts'of a cathode, C, which provides a scurce of illuminating
" electrons. A high voltage applied between C and the anode A,
accelerates the electroﬁs, which pass through a small hole in A.
The condenser lens, Lc¢,converges the electron beam onteo the
speéimen, 0, situated in the magnetic field ol tﬂé cbjective
lens, Lo.' An image, I}, is formed due to magnificaticn by the
cbjective lens. This is follera by further magnification by
the the projector lens, Lp, to form a final image, Ia‘on a
screen, S. The microscope, used in this work, consists of two
or more lenses, namely a diffraction lens and an irtermediate
iens, placed bectween the objective and the projector. The
intermediate lens enables a high overull magnification to be
reached without the magnification of the individual lenses
having to be excessively large. It also helps to keep the
length of the instrument short and to attain easily a
continuously varying magnification within wide limits.

The energy of electrons is reduced when they are
scattered readily on collision with gas molecules. Hence the
instrumént is operated at a sufficiently low pressure (about
10"6mm Hg). Tocussing is achieved by the variation of the

strengths of the magnetic fields by changing the currents
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generating them, A phosphor screen is provided at the end
of the tube to align and select a suitable part of the
image, and the magnified image can also be recorded cn a
35 mm photographic film held in a camera within the
instrument.

Electron diffraction by a crystal is similar in
principle to that of X-ray diffraction, but there are some
importént differences. Because of their electrical charge,
electrons are heavily scattered by solid materials, and
therefore the depth of the penetration of the eleétroné is
“relatively small, Henc? only very thin crystals can be used
in contrast to X;rays which penetrate deeply. The diffraction
pattern of a single crystal consists of 'reflections' from a
plane of Teciprocal lattice points. For a polycrystalline
spgcimen in random orientation, the diffraction pattern
consists of concentric powder rings, provided the samzle is
sufficiently thin. |

2.2.,2 The Apparatus

The Philips EM 1008 model electron microscope.

(Van Dorsten, Nienwdorf and Verhceff (1950)(75).
The instrument has a resolution of 253, under normal
opera£iﬁg conditions. The pumping system of the instrument
consists of a prevacuum rotary pump, a mercury diffusion
pump and an oil diffusion pump. The magnification is varied
by adjusting the currents to the electromagnetic lenses.
There are also control knobs provided for focussing and for
moving the sample holder so thét different regions of the grid
can be ohserved.

An image of a section of the samplelis thrown on the

fluorescent screen directly in front of the observer. When a




micrograph of fhe image on the screen is required,the camera
is lowered into pesition and the shutter opened. The
exposure is adjusted according to the brightness of the image
and varies wupto several seconds. The magnification is
determined by reading a scale and referring to standard Tables.
Vlhen a diffraction micrograph is required an exclusive area of
the sample is selected by means of diffraction selection
diaphrégms; the diffraction lens is switched on and the inter-
mediate lens switched off. Diffraction micrographs reguire
longer exposures because of their lower intensitf, whilst
transmission micrographs are expose& up to a few seconds
according to the brightgess of the image, The microsceove was
usually operated at 80 KV.

Films of carbon ahd metal were prepafedfin'%‘”spesdivac”
High Vacuum Coating unit 12 E6 model, manufactu?ed by Edwards
High Vacuum Ltd. The unit consists of a glass work chamber,
evacuatedlby an o0il diffusion pump backed by a rotary pump.
Inside the chamber electrical leads are fitled fcr striking
an arc across carbon electrodes and for the vapecur deposition
of metal films from a filament. The pressure at‘thellow
vacuum in the work area inside the chamber was registered by
a Pirani gauge and that at high vacuum by a Penning gauge.

5

The ultimate vacuum obtainable with this unit was 3 x 107 Lorr.
The electrical supplies to the carbou electrodes and tungsten
filaments were provided by a 10V, 60A source, the current

being regulated as necessary by means of controls.



2.2.3 Preparation of samples

Samples cf the crystalline'powders for microsco?ic
examination were made by dispersing the particles on & carbon
film supported on a copper grid. "The thickness of the carbon
film was approximately EOOR._ The copper grid had a diameter
of 3 mm and a mesh of square windows, each 100 MM across. The
grid was handled always by a pair of forceps with a fine grip.

The substrate used for depositing the carbon film was
freshly cleared high quality mica available from "Mica and
Miconite Supplies Ltd." The dimensions of the mica plates were
2 x 1 inches. A thin film of carbon was depositéd on to the
mica sub5irate placed inside the work chamber by stfiking an
electric are between two spectrogréphically pure carbon
electrode. The arc voltage was 10 volts and the ;urredt 60
amperes. The arc was struck in.about 8 intermitfent bursts, in
order to aveid overheéting the carkton electrodes. FEach burst
was approXximately of three seconds duration. The pressure inside
the chamber was in the order of 3 x 10_5 torr. The carbon
film was floated off on distilled water by carefullyldipping
the mica substrate at an angle of about #50. This operatién
stripped the carbon film off the mica due to the surface
tension of the water. It was facilitated by trimming bhe mica
sheet around its edges after deposition of the film and
contaminating the mica sheet by breathing heavily onto it
before depositicn.

A section of the floating carbon film was picked up
by a copper grid. The grid carrying fhe film was ﬁransferred
to a vertical. cylindrical holder and held in pesition with a

cylindérical cap. The latter had an open end, thus exposing the
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grid. Micro—érystalline samples, for direct transmission
were prepared by suspending the powder in distilled water

or .an inert organic solvent. The particles were well
dispersed by means of an ultrasonic dispersion unit. A drop
of the suspension was placed on the copper grid carrying the
film, and evaporated to dryness under an infra-red lanp.
Finally the sample was transferred into a microscope grid
holdef, which was inserted in the instrumept.

2.2.4 The Replica Technigue and Shadow Casting

The principle of the replica technique involves the
transfer of a surface topography of a solid body to a thin
Film which may be obsegved by transmission electron microscopy.
The details of a2 surface may be sharpeaed by shadéwing with =a
heavy metal which absorbs electrons strongly. Where ithe .surface
detail was of particular interest, carbon replicas with a
shadow casting of pralladium metal were prépared as follows f

A small amount of a polystyrene polymer was melted on
a glass slide, which was held over a bunsen burner until the
polymer was melted. The appropriate surface of the sintered
sample was pressed into the clear melt and allowed to cool,
when it-solidified. The solidified polymer was immersed in
dilute hydrochloric acid in order {o dissolve cut the sintered
sample. The surface of the sintered sample thus transferred its
features and impressions on to the solidified polymer, which
was firxed inside the vacuum unit vefore a carbon film was
deposited on it, ag described above. The film replica s0
produced was then shadowed, i.e. coated with a film of
palladium placed inside a heiical tungsten filament., On

passing a heavy current through the filament, the thin
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palladium metal wire evaporated into the film at an angle of
150 to the horizontal and struck the film replica obliquely.

In this manner, the surface structure was highlighted.
The polymer was dissolved away, using 1:2 dichloroethyliene.
The film was picked up on a copper grid, dried under an infra-
red lamp and then the specimen was reaéy for examination, under
the electron microscope.

2.2.5 Optical Microscopy

The determination of pafticle sizes of specimen was
carried out by a Polarising Photomicroscope (menufactured by
Carl Zeiss Ober XKochen/West Germany). This is the only method
in which direct obsarvation can bermade of the particle size
(B.s. 3406, 1963). Examination of the samples under reflected
light, using a high—powef objective (maénificéfioﬁ x'i6) éave
an approximate estimation of single crystzllite and aggregate
sizes and shapes. A graticule (as described in B.S. 3625,1963)
was mounted in the eye-piece (magnification x 10). . The ...
magnified image formed by tine high-peower objective in.the plane
of the graticule was viewed through the eye-piece. The total
magnification obtained was x 160. A colour film has been used
in order to see the internal reflections of the crystals.

To sce the microstructure of the surface of the sintered
cake we have also used the photomicrographic camera with
Ikopﬁot M (manufactured by Carl Zeiss Ober Kochen/YWest Germany).

2.3 Surface Area Measurement by Gas Sorption

When a highly disperse solid is exposed in a closed

space to a gas ‘or vapour at some definite pressuré}tthe solid
hegins to adsorb the gas. This is made manifest by a gradual

reduction in the pressure of the gas and by an increase in the

weight of the solid. The amount of gas adsorbed on a solid
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depends on, inter-alia, the specific surface, i.e. the surface
area per unit mass, of the soclid. The mean particle size of
a specimen can be calculated from its specific surface,

2.3.1 . BET Procedure

The specific surface of a solid can be determined from
nitrogen adsgorption data by the well known and widely used method
due to Brunauer, Emmett and Teller (1938)(76). .The BET equation

is usually expressed in the linear form

P _¢c-1.p 1
X(Po -P) " XC Po © XGC
where P = pressure of adsorbate vapour in equilibfium with

adsorbent.

"Po= saturated vapour pressure of vapour adsorbed

X = amount of vapéur adsorbed (g.g-l cr cmeg_l)

C = a constant, related to the heat cf adsofpfion

Xm= capacity of filled monclayer (g.g-l or cmz.gml)'
In the literature of the subject there are recorded very many
adsorption isotherms, measured on a wide variety of solids;
nevertheless the majority of those isotherms, which result f;om
physical édsorption, may be grouped for convenience into fi;o
classes - the five tfped of the classification originally proposed
by Brunauer, Deming, Deming and Teller (1940)(77) (BRDDT),
nowadays commonly referred to as the Bruauer, Emmett and Teller
(BET) classification (Fig 20). Of these cnly type 11 aﬁd IV can
be used to calculate the specific surface of the adsorbing solid
and only type IV for making gn estimate of pore size distribution.
The type IV isotherm also poséesses a hysteresis loop, the lower
branch of which represents measurements obtained by progressive
addition of vapour to the system and the upper branch by

progressive withdrawal., Hysteresis effects of an analogous kind

are liable to be encountered with isotherms of other types.
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However, type IT isotherms give best agreement with the
BET equation over limited ranges of relative vapour pressure

(Gregg 1561, P.31). Thus a plot of P/X(Po-P) against P/Po

results in a straight line of slope == and intercept 1/XmC.

L
X C
m
Elimination of C from these two expressions gives Xm. The
region of relative vapour pressure P/Po over which a straight

line is obtained is not very great. For a type II isotherm,

the value of P/Po varies between the limits 0.05 to about

0.3. The adsorbate vapour can be measured either gravimetrically

or volumetrically (tensiometrically). (Gregg and Sing, 1967
P.310)(78).
The specific 5urface, Sy is related to Xm by the

equation :

Xm N.Am
M

where M = molecular weighi or adsortate,
N = Avogadro number,

Am = cross-sectional area of an adsocrbate molecule
in a completed monolayer,

The value of the monolayer capacity, Xm, and the speﬁific
surface, S, were calculated from the BE[ plots drawn
graphically by hand or from computer programmes {P.0'Neill

and Miss. D. Harris - see Appendix 3) .checked by line-plotters.
If the specific surface (8) of a powder is known the average
crystallite diameter, ﬂ, can be easily determined, assuming

that a2ll the particles are spherical

5 =4t d/2)°n - 6
L/73% (/2)2np ER
where n = number cf particles per granm of;soiiéF*

P the density of the solid (adsorbed)
The assumption that all the particles are cubic leads to the
same eﬁpression; similar relationships can te derived for

plate and needle-shaped crystals.
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2.3.2 The Anparatus

The sorption bdlancé used in this work is based on pné
designed by Gregg (1946,1955)(79). The balance arms ares made -
of glass and supported on saphire needles set into a glass
cradle. One arm of the balance supports buckets for the sample
and counterweights,.the other arm either a solenoid or ﬁagnét-
enclosed in glass and surrounded by an external solencid. The
whole assembly is enclosed in glass and connected to a system
of evacuation pﬁmps, gauges'ahd gas feservcirs. The balance
used for low ?empefaturc nitrogen adsorption as descfibed by
Glasson (1956)(80) and B.S. 4359 Part 1 (1969)(81) is shown in
vig. 21. |

'-The current in the external solenoid is varied to
obtain the null point, which is observed by ngting the positionL
of a horizonial metal pointer attached to the balance arm
against a similar fiﬁed point. The instrument is calibrated by
measuring the current required to observe the nuli—point for
known loadings on the balance pan.

2.3.3% The measurement of sorption isotrerms

The samples for which surface arcas were to be
measured, were placed in turn, in the bucket and outgassed to
remove physically adsorbed vapour; this was undertaken at EOQOC
to remove possible moisture {(Glasson 1964(82)). The adsorbate
was nitreogen gas and the coolant boiling liguid oxygen, 50 that
the isotherms were measured at -l83bC. Thé weight of the
sample was determined in vacuo and aliguots oqujtrogen gas
were introduced into the system. Simultanegus_?é;aings of
sample weight and nitrogen gas pressure were taken afier

equilibrium was reached. A final reading wazs recorded at just
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below one atmosphere pressurs of nitrogen. To obtain the
desorption branch of the isotherm, increments of the nitrogen
vapour were pumped away and the change in weight of the sample
again followed. All the weight changes had to be corrected
for buoyancies of thes samples and their containers. Tiese
viore determined from experiments vusing materials of known
X-ray density and negligible surface area.

The quarter-ﬁilligram sensitivity of the older types of

o [l o+ : 2 -1
vacuum balance {(#0) gave an accuracy of Z0.1l m g on 10g

. - ol F 2 —e

samples, leading to possible errors of over 3% where S&2m g
Thus, a Sartorious Electrono Vacuum microbalance (87) proved
more versatile, since it maintained an accuracy better than 3%
for the less active samples, using the medium and lower

: -1 .. 2. -
sersitivity ranges for samplées from 1-3 m2g ! and 0.1 ~ 1lm'j

i3
respectively. The microhalance was advantageous algo-wnere snly
small amounts of material were available from precipitations in
more dilute solutions.

The remeining details of the technique Qre basically
similar to those dezeribed in 1956 in the original paper
involving use of a wvacuum balance for low—temperature surface
area determination (80). Thus, the liquid-oxygen bath remained
constant within the ¥ 0.2° and at least 1 hr was allowed for the
sample to attain a constant temperature. In practice, thé
sample is generally up to about 1° warmer than the liquid oxygen
outside the balance limb {(as indicated by internal and external
thermocouples). The sample shows a temperature constancy .
similar to that of the bath (2 0.2°) and dependent to some extent
on the sizes of the sample containers and hangdown tuvbes ("up lo
30 mm diameter), depth of immersion in the liguid oxygen f{over

15 cm) and possibly on the surrounding nitirogen gas pressure.
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By standardising the equipment and improving the heat insulation
at the top of the Dewar flask, the sample temperature is kept within
z O.lo, thereby minimising the variation in the s.v.p. of the
nitrogen to preserve an accuracy of better than 3% in thelsurface
area determination.

The oxyéen isotherms, which extended to a relative pressure
P/Po, near unity, exhibiting little or no hysteresis at P/Po« 0.3;
an example of one of the more active of the zinc sulphide samples
is illustrated in Fig . ®\a.

From these gnd the nitrogen isotherms, S couid be calculated
by the BET procedure (76) by use of values of 14.1%°  and 17.032
for the cross-sedtional areaé, Am of oxygen and of nitrogen; this
gave agreement within Ca 5% in the values of S obtained from both
series of isotherms. The older graphical and newer computer (with
line-plotter) methods agreed within : 1%.for values of S from
each individual isotherm.

2.k Thermometric Analysis

There are a number of analytical techniques.which ceme under
the title of thermometric analysis. O©f these, perhaps, twc are most
widely applied. One, thermogravimetric analysis (T.G.A.)} is a
technique whereby the weight of a sample can be followed over a
period of time while its temperature is being changed; usually it
is increased at a constant rate., It is particularly suited feor
measuring the loss of weight on the decomposition of a solid to ;
solid residue and to a gas, and gives an indication of the thermal
stability of a compound in inerthand in reactive atmospheres. The
second widely-used method of thermometric analysis is that of

differential thermal analysis (D.T.A,).
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2.4 Thermal Balance

The thermal balance usually consists of a modified single
or double pan analytical balance (Gregg and Vinsor, 1945(83)). In
the presént investigation, a Stanton-Redcroft Model A.49, bhalance
was used, which could detect a weight change of lO-hg. Cne pan
of the balance was fprnished, on its underside, with a hook carry-
ing a length of nichrome wire. The wire passed through a hole in
the balance shelf and supported a sample bucket, m#de of silica
which was suspended in an electric furnace, The temperature in the .
vicinity of the sample waé measured using a chromel—alqmel
thermocouple placed close to the sample bucket arnd attached to a
millivolt meter. The general arrangement is shown in Fig 22.
ig. of.the powder under test was accurately weiphed into an
alumina crucible attached to the balance and the weight noted.

The thermal programmer was set to give a linear rise (20°/min)

from the ambient to the set temperature for the run, and the weight
of the crucible recorded at known intervals of time. .In the
present work the reacting gas was air. The weight loss of the
specimen was plotted against the corresponding time to provide
oxidation rates.

2.4.2 Differential Thermal Analysis

Differential thermal analysis (D.T.A.) was first applied
by Houldsworth and Cobb (1922)(84). Thermocouples embedded in the
test and inert materials were connected in opposit;on so that any
qppreciablé E.M.F. set up during the heating resulted from the
evolution or adsorption of heat in the test sample; the temperatures
at which such changes occurred were noted.

This is a technique by which phase transilions or chemical
reactions can be followed by observaltion of the heat absorbed or

liberatgd.
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D.T.A. equiphent was designed by Grimshaw, Heaton and
Roberts (85). TIn our apparatus, Fig 23, one set of thermocouple
junctions, is inserted into an inert material, such as aluminium
oxide AléO3 which does not change in any manner through the
temperature range studied. The other set of'thermocouples is
placed in the sample under test. A weighed amount of sample is
taken each time. " The sample is rested on guartz woo} and the top
of the sample is covered with a piece of quartz wool each time.

With constant heating, controlled by (Stanton-Redcroft)
neat controller, any transition or thermally-induced reaction
in the sample is recorded automatically in the X-Y chaft recorder
as a peak or dip.

An endothermic process will cause the thermocouple
junction in the sample to lag behind the junction temperature in
the inert material, and hence develope a voltage; an exothermic
event will cause a voltage of opposife sign. It is customary to
vlot exotherms upward, endotherms downwards.

Figure 23 shows schematically the essential parts of Lhe
D.T.A., apparatus, which includes provision: for bathing the‘sample
with a controlled atmosphere; the gas can be made to flow at a
desired rate (measured by means of a flow meter) through the bed of
. particulaté sample, thereby flushing away any gaseous product of

decomposition.






Chapter_é

PRECIPITATION AND AGEING OF ZINC SULPHIDE

For basic oxidation studies,finely-divided zinc sulphide
samples df widely different specific surfaces were precipitated -
from solution at various pd levels and in the presence of d;fferent
concentrations of electrolytes.

3amples of Zinc sulphide were precipitated in acidic media
by passing hydrogen sulphide at a flow rate of 5 1/h through a
gas—dispérsion tube into solutions (50 - 500 ml) of M.-, 0.25M=

and O.1M- ZnSOL+ or ZnCl. at 20° or 850. After 1h, the

2
precipitates were filtered off} washed twice with 50 ml-portiocns
of acetone to remove immediately most of the wéter left in contact
with them, thereby arresting any further ageing, cf?ltregtment_gf
calcareous materials (D.R. Glasson, 1960)(&6). Thellaaﬁ traces
of acetone and water were removed by outgassing the samples at
200° in vacuc on an electrical sorption balance (Gregg, 1946 and
Sartorius-wWerke, 1965)(87) before measurement cof théir‘ﬁurfagc
areas by the BET method from adsorption isotherms of unitrogen
determiried at -183°,

Zinc sulphide =amples were precipitated in alkaline media
by adding stoichetometric amounts of M—ZnSOh or Zn012 to M~ or
O.lM—NaES. The specific surfaces of the zinc sulphide precipitateé
wefe practically independent of the standard rate of addition (5 ml
ﬁer minute) of one reactant to the rapidly-stirred solution (50-
500 ml) of the other; only if the rate of addition were considerably
increased (and/or the rate of stirring considerably décégased) did
the specific surface decrense appreciably, since the con;ghtration

of the additive at the time of precipitation would then be increased,
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¢f. precipitation of.Calcium carbonate from solution (D.R.Glasson
1960)(88). These samples were filtered off after 1 hour and
washed with ‘acetone to remove most of the remaining water and thus
prevent possible ageing, before drying and examination on the
sorption balapce in the same way as the samples precipitated in
the acidic media. |

A féw zinc sulrhide samples were precipitated in the acidic
of alk&line media. in the presence of 50 g. dissolved sodium chloride.
Additional zinc sulphide samples were prepared in less acidic and
less alkaline conditions. H—Naas was added to O.lH—ZnSOh, giving
precipitation at pH valﬁes increasing from about 5 to 7. Zinc
oxide was dissolved in BM—Nquﬂ-(providing a Zn concentration of .
0.1M-, D.R. Glasson and S.A.A.Jayaweera, 1668)(83) and then treated
with hydrogen sulphide, giving precipitation at pH ;alﬁes.decféasing
from about 11 to 9.

The zinc sulphide samples were X-rayed using a Solus-3chall
diffractometer (Cukcdt-radiation) with Geiger counter and rate meter.,

Certain samples were examined further for morpholo and aggregate
13 5 \

- sizes by optical and electron-microscopes (Philips EM-100).

3.1 RESULTS

In Figﬂ#}he variations in specific surface, S, and average
crystallite‘size are shown for zinc sulphide samples aged for
different lengths of time in acidic or &lkaline ﬁedia at lower
electroleye cencentrations (ca.0.1M). The average crystallite sizes
have been calculated (for a cubic habit) from the specific surface
measurments and the density of the zinc svlphide (4.09 glcm_B)
obtainable from the X~ray diffraction pattern, blende (sphalerite)
form of 2nS, except for those precipitated in less acidic media by

the addition of H—NaZS to O.lM-ZnSOq) which contained some basice
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zinc salt. The half;peak widths of the 111, 200 and 220
"reflections™ qf the cubic~-F (Zinc blende) crystal lattice were
measnured from some of the X-ray diffractometer traces. This also
afforded appreximate estimates of the averase crystallite sizes
(D.R. Glasson, 1964)(89) using the Jones method (F.VW. Jones, 1938)
for calculating intrinsic line~broadcning. |

The specific surfaces and average crystallite sizes of the
zinc sulphide samples newly-precipitated in acidic or alkaline
media at higher electrdyle concentrations (0.25 to 1M) are
summarised in Table 1D, where they are compared with.those for
samples precipitated at lower electrolyte concentrations (ca.0.1M).

Flectron-micrographs are presented in Figs. 25-30 showing
differences in morphology and aggregate sizes when.the.zinc;sglphide
samples are precipitated and aged in acidic and in algalihe-média.
3.2 DISCUSSION

The pH conditions have a considerable effect on crystallite
and aggregate size largely becayse they affect the solubility and
hence the supersaturation ratio of the zinc sulphide; greatér
supersaturation ratio causes nucleation to prédominate over crystal

growth, giving smaller crystallites. The ageing of the precipitates

_ proceeds by Ostwald ripening supplemented by coagulation, especially

in the preéence of higher concentration of surrcunding electrolyteé.

3.2.1 Precipitation and ageing at lower electrolyte concentration

Yhen 2inc sulphide is precipitated by hydrogen sulphide

from O.lM—ZnSOu or Zn(Cl the pH progressively decreases from about

21
5 to 1. The average crystallite sizes of the producﬁs#(calculatEd
from specific surface measurements) are about 100_? (Q.Oi?um) as

shown in Fig 24. .Subsequently, these zizes increase to about BOOR

{0.03 um) as the zinc sulphide ages for a total of 10 h at 200;




TABLE 10
Zinc sulphide samples precipitated at different
electrolyte concentrations

Precipitation Surface area S Average crystallite size
conditions (aged 1 h) mag—l- (ua m ) calculated from
S " x-ray peaks

Alkaline media

1M~ZnS0, added to

500 il +O.lH*Nazs 116.4 i 0.0126 0.0030

1M+~Zns0, added to
SO ml 1M—Na25 g4 .0 0.0157° 0.0030

Acidic media

500 ml G.1HM-ZnS0, + H,S 122.8 0.0120 0.0050
50 ml 1K-Zn80, + H,S$ 54.0 0.0270 0.0680
500 ml O.lM~ZnSOh -

+ 50g Nael + H,S 80.0 0.0184 0.0039
500 ml 0.1M~ZnCl, + H,8 129.4 C.OLLY 0'00“4-
500 ml 0.25M~ZnCl, + H,S .59.8 0.0245 0.0039

500 ml O.25N-—ZnC12

+ 50 g Nall + H,S 60.6 , 0.0242 0.0044
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finally acquiring a -comparatively slow crystallite growth rate,

The clese similarity of the zpecific curface (and average

cryztallite size) curves indicates that at electrolyte councentrations
below 0.1M- the greater coagulating effect of the divalent sulphate
ion compared with the univalent chloride ion is not prominént in
promoting crystallite growth,

Similar specific surfaces and average crystallite sizes ére
given initially when 2zinc suiphide is precipitated in zlkaline
conditions, viz. from zinc sulphate solutiqns added to‘O.lM—Naas
at 200, Fig 24, curves AB. GSubsequently, the specific surface
somewhat increases t and the average crystallite size decreases),’
before the‘material ages much more slowly than in acidic media.

The initial increase may arise from removal of strains or defects
in thes newly-formed zinc sulphide as it recrystalises to its normal
lattice structure. This effect has been found previously with coue
newly-hydrated limes and magresias (D.R. Glassén, 19€0 and 1964)(86,
82).

The zin¢ sulphide precipitated at_850 initially has a
greater specific surface (and smaller average crystailite size) than
that orepared. at 20°, points A and C in Fig24(b) and (d4). Svidently,
the nucleation is mucﬁ faster at the higher temperature, which
produces a larger number of smaller crystallites and more than
compensates for the loss of surface caused by the incredsed rate of
crystal growth. Thus, the zinc sulphide precipitated and aged at
85° (curve CD) subsequently has a much smaller specific surface
(and larger crystallite size) than that prepared and“gged,at 20°
(curve AB). As expected, the sample precipitated at égqqgges

afterwaris at 200 more slowly than it does at 850, curves CE and CD.

121,



However, this ageiné'at 20° is faster than that of the sample
initially prepared.at 200 , curves CE and AB. This is in accord
with-the sample ?recipitated as BSO having initially a larger
number of- smaller crystallites {(below a critical size) which
redissolve and deposit on the larger crystallites in the
Ostwéld ripening process (4.E. Neilsen, l954)k32).

Average crystallite size values of the same corder (as
- those from specific surfaces) have been obtained from_x4ray
line-(or peak-) . broadening measurements. Théy are smaller but
show the same general trends in variation as the materials are
aged. Thus, in acidic media these average crystallite sizes vary
from 0.0050 to 0.0088 um with'O.ll\l.ZnSOh_ and 0,0044 to 0.0088 um
with ZnCla. In alkaline media, the initial sizes and subsequent
increases on ageing are somewhat smaller; viz. 0.0G30 to 0.0054 um
and 0.0028 to 0.00hhlum for zinc sulphate added to O.lH—Naes at
EOb and 850 respectively; also 0.0028 éo 0.0031 um for the sample
precipitated at 850 and aged at 20°.

in comparing the values of the asverage crystallite sizes
determined from specific sirfaces and X-ray line-(peak-) broadening,
there are 2 - 4-fold and 5 - 6-fold differences in acidic and
alkaline media respectively. These are ascribed to differences in
porosity, crystal strain and defects and especizally crystallite
size distribution. Variations due to porosity and.crystal strain
are comparatively émall, since the nitrogen adsofptioh isctherms
showed little hysteresis and the precipitation processes did not
involve interconversion of selid material, only the more stable
(cubic) fofmlof zinc sulphide teing obtained. The calculation of

_average crystallite sizes from specific surfaces assumes no
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particular crystalliée size distribution,- - wherecas that from X-ray
measurements assumes a Gaussian distribution. Nevertheless, the
X-ray measurements again indicate that the samples precipitated
and aged-in alkaline media (compared with acidic media) generally

have the smaller crystallite sizes.

3.2.2. Morphology and apcregate sizes

In addition to differences in crystallite sizes, the
samples vary also in morphology and aggregate sizes. This is illust-
rated in Figs.25-30 where the samples precipitated from acidic
media asppear to have smaller ranges of aggregate sizes than those
from‘alkaline media, (a) and (b) for Zn80), (0.1-0.2 pm;and-o.l—llpm)
and (c) and (d) for ZnCl, (0.1-0.5 um and 0.1-2 um). In the latter
case, the formation (and presence) of sodium chloride during the
alkaline precipitation affects the c¢rystal halit, causiné the
aggregates to h;ve a plate-like morphology, (d);j many of them are
iarger than those obtained in the corresponding precipitation.
from 0.1M-ZnS0, in (b); the crystallites are about twice as large’
(5 = 56.3 mag-l; average crystallite size, C.0261 um, comparcd

1

with 116.4 m“g™ ", 0.0126 um).

3.2.3 Precipitation in less acidic and alkaline media

Smaller-sized zinc sulphide crystallites are obtained also
in less alkaline conditions from zinc oxide dissolved in BQ—NH4OH -
and treated with hydrogen sulphide, giving precipitation at pH
values decreasing from about 11 to 9. ELven after 15 h. ageing

2 -1 , .
at 200,‘the specific surface is 124 m g ana average crystallite

size 0.0119 um (or 0.0064 um from X-ray peak-broadening). Much
larger crystallite sizes are given in less acidic media when

M:Nazs is added to O.lM-ZnSOh, with precipitation at pH values

increasing from about 5 to 7. The precipitation is accompanied by
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hydrolysis of the zinc. salt, the newly-formed product having a
specific surface of only 14.9 m'2g;-'1 and an average crystallite
size as large as 0.0987‘pm.

3.2.4 Precipitation and ageing at higher electrolyte concentrations

Thé specific surfaces and corresponding average crystallite
sizes of the zinc gulphide samples precipitated in alkaline media
are not changed considerably when the concentration of the sodium
sulphide is increased fpom-O.l to 1M, Table 10. Tﬁe changes are
more considerable in acidic media when the concentrétion of zinc
sulphate or zinc chloride ére iﬂcreased from b.l to 1M or 0.25M
respecfivelj (Table10). Addition of sodium chloride to‘O.lM—ZnSOA
also causes decreases in specific surface and increases in
corresponding average crystallite size, but it d&es not-cause
further changes of this type when added to O.ZBM—ZnCle; However,
the presence of higher concentrations cf chloride icns seems to
chahge the crystéllite size distributions, since the averagé
crvstallite sizes calculated from X-ray (line-) peak-broadening
given abnormally lower valués. Nevertheless, tha aggrégateisizes (Figé,
25 = 30 increase somewhat from submicron sizes at the lower
electtolyte concentrations, viz. 0.1-0.2 um for O.lMHZnSOu +
H,S, Of1—0.5 um for O.lM—ZnCl2 + HZS compa;ed with

2

0.2-5 um for O.ZSM—Zn012 + HES alone or in the presence of

sodium chloride.
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Chapter 4

Oxidation of pure 4inc Sulphide

" The exveriments were carried out on synthetic “nS§S,
i.e.c{~2nS, YWurtzite (BDH) and/5—ZnS, Zinc blende prepared by

introducting H,S8 intc a solution of 0.1M-ZnS0y (90).

2

b1 Thermogravimetric Analysis (TGA)

The roastings were done on a fhermogravimetric balance.
About lg of the sample was téken each time separately in a porceiain
crucible and a platinum crucible and introduced into the even-
itemperature zone of the reaction furnace. The'temperature wa§
controlled to within % 5% of the operating temperature by means of
a temperature controller. The experiments were conducted at differgnt
temperatures ranging from 5300 - 85OOC for «{- and /6—Zn5. - £t the end
of the experiment, the crucible was taken out .of the furnace and the
oxidised sample was analyzed for =zinc sulphate and zinc oxide.

k,1.1 Chemical Analyosis

The rnasted éample (about 1lg) was treated with hot water oand
filtered. The filtrate contained zinc sulphate. The residue was
treated with ammonium hydroxide and ammonium chloride a£ rocom temperature.
This dissolved out zinc oxide. The zinc content of the filtrate in each
case was determined with the disodium salt of ethylenedlamine tetra-
acetic acid (EDTA), using Erichrome black-T as indicator (91).

h.1.2 Differential Thermal Analysis (DTA)

In our apparatus as described previously in Chapter 2, one
set of thermocouple junctions is inserted into an inert material,

such as aluminium oxide, A1,0 which does not change in“any manner
[ '

3)

through the temperature range studied (OO - lOOOOC)} fhe 6fher set

of thermocouples is placed in the samvle under test. A weighed,
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amount of sample (about O.lg) is taken each time., The sample is
rested on a piece of quartz wool and the top of the sample is
covered with a piece of quartz wool each time. With constant
heating, lOOC/min, controlled by the Stanton-Rederoft heat
contreoller, any transition or thermally-induced reaction in the
samplé is recorded automatically in’ the x - y chart recorder as a
peak or dip. There was a provisior for bathing the sample with a '
controlled atmosphere; the gas can bhe made to flow at a disired

3

rate by means of a flowmeter (e.g. 80 cm”/min).

b,2 Results and Discussion: TGA

The resulté obtained for roasting /- and/ﬁ-ZnS, using
porcelain éhd platinum crucibles at the temperature range 5200 to
850°C are given in Table 11 and 12.

. The relative amcunts of products formed at thée end of
roasting are given in Figurves 31-34.

When pure zinc sulphide is roasted, the main reaction
products are zinc oxide, zinc sulphate, sulphur dioxidé and sulphur
trioxide. It is-also possible that a basic sulphate (ZnOiEZnEOQ) is

formed. Actually, the basic sulphate has been ideutified in the
roasted sample particularly at temperatures 365000 for/S—ZnS and
>/7oo°c forcA -Zn3 by X-ray diffraction.

L.2.1 Formation of zinc sulphate, basic sulphate and oxide

Under equilibrium conditions, basic sulphate could possibly
be formed above 700°C. It was not possible to estimate separately
the basic sulphate forﬁed in the presence of both oxide and sulphate.

In some of the iscthermal oxidations for different time
intervals, the amount of zinc sulphate formed reached a maximum value
during the early stages and with further roasting the amount formed

decreased, e.g. Figures 35-36 and Table 13,
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TABLE 11

ok -Z2nS Calcined for 40 minutes

Zinec %

Temp °C (in terms of total % Conversion Hol. ratio
zinc in the product) of ZnS Zn0 : Zng0,
as ZnS | %4nSO, Zno '

a) with porcelain crucible
530° 93.7 0.30 6 6.3 23
550° 87.6 0.36 12 12.4 33
600° 674 0.6 32 32.6 53
650° 41.2 0.8 58 58.8 73
700° 21.4 0.6 78 - 78.6 130
750° 7.6 0.k 92 52.4 230
800° 3.8 0.2 96 96.2 480
850° 1.9 0.1 98 98.1 '930
900° - o

{b) with platinum crucibles
520° 94 2 4 6 2-
550° 86 7 7 14 “1
620° 50 30 20 50 '0.7
650° 23.5 26.5 50 76.5 1.9
700° 16 20 6l 84 3.2
750° 5 15 80 95 5.3
800° 5 7 88 95 12.6
850° 7.5 0.5 92 92.5 18.4
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TABLE 12

H-2ZnS Calcined for 30 minutes

Temp C | (in tefigco% total % Conversion liol. ratio
zinc in the product) of ZnS &n0 : %nSO,
as ZnS | 2ZnS0, Zn0
(a) with percelain crucibles
520° 90 1 9 . 10 9
550° | ca 75 24 ca 25
580° | ca 58 b ca 42
600° | ca 21 78 ca 79
620° 1.11.2 0.8 88 88.8 110
650° | ca 10 90 ca 90
7200° | ca 4 96 ca 96
750% {ca 3 97 ca 97
800° | 1.9 0.1 98- 98.1 980
850° - A
(b) with platinum crucibles
520° | 90 5 5 10 1
550° | 78 9 13 22 1.0
620° | 9.5 36.5 S 90.5 1.5
650° | 10 15 75 %0 5
200° | 8.5 7.5 8l 91.5 il.2
725° | 10 5 85 . 90 17
750° | 7 3 90 93 30
800° | 7.5 0.5 92 92.5 184
850° -
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In contrast, when platinum crucibles were used at lower
temperatures, 5200 - ?OOOC, there was a significant increase in the
weignt of oxidised material with respect to amount of zinc sulphide
taken. Beyond 62000, the percéntage of Zn0 increased at the expense-
of both ZnS and ZnSOq, cf Tables 11 and 12. The results could be
explained as follows : The formation of oxidé on heating the
sulpﬂide in ai; occurs via the reactions :

znS -+ Of2 o, Zn0 4 50, eveenen. (1)

_— 2
1 -
SO, + 20, = 805 aieieeeenene. (2)
Zn0 + S0 ——  ZnS0; seieneveesees (3)
3 — b

(at moderate temperatures up to 620°C for synthetic ZnS)
and ZASOH _ Zn0  + SO3 N €S

ZnS + ZnSC, __ 2 Zn0 + 2 80, sevreniaes (5)

(at higher temperatures, i.e, above 620°C for synthetic ZnS via
the formation of the phase Zn0.2 ZnSQ,).

In the presence of platinum; there is relatively more
cenversion of zinc sulphide to zinc sulphate, as shown by the much
lower molecular ratios of ZnO:ZnSOa in the products (cf Table 1l),
nevertheless, the overall oxidaﬁion rates fore{ -%nS are generally
gimilar, being somewhat faster in the presence of platinum at
about 550° - 700°cC.

This is the temperature range over which the molecular
ratio ZnO:ZnSO4-reaches a minimum at about 62600, when there is
molecularly more sulphate present than oxide. This is ascribed

31

viz. 2 502 + O2 ) 2 803’ becoming more appreciable at these

to the catalytic effect of the platinum on the formation of S0

temperatures. This promotes the formation of zinc sulphate and

provides a sufficient partial pressure of sulphur trioxide to
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prevent the zinc sulphate from decomposing until abnormally higher
temperatures are reached. Hence, fhe amounts of zinc¢ sulphate are
correspondingl& 1érger even up to 85000.

The oxidation rates for%B—ZnS are correspondingly much
greater than for & -2nS, cf Tables 12 and 13; as expected from the
much larger specific surface of the f -ZnS. Again, without
platinum crucibles, very little zinc (£ 1%) is converted to sulphate.
With platinum crucibles, much larger amounts of sulphate are formed
comparable in % and molecular ZnO:ZnSOq ratio with those from
A -ZnS. The much larger specific surface of the/3—ZnS‘only apnears
to be.very influential in giving a considerably greater oxidation
rate in the\initial stages. ‘Then it favours production of zinc
sulphate, cf results at 520°C in Tables 12and 13, which would be
formed mainly near'the surface of the material by the nucleation
and surface reaction, before the advancing interface reéction-develops
inwards to give too deep a layer of produet for free access of oxygen.
The formation of zinc oxide (requiring less oxygen than for zinc
sulphate) is favoured as the oxidation prcceeds. The molecular ratios
ZnQ:ZnSOu increase progr;ssively as snown in Table 13.

This evidence for the reaction of “nC and 505 at low
temperature is of importance to the understanding of zinc sulphate
formation in the dust-collecting equipment usually associated with
zinc roasters (96). The roaster gas carries off Ffine dust, much of
which may be unreacted zinc sulphide. The temperature in dust-
collecting equipment drops from the roaster temperature (about 800°¢)
through the range of temperature studied, to ambient temperature.

. Such dusts are known to contain far larger amounts of zinc sulphate

than the primary c¢alcine. Thus, it is confirmed that this sulphate
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is formed b& reaction of Zn0O dust with SO3 (or SO2 plus 02) in the

partly-cooled gases, after the finely divided 4n3 has been converted to ZnO.
In an effort to obtain some information on the kinetics of

the reaction, further tests were made. The results of these tests are

shown in Figs.35-36. The reduction in the rate of sulphation with

increased time probably results from the éonsfantly diminishing

surface area of Zn0 as the reaction proceeds, so that the rate of the

reaction is controlled by diffusion of SO, through the continually

3

thickening layer of reaction product. It is proposed that the

diffusion of gaseous S0, througnh pores and cracks in the newly.

>

formed outer ZnS0O, coating is the slow step. Further data on the
A g

~

effect of the partial pressufé cf S0, and O2 on the rate of

3

sulphation, and the physical structure of the ZnSOL\L layer are required

vefore the rate-controlling mechanism can be rigorously established.

4.3 Differential Thermal Analysis (DTA)

| Powdered synthetic zinc sulphides @(and[}} viere investigated.
The work was done with small weights (about.G.lg) in order

to eliminate possible overheating of the sample due tc strong exofhermic

reactions and to decrease the amount of 502 which attacks the thermo-

¢ouple wires. The use of protective coverings fer the tuermocouple

heads has decreased seriously the sensitivity and accuracy of the

measurements. Furthermore, with high sample weights, oxygen diffusion

into the sample interior influences the reaction fate. Oxidaticn

vas performed with-air or oxygen-enriched air at different fldw rates.

The‘DTA thermograms showed that the oxidation commences at a low rate

which gradually increases to. 2 maximum depending on thg sulphide

properties and the extent of the reaction interfzace. ‘Afteqlthe

maximum it gradually decreases.
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4,3.1 DTA Curve ofol =7nS and /3 -Zn8S

The thermograms in Figs.42-51 represent the development of
the oxidation of synthetic ZnS at different rate of fleow of air.

Effect of air flow and oxysen content of the air on the

kinetics of the oxidation

The effect of different air flows 6,10,20,40 and 80 cmB/min
wés investigated. The intensity of the oxidation, as indicated by
the height and the breadth of the peaks, increased with air flow,
since gaseous products were then removed more readily and back-
reactions were minimised. 1In the case of/3-ZnS (cubic), it can be
seen that there are £wo exothermic peaks throughout the air flows

o,

studied (' Table'lh)

As the flow rate of air increases,the heights of the two
peaks increase and they merge gradually into a single peak,
particularly at higher flow rates (> 80 cmB/min).‘ Thé Tirst péak
(i.e. the one at the lower temperaturéj is larger thén\the second
peak. |

In the case ofh-ZnS (hexagonal), only two eﬁnthermic peakxs -
can be seen when the flow of air is 20 cmB/min, but at other flow
rates, only one peak is observed. The first exothermic peak at;625°C
is smaller than the second exothermic peak at 650°C.

These observations can be explained in the following manner:
The first exothermic peak is caused by the nucleation of zinc
sulphide and the develop&ent of the reaction across the surface of the
particles.

The sccond exothermic peak is due to the penetration of oxygen through
the newly-formed zinc oxide iayer, promoting further oxidaticn by an

advancing interface mechanism inwards from the outside of each

particle,
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TABLE 14

D.T.A. Curve of pure Zns

Exothermic peaks

Sample Flow rate )
Initial Cxidation Intense COxidation
o 0
Temp “C. Temp C.
-7Zn§ 10 cmj/min,air 550 £20
4
" 20 cm”/min " 485 " 570 and 620
" 50 em”/min M 520 570 and 550
" 80 cmﬁ/min no 520 547 and 558
" 80 cms/min,
Oz—enriched air 520 seh
b, ~Zns 0 550 675.
i
" 20 cm”/min,air 54Q 620 and 650
n 4o cmB/min o S5h3 610
" 8o cmB/min " 520 CA10 .
n 80 cm3/min, _ .
0,-enriched air 583 510
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The/}—ZnS would nucleate more rapidly, especially at
temperatures ofrabout SOOOC, because of its much higher surface area
(about 9 times specific surface ofc(—ZnS) and poorer crystallinity
than that' of £ -ZnS (/4-4nS was prepared and aged at room temperature,
compared with the £-ZnS having been sintered at temperature above
600°c). |

These factors will facilitate also deveiopment of more
extensive surface reaction in the/B-ZnS, giving an initial exothermic
peak which is larger and located at a lower temperature than fork -Zns.

For the same reasons, the subsequent oxidation by advancing
interface mechanism will proceed more readily for /3 -ZnS.

éince the part?cles.of/b—ZnS are_generally smaller- than
those of thexX-ZnS, the oxidation of the/ﬁ—ZnS will be completed in
a much shorter time. Thus, the second exothermic ﬁeak for/B-ZnS will
be higher.and narrower than that ofc{—ZnS will occur over a
_correspondingly lower temperature rangé.

These observations were not made by nrevious investigators (h1),. =
as they used too excessive flows of air in their DTA studies. 3o they
obtained always one exothermic peak instead of two in their DTA curves.

To determine the phases occcuring during roasting at 57000
and 62000, tﬁe samples oxidised at these temperatures wefe analysed
chemically and by'X—£ay diffréction. In all cases, the'presence of
'Z;nSOL,r and Zn0 along with unchanged ZnS was established,

The exothermic peaks at 570°C and 62000 represent the
formation of zinc‘sulphate and oxide.

The disscciation of the zinc sulphate at higher temperatures
should give an endothermic peak. This was not prominent in these
experiments, bubt was observed at about 7150C for oxidation of =zinc
concentrates where larger amounts of zinc sulphate had been formed

at lower temperatures.
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The thermograms (Figures 46 and 51)show that-the oxidation of
samples with oxygen—enriched air proceed more intensely than with
airr The pedks are shifted to iower temperatures and there is a
narirowing.of the temperatﬁre ranges of exothermic reactiéns.

bob, Effect of sintering on zinc sulphide oxidation

In reactions of the type :

Solid A + Gas I —> 30lid B + Gas II

as 2 ZnS + 3 O2 —> 2 Zn0 + 2 S0
and Solid A + Gas I —>» Solid B

as ZnS + 2 0, — ZnS0,
the rates are influeﬁced by sintering of the solid materials. The
sintering ﬁ}ocess reduces the internal porosity and total surface
area. Consequently, the rates tend to be lowered because of reduction
of the reaction interface. Formation of layesrs of solid products
around the réactant particles impedes diffusion ;f the éases aﬁd
reduces the reaction rates furthér, againfto_an extent dependent oh
degree of sintering. |

Separate portions (about 7g) of synthetic:ﬂ:ﬁandﬁi:_zinc
sulphides were calcined (A) for fixed times of 5 h at different
temperatures, (B) for va;ious times at each of a number of fixed
temperatures in air in an electrical furnace.

The specific surface, S, of the ccoled products was
calculated by the B.E.T. procedure from sorption isotherms of
nitrogen (and occasionally oxygen) at -18%"C determined gravimetrically
on the scrption balance. Where necessary, the products were analysed
thermally and zinc oxide and sulphate contents determined as described
previously. The initiale{- and f3- =zinc sulpnide samples had widely
different specific surfaces (5.7 and 46.% mag_l), but their oxygen

adsorption isotherms were both of type II (2.E.T. classification),
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exhibiting little or .no hysteresis at relative pressures beléw 0.3
similar to the more reactive zinc sulphides described in Chapter 3.
From these, and the corresponding nitrogen isotherms, the
values -obtained for the specifié surface, S, likewise gave agreement
within' ca 5%. This applied also to the partly and completely
oxidised samples. The variations in S with oxidation conditions are

shown in Figures52 to 53.

4.2.1 cA-Zinc sulphide oxidation

Oxidation of of- éinc sulphide ét lower temperature results
in small increases in surface. Thus, at SOOOC 26.5% of the zinc
sulphide oxidises in.5 h. with increass in specific surface ffom
5.7 to 7.0 hzg—l (Fig.52). This indicates that some of the
crystallites of oxidised product split off from the initial zinc
sulphide‘crjstallites, because of differences in molecular volume and
any differences in crystal lattice type between the zinc sulphide
(A - hexagonal, /- cubic), zinc oxide (hexagonal) or zinc suiphate'
(ortﬁorhombic).

From X~ray density data, it is calculated thai there are
volume decreases of about 40% when the two forms of zinc sulphide
(@ = 4.09) are converted to zinc oxide (d = 5.68) and volume increases
of about.75% when.zinc sulphate is formed (d = 3.88).

At higher temperatures, above 500°C, there is loss of
surface on oxidation of the =zinc sulphide indicating sintering.
This is demonstrated further by comparing the actual surface areas,
Sl, of the producté when lg samples of =zinc sulphide are oxidised.
Zinc oxide is the main oxidation product (cf sectioq Q.l), less than
1% of the ZnS being converted to zinc sulphate in the ;;}igs of 5h
calcinations. ) |

. Progressive changes in surface area have been calcﬁlated

to a first approximation on the basis that there is no sintering of
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the products, but that they form stable layers arcund each initial
zinc sulphide particle, with the oxidation proceeding inwards from
the outside of eéch sulphide particle by an advancing interface
mechanism.

Since zinc sulphide changes its volume 0.6-fold when it
forms zinc oxide, the oxidation of ig of a 1gISample of zinc¢ suphide
would cause a proportionate vclume change of [El - x) + O.6k:] =
[Z - O.hx:] . If developmgnt is approximatelylthe same in each
direction, the proportionate change in surface,S}S, would be

2 1
[E - O.4E] /3. " The calcnlated values for S/S are compared in Figs.5h-
56b and Tablesjjvandi6and are larger than the eXperimental value
where sintéring of the products is appreciable.

The changes in the number of crystalliﬁes, approximately
(Slexpt/Sl cala)B, as the result of the products splitting off at
lower temperatures ana sintering at higher temperatures %ré shown in
Figs.56a & b where they are compared with the average crysﬁallite‘
sizes of the samples. This again illustrates extensive sintering at
-the higher temperatures.

Sintering of the zinc oxide is expected to become appreciable
at temperatures above about 500°C; the mini%um temperafure to
initiate sintering by surface diffusion (one-third of the m.p. in
degrees absolute, 2250K) is 750K (477°C). Sintering becomes
extensive at temperatures above BSOOé Qhen crystal lattice diffusion
becomes opefative. i.e. at temperatures above the Tammann temperature,
Tm, (half of fhe m.p. in degrees absolute) which is 1125K (852°C).

Evidently sintering of the zinc oxide is accelerated between
560°C and 8500C by the presence of small amounts of low melting zinc

sulphate {(m.p. with decomposition 600°C). This is more noticeable

between EOOOC anc 7OOOC when the surface area falls to a minimum
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& -7nS calcined for 5 hours

TABLE 15
Surface . actual surface areas multiple change number of averarge
Temp. area (fraction ng—l in numbe::' of initial f’JnS c?ystallite
°q o1 converted 3 - crystallites 3 crystallites size of
Sm~g fo 7n0) Stexpt Stcale (Stexpt/Stcalc) per ZnO crystal product, um
0°(200°) 5.7 - 5.7 5.7 1 0.26
L00° 5.9 | ~ small 5.9 5.7 1.11 0.25
500° 7.0 0.265 6.7 5.3 2.02 0.20
600° 5.4 0.937 4.6 4,2 1.21 0.20
650° 2.2 »0.967 1.8 4.1 0.09 11 0.48
700° 1.1 ca 1.00 0.92 4,0 0.011 89 0.9%
750° 1.2 " 1.0 4.0 0.016 N 0.88
800° 1.7 " 1.4 4.0 0.043 23 0.63
850° 2.0 f 1.7 4.0 0.077 13 0.53
500° 1.0 " 0.8 4,0 0.008 125 1.06
550° 0.5 " 0.4 4.0 0.001 1000 2.12
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TARLE 16 &mZnS calecinsd for 5 hours
I i '
r-
% actual suriace avreas multinle change number of average
S 2 -1 ; in nuiber of initial ZnS trystallite
Surface (fraction oz I .

T 7 S crystallites crystallites size of
area cenverted S'expt S5'calc (L'e‘m St calc)3 or 7n0 crvstal roduct . um
Q"12F—l to ZnQ) = © s pe Jsta proauct,p

0%(200°Y | 46k 0 46 .4 LG4 1 1 0.032
J B | '
28.5 | 0.261 27.2 Lr.2 2.8 x 107~ 4 0.048
-2
10.0 0.582 9.0 38.9 1.24 % 10 g1 0.12
-3
6.5 0.%00 5.5 ( B4 b £,09 x 10 - 240 C.17
4,2 | C.964 3.5 33.5 1.1% % 1077 880 0.25
k.1 ca 1.00 3.4 33.3 1.07 x 1677 940 0.26
3.4 X z.8 33,2 6.0 x 1077 1670 0.31
-5 )
1.7 L 1.4 3.1 7.5 x 10 ~ 13000 . 0.63
1.0 z 6.8 E 33,0 1.4 x 1077 70000 1.06
! 1
















value (in Figs 54 and 55).
The amount of zinc sulphate becomes very small and

, aen P - :
progressively less as tae tmperature rises from 760 C to 8507°C, ahove
which zirc oxide is the exclusive product.

The effect of sulphate on the sintering is further shown

; . . . s . . iyq o]
when the <A- zinc sulphide is oxidised in a platinum crucible at 5507C.
-For reasons discussed in section 4.1, the platinum enhances formation
of zinc sulphate, so that in 5 h. at this temperature 60% of the zinc
sulphide is converted to zinc sulphate, and only 40% to zinc oxide. The

Cns . 2 -1 - .
specific surface of the product is only 1.9m g.  compared with about
2 -l- . 5 MV . X s ™ . = o/

én g “indicated for this temperature in Fig.52 where only about 1% of
the zinc sulphide has been converted to sulphate (and platinum is absent).

Further information regarding the oxidation process is obtained

from the data in Figs.506-55 and Tables 17 & 18 for the calceination

o+

L i

ID

. . -~ 0 o . . T oa
of {~zirc sulphide at 65C and 850°C for different lengths of .
There is guite appreciable sintering throughout th2 oxnidations as

evidenced hy the experimental surface arca, S5, being much lower than

these calculated (on the basis of no sintering) Figure 4zh.. The
numbers cf crystallites progressively decrease und their aoverage aizes

increase (Figs. 56-07).
The oxidation rates, Figure 60, approximately correspond to

parabolic kinetics fellowing short induction periods. This is

consistent with nusleatiorn and initial reaction on the surface of the
rine sulphide particles, fcollewed by the coating of the particles
with stable zinc oxide layers which muy merge with those on adjoining

particles as sintering jproceeds. Subseguently, the reagtion rate is

controiled by a diffusion mechanism, typified by parabolic kinetics,
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TABLE 17 ol ~%nS calcined for different time intervals at 650 C

multiple chahge.‘ numper of average
e Surfa actual surface areas in number of initial 4nS crystallite
;;me : a;géhce (fr Xtion m-3 crystallites 3 crystallites size of
n : ac¢ ' Slo '.' “ P ol " m
hours sza-l converted Stexpt S*'calc (s'expt/8'cale) pizdﬁ;iSLal product, am

8 to Zn0) P

3 5.4 0.2uk 5.2 5.3 4 0.95 1 0.26
i L6 0.553 L2 4.9 C.63 . 1.5 0.27
13 h.1 0.663 3.7 k.6 0.52 2 0.29
2 2.9 0.858 2.5 4.3 0.20 5 0.39
3% 2.4 C.967 2.0 4. 0.12 8 0.45
5 2.2 ca 1.CO 1.8 4.o 0.09 11 0.48




TABLE 18

od =4S caleined fov

dilferent

intervals

at &so°c

Time
in

hours

X

ace | (fraction

converted
to #n0)

actuzl surface arsas,

S'expt

S5'calce

multiple change
in number of
crystallites
(Stexpt/S'calc)”
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initial 4n$
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per crystal
of product

average
crystallite-
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product um
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hob,2 B -zinc sulphide oxidation

In the oxidation'of/%—ZnS,there is alsc extensive sintering
of the products. This is shown by considerable decreases in surface
area (Figure 52 and Table 16 ) cven at lower temperatures, viz.400° -
SOOOC, when about 25 - 60% of the zinc sulphide has been oxidised.

It may be difficult at the lower temperatures for the zinc oxide to
immediately form stable layers around the 2zinc¢ sulphide crystallites
partly on account of their poor crystallinity and partly because the
ﬁ~ zinc sulphide has a cubic lattice compared with the hexagonal
lattice of the zinc qxide. Ir contrast, ¢l~zinc sulphide and zinc
oxide both have hexagonal lattices with approximately the same axial
ratios (C/a = 1.64 and 1.60 respectively).:

Thus, =come sintering of the zirnc sulphide may occur by
surface diffusion in the earlier stages of the oxidation at lower
temperatures (one-third of m.p. of ZnS in degrecs absclute is 703K
or 43500).

Af higher temperatures, abcve 55000, the,ﬁ -ZnS is almost
completély oxidised to zinc oxide within the 5 h calciratidn time, and
the products have specific surfaces and.average crrystallite sizes
comparable with those obtained from the coarserw{-Zn3. Again, the
products are mainly zinc oxide, with less than 1% of the zinc sulphide
being converted to sulphate. The effect of this sulphate on the
sintering of the zinc oxide is hardly noticeable against the
considerable decrease (possibly at 600° ?) in surface dﬁring each
calcination,

boh,3 Crystallite and apgregate sizes of the coxide products

The average crystallite sizes (equivalent spherical
diameters) of the zinc oxide products are presented in Figs;56a and b and
Tables 15%16 calculated from the specific surfaces. Those for the
oxidation of«X\-zinc sulphide, are compared with the sizes of their

agrregates shown by electron micrographs in Figures 81 to 56(‘)-
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For the 5 hours calcination at 650°C oxidation of the zinc
sulphide to zinc oxide is practically complete. The zinc oxide
consists of aggregates with their larger (hexagonal) crystalliteg of
about 0.5;— 1 um visible at edges. This is in accordance with the
average crystallite size from surface area being 0.48.pm (Figure'6l).
At 700°C agecregates are generally Z;SJum siieL A few portions of
crystallites distinguishable at edges of some aggregates suggest
average crystallife sizes of about 1 um. Edges of smaller aggregates
somewhat rounded, denoting oncet of sintering (Figure 6}).

At 7500C growth of acicular crystals of 4nC are observed.
The.crystals are about 0.2 to O.S'pm thick and up to several microns
in length.

Replicas of the shorter (and broken longer) crystals are
shown in Fig. h6{)The major crystals have thickness of 0.1-0.2 Fm.

At 800°C acicular ¢rystals are merging to form blocks with rounded
edges (Figure 62). Above 850°C (to 1100°C) when crystal lattice
diffusion becomes appreciable, progressivgly larger aggregates are
formed with rounded edges (Figures 63-65 cf avervapge crystallite

sizes calculated from specific surfaces of ahout 0.3, 1 and 2 um

at 8500, 900O and 9SOGC vespactively.

The sintering above &50°C was sufficiently extensive to
impede the gxidation rate, so that it was not much greafer at 8500C_
than at 55000. For zinc ;ulphide compacts, the rate was lower at
95000 than at'9OOOC (96), ¢f negative temperature coefficients
occasionally found in oxidation of metals such as Nb {(98a).

The sintering process reduces the internal porosity and
total surface atrea and -consequently the reaction rates are lowered.
This was confirmed by the fact that when compacts of zinc sulphide

. ) . O, ) . ,
prezintered under aitrogen at 1050°C for 2 hours ware used in the

roasting experiments, the reaction rates are lowered.
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Chanter 5

Roasting of zinc concentrates

.

Five zinc concentrates were investigated, namely, New
Brunswick, Broken Hill, Heatnhsteele, Silvermines arnd Buchan's River.
Their composgitions are given in Table 19. The zinc¢ concentrates were
analysed by X-ray diffraction. They contain méinlylﬂ3~ZnS (cukic),
zinc blende and iron pyrites, FeSz.

For comparison, experiments were carried out on synthetic
mixtures of zinc sulphide- iron sulphide (FeSa) and. zinc sulphide -
iron oxide (Feaoz).

P

5.1 Thermogravimetric Analysis (TGA)

The roastings were performed on a thermogravimetric balance.
The zinc concentrates were ground and screened. The~200 mesh fraction
of the zinc concentrates was used.

Avout 1lg of the sample was taken each time senﬁ:ately in-a
porcelain crucible and introduced into the even-femperature zone 5f
the reacticn furuace. The temperature wai contrclled o within by 500,
at the operating temperature by wmeans of a tempsrature controller.

The experimants were conducted at different temveratures :anging from
650° - 900°¢,

At the end of esach expeoriment, the crucible was taken out of
the furnace and the roasted sample was analysed as descrived in
Chapter & for zinc sulphate and zinc oxide.

he Tormation of zZinc ferrite has been identified by X-ray
diffraction.

.2 Differentizl thermal analysis (DTA)

Ul

By this technique plhase transitions or chemic#i%reqctions
can be followcd_by ovservation of the heat absorbed>or-1iberated. A
weighed amcunt of sample (0.l1g) was taken ecach time. The sample was
heated at a ccnstant rate of lOOC/min at tne temperature range 0°-

o . . . .
10007C using a temperature controller as described in Chapter 4,
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TABLL 19

% W/ ?zszin‘s Silvermines | iieathsteels ﬁi;ien gixnswick
Zn 5/,00 52.17 48,75 52.6 h7.7

S 30.8 32.7 24,0 31.8 32,7
Pb 3.97 2.56 1.8 1:11 3.1
Ag%%%éEgé 5.11 1,17 .08 0.65 3.35
A" - - - - -
C1, 0.0003 0.0l 0.002 0.05 0.001
As c.03 0.11 0.06 0.06 0.12
Fe 2.55 5.8 11.9 9.85 10.9
A1203 0.45 0.72 Cc.08 D.26 0.55
Hn 0.02 0.05 0.02 0.7 n.ch
Cab 0.1 0.56 0.09 0.27 0.45
MzO 0.1 0.25 0.08 0.03 0.17
Insol.Res,) 3.8 - - 1.63 0.82
cd 0.22 0.25 0.1 0.L7 G,0R
Cu 0.75 0.1 1.26 0.12 0.2C
Bi 0.008 C.005 0.02h 0.003 0.0C5
3b 0.02 0.01 0.01 0.025 0.03
Sn 0.001 0.001 0.031 0.001 0.05
F, £0.01 0.02 0.01 0.05 0.02
Sas30), £0.1 0.30 0.21 G.17 0.83
<o, £.0.1 0.7 - Z0.1 -

Co $3.002 <£,G.001 0.015 0.025 -
Free C - O.h - - 0.3
Mi £ 0,001 0.01 - - -
5162 1.é 1.78 0.l 1.29 C.93
Ba S0, 2.5 0.65 - - -
(renl)eoj Oil 6.1 - - -

In - - 0.034 - -




5.3 Results and Discussion :

Thermogravimetric Analysis (TGA)

“The results obtained for roaesting zinc concentrates at each

m

of a series of fixed temperatures between 650° und 850°C for 40 minutes
are given in Table 20.

The relative amounts of products formed at the end of recasting
are given in Figure 67. The main reaction products are zinc oxide, zinc

. . . . . . . 3

sulphate, ferric oxide, little zinc ferrite, ZnFe204 and ;2 -4nS.

A number of experiments at constant temperatures ranging from
7000 - 85000 have'beeg made to show the formation of zinc sulphate and
zinc oxide with different time intervals in Table 21-2M(Figire73H).

.

5.3%3.1 Formation of sulphate on zinc concentrates roasting

Continuous isothermal experiments have been perflormed wusing
. . P
abovt lg sample each time al a series ol teaperatures between 367 and
o] . o . .
9007°C. 'The dependence of the weight change con the tempsrature 1s shown

in Figs.68-70. The thermogravimetric curves (Figs. 68-70) at these

temperatures have a specific form. At first the nxidaticn is vary

pronounced, the loss of weight passes through a minimiim, then there is’

a slov inzrease of weight on acccocunt of sulphate formaticn. This form

4]
%]

of the thermogravimetric curve heows that the raves of sulphate
formation and oxidation to zinc oxide vary differently with time due to
the increassd anount of SO3 gasg in thoe furnace atmosphere in the

presence of catalysts like Fe O The variation of the composition of

%
the phases with tamperature was investigated (Tablell-2h and Figs.73-94).
The amount of zinc sulphate increases rapidly with temgperature, reacning-
a maximam value at 75000 before decreasing to the minimum value recorded
at 850°c.

Fignre 67 shows that the maximum degree of sulrphation of zine
concentrates roasted at 75000 is related to the proportion of “nS and

Fesa in the initial concentrate. The degree of sulphation follows
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TABLE 20

Zinc Concentrates roasted for 40 minutes

Zine %
Concentrate Temp.OC (in_terms of total zinc in the nroduct)
as ZESOQ wnQ Zn?e204 + 4nS
Heathsteele 650° 26.2 54,0 25.8
" 700° 23.0 54,5 22.5
" 750° 26.0 55.0 18.0
1 800° 23.5 62.5 14%.0
L 850° 0.5 69.0 31.5
Buchan's River| 650° 13.0 22.0 15.0
" 700° 16.5 73.5 19.0
" 750° 19.0 76.5 | 4.5
" 800° 15.5 81.0 3.5
0 850° h.s 35.0 1G.5
Broken Hill 650° 11.0 55.0 4.0
" 700° 13.8 56.0 30,2
L 750° 15.5 58.0 26.5
" 300° © 10.8 €%, 5 N 1
" 850° 1.0 71.0 28.0
Mew Brunswick £50° 10.5 €L ,0 25.5
" 700° 13.0 £5.0 22.0
! 750° 15.5 65.0 18.5
" 800° 8.0 72.0 20.0
" 850° 0.5 79.0 20.5
5ilvermines 650° 3.5 73.0 23,5
" 700° 9.5 75.5 15.0
" 750° 12.0 8.5 9.5
g 300° 7.5 82.0 10.5
" 850° 2.5 88.0 9.5
















TABLE 21

Zinc Cancentrates roasted at isothermal temperatures

for different time intervals

_— -7
ainc S

(in terms of totazl

zinc in the

Concentrate TempOC Time product)
as ZnSOh ZnG ZnS + ZnFe204
New Brunswick | 700°C | 20=in| 8.5 51.0 40.5
" " Lo n 13.0 65.0 22.0
I " 60 " 16.3 £6.0 17.7
Brecken Hill " 20 " 7.0 12,0 51.0
" " Lo n 12.0 ' 56.0 31..0
" " £0 W 15.0 55.5 23.5
Heathsteele " 20 " 10.75 8.0 51.25
" ” Lo n 23.0 52.0 5.0
" " 60 v 23,0 52.0 25.0
Silvermines " o0 £.25 57.0 56,75
" 3 ho 9.5 75.0 15,5
" " 40 | 10.75 75,0 14,25
Buchan's Riveryj " 20 " 5.5 53%.0 hi.5
L " B | 16.95 7.0 §.25
" L 60 " L n §.25
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TABLE 22

Zinc Concentrates roastetd at isothermal temperatures

for different time intervals

Zinc % |
(in terms of total zinc in the
Concentrate TémpOC Time product)
as ZnSO£+ ZnG ns + ZnF9204

Heathsteele 750°c |1omin| 2.75 21.5 75.75

" " 20 " 9.25 40,0 50,75

" " ho v 26.5 56.0 17.5

n { go v 11.0 67.0 22.0
Broken Hill " W 1.5 28,0 70.5

" " 20 v 2.5 3,0 535

T " Lo n 15.5 58.0 25.5

" " go " 14,0 55.0 31.0
New Brunswick " " 2.0 29.0 £9.0

" " 20 " 7.0 55 .0 38.0

" " ho om 18.5 65.C 15.5

" " o n 1h.C 67.0 16.0
Silvermines " 10" 2.7 27.0 70.3%

" " 20 " 7.0 61.0 32.0

" " ho 11.75 78.0 10.25

" 1" 60 M 105 74,0 15.6
Ruchan's River " 10" 1.75 30.0 £3.2%

" 1 20 " 10.75 57.0 32.25

" " Lo 19.0 76,0 5.0

" " &0 M 15.5 75.0 9.5
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Zinc Ceoncentrates roasted at isothermal temperatures

for different time intervals

Zinc %

(in terms of total zinc in the

product)

Caoncentrate Tempoc Time
as ZnSOM 4n0 ans 4+ LnFeaOh
Heathsteele 800°¢ | 10min | 3.0 35.0 62.0
" " éo " 8.3 4s.0 he.2
" M ho 23,0 63.0 14.0
n z 6o o 4.5 65.0 30.5
r { 120" 0.5 65.0 3h.5
Broken Hill " 10" 1.25 27.0 TL.75
" B 20 " 2.75 GO.3 27025
" f ho 10.75 54,0 c5.25
" " 60 " 1.25 65.0 32.75
" " 120 " 0.5 £5.0 3405
Mew Brunswick " 10 " 3.5 35.0 . 6l1.5
" " 20" t.3 50,0 2%.7
" " Lo v 0.0 1.0 21,0
" " ARG £.0 P Q.0
" " 12007 0.5 2.0 17.5
Silvermines " o 3.C 30,0 58.0
" i 20 " 6.0 52.0 22,0
" " o 7.5 80.0 12.5
" " 50 M 7.0 82.0 11.0
" " 12c M 3.0 Sh.o 15.0
Buchan's River " 1o " 5.0 37.C 0.0
t " 20 " 6.5 53.0 30.5
1 " Lo v 15.5 &0.0 14,5
" " 60 1.C go.o +.1G.C
" " 120 v 0.25 £0.0 19275




TABLE .2l

Zinc Concentrates roasted at isothermal temperatures

for different time intervals

o (in terms of %ggal zinc in the
Concentrate Temp C| Time produck)
s ZnSOH an0 ans 4+ 'j_’m.F'ea(JlF
Heathstesle 850°c | 10min 1.3 24,0 74,7
K i 20 | 2.0 52.0 45.0
" L Lo 0.5 63.0 36.0.
" " 0 M 0.05 63.0 26.95
¥roken Hill ¥ 10 " 0.85 20.0 75.15
" " 2c " 1.65 53.0 55.35
" " ho n 1.CO Gh, 0 35.0
n L o " 0.6 65.0 34, b
New Brunswick " 10" 1.2 36.0 52.8
" " 20 3,15 62.0 34.85
" " g n 0.5 51.0 18.5
" L go o 0.35 83.0 16.65
7 " 120 0,20 36.0 13.8
Silvermines " 10." 2.25 34.0 63,75
n m 20 " 4,15 65.0 29.85
" " bo v 2.5 &8.0 9.5
" " 60 N 1.5 £8.0 10.5
Buchan's River| " 10" 1.1 30.0 L8.9
" " 20 M 4.5 (£%.0 32.5
" " ho " 3.0 2.0 5.0
1 " 60 M 1.0 82.0 i7.0
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CONCENTRATLS AT ISQTHERMAL

TEHPERATURES

(1 g sample taken each time; zinc

present in each constituent

expressed as percentage of the

total zinc in the roast).
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ZINC CONCENTRATES ROASTED FCR 40
MINUTES IN FLUIDISED RED

(1 g sample taken cach time; zinc

2?'5 present in each constituent

expressed as percentage of the

70 0 SN total zinc in the roast).
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the order

Heathsteele >'New Brunswick > Broken Hill') Silvermines,

With an increasing FeEOS/ZnO ratio, the degree of sulphation of the

zinc in the mixture increases, since the increqsed FeEOB Yecontact!

surfaée promotes more complete oxidation of SO2 to 803 (7). This

has been confirmed by using synthetic mixtures of zinc sulphide -

iron sulphide and zinc sulphide-=iron oxide(Figs.71,72,93 & 9% and Table 2/
In some of isothermal oxidations for different time intervals,

the amount of zinc sulphate formed reached a maximum value (e.g. in 40

minutes at 750° and 800°C, but in 20 minutes for 850°C) during the

early stages, and with further roasting the amount.formed decreased

(Figure 73-91 and Table2l-24). It is due to the fact thaf the 502 anc

S0, contents of the furnace gases decrease, whereas the oxygen pressare

3
increases considerably towards the end of the roasting, which favours
the decomposition of zinc sulphate.

It is interesting to note that in the sulphation of zinc
concentrates at temperatures 800° and 850°C (Fig.73%-94) in the initial
stages high rates of sulphation are established in spite of the )
formation of ferrite. It may be assumed, therefore, that Terric oxide
retains some of its catalytic power even when combined in a ferrite,

5.3.2 Formation of zinc ferrite and its effect on oxidation rate

of zinc sulphide

According to the free energy data (91), zinc ferrite can be
formed under ordinary roasting conditions. The extent to which zinc
occurs as zinc ferrite in the calcine will depend.cn the ;elative
amounts of zinc oxide and ferric oxide present, the time of contact
between these two solids, and other factors like temperaturelwhich
determine the kinetics between the two selids, X-ray diffraction

studies indicate that practically all the ferric oxide in tne calcine

22h.



at the end of roasting exists as ferrite and that oxygen-enrichment
at any given tLemperature does not appreciably reduce the azmount of
ferrite forméé at the end of the roasting period. This may be due
'to the fact tnat practically all the zinc sulphide in the concentrate
is converted to zinc oxide within the first 25 minutes.

5.3.3 mmeoasting of zinc concentrates in fluidized turbulent layer

Roasting experiments were conducted in & silica-tube furnace.
The reaction tube was made of silica. About 1lg of sample was taken
each time and introduced inte the even-temperature zone of the reaction
tube. Compressed air was then passed through the bed &g thé reguired
rate threcugh a. calibrated flowmeter. Temperature was controlled to
within T 5°C,

Roasting experiments were conducted at temperatures ranging
from 6?00 to 85000. Preliminary experiments sheowed that when air was
supplied at a rate greater than 450 cmz/min, the cxidation was
independent of the rate of flow of air (91). Therefore, in all
experiments the zinc concentrates were roasted at an air flow rate
)-450 cmB/min. At the end of experiment the roasted concentrate was
analysed for =zinc sulphate and zinc oxide.

Some experiments were also pgrformed in oxygen~enriched air;
oxygen taken from cylinders was introduced into the-air systen through
flowmeters. The results are given in Table 25 Figure 95. In
general, the oxidation rate increased in a fluidised bed and the
maximum amount of sulphate was obtained at a temperature 6700 compared
wvith 75000 in a stationary layer.

It is seen from the data presented in Figures 96-97
that oxygen-enrichment increases the sulphate content at higher

temperatures.




TARLLE 25

Zinc Concentrates roasted for 40 minutes in

fiuidized bed

a.

.
/G

Zinc

{(in terms of toctal =zinc in the

product)

-goncentrate Temp C

S as Z.nSO,+ ZnG ZnS + ZHFCEOQ

Yeathsteele 670° 19.5 52.5 28.0
" 750° 15.0 68.0 17.0
4 .850° 0.20 78.0 21.8

Buchan's River 6700 18.0 24,0 8.0
" 750° 13.0 75.0 8.0
L 850° 1.3 86.5 12.2

Hew Brunswick 6700 16.5 62.0 21.5
" 750° 10.3 73.0 16.7
" 850° 0.2 8.5 15.3

Broken Hill 670° 10.0 55.0 35.0
" 750° 7.5 62.0 30.5
" 850° 0.7 76,0 25.25

Silvermines 670° 7.5 80,0 12.5
" 750° 1 5.0 85.0 10.0
L 850° 0,50 92.0 7.5
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Figure 95
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5.k Differential thermal analvsis (DTA) curve of

]
.

zinc concentrates

Figs.98-108 show the DTA curves of the roasting of zinc
concentrates of different compositions. ‘The first exothermic peak
ac 44900 corresponds to the oxidation of iron sulphides. The height
of this peak is lowest for Buchan's River concentrazte as it contains
the lowest percentage of iron and sulphides. Mor comparison DTA
curves of iron-pyrites are shown in Figs.103%-104 and Table 28.The second
and third exothermic peaks in Figure 0@represent the oxidaticn of zinc
sulphide. The eéndotnermic peak at ?5000 in Figure 29 and Table 26
corresponds toe the decomposition of the sulphates formed in roasting.

Ia a static bed, i.,e. with no flow cf air through the bed,
the exothermic peaks are very broad (PigurelO35), which indicates the
slow oxidation rate of the sulphicdes iﬁ the concentrates.

The second and third exothermic pzaks in the DTA curve can
pe explained as focllows : The reaction ovrebably nucleates and
developes across the surface (first peak) and after a certain period
required for the destruction of the crystal lattice to ferm a reackion
interface it proceeds into the grain itself., This behaviour is
similar to that found for pure zinc sulphide which also gives two
peaks (Chapter k). The presence of these two peaks can hardly be -
explained on the basis of differences in the chemical compositions
of the - -sulphides, since all five zinc conéentrates studied show the

samme two peaks although they all contain different amounts of iron

sulphides.

5.4.1 D.T.A. Curvg of zinc concentrates in oxysen-enriched air
Figs.109-113 and Table 26 show the DTA curve of zinc

coﬁcenﬁrates in oxygen-enriched air. The first exothermic peék

corresponds to the oxidation of iron sulphide. The height of the

.peak is reduced guite considerably. The seccnd exothermic peak

230.




TABLE 26

D.T.A. Curves of Zinc¢ Concentrates
First Excthermic 2nd & Ird tndo-
peak due to Exothermic thermic
FeS2 oxidation . peaks due weak du
to Z4nS to dece
Concentrate| I'low rate . oxidation vositic
Initial Intense Initial intense of
oxidagion oxidation uxida&ion oxidgtion 'Sulphe
Temp C Temp C Temp ~C Temp C
New 80cm3/min 2339 kg Shp £25 & 750
Brunswick air GE0
" 0 Léo 525 662 725 806
Heathsteele SOcmB/min 386 L 39 542 625 & 32t
air 660
Broken Hill 1" - - 542 625 & ~
£60
n 0 - - 600 670 & -
725
3ilvermines 0 L25 LA 620 690 gLo
" 800m3/min
air 389 419,k251 sh2 6L3 & 736
& 4bsg 660
"Buchan's o 389 L61 550 700 38¢
River
X Socm’/min | 299 461 52 625 & 526
550
New 80cm3/min 389 | L85 600 650 -
Brunswick Oa—enriched '
air
Buchan's L %89 485 542 610 & 760
River 650
Heathsteecle n 439 460 Losg eTo) -
Broken Hill " - - 48s 567 &ge
Silvermines| " - - Lo 460 -
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TABLE, 27,

D.T.A. Curves of synthetic mixture

S)

(FoS2 + ¥n

First Exothermic “2nd & 3rd ndo-
peak due to Exothermic thermic
FeSP oxidation peaks due te peak du
Sample Flow rate ” 4nS oxidation to decc
Initial Intense Initial Intense positic
oxidation|cxidation| oxidation|coxidation) of
Temp C - 1Temp °c Temp C Temp C 'Sulphna
[5-2n5 + 8ocm”/min | 389 B30 & 542 595 715
20% Fe82 air L2
" 80cm” /min 5,85 530 576 550 -
Oa—enriched
air
ol -ZnS + 80cm’/min | 355 120 542 606 & 715
20% FeS2 air (10
Z, . >
" &0cm~ ' /min - - 485 520 -
Oz-enriched
air

232.




TLBLE 28

D.T.A. Curves of Iron-pyrites

First and

2nd’

Zr: Exothe

rmic peak

Endothermie

Exothermic peaks due to oxidation of peak due to
due to oxidation FeC or Fe704 to decomposition
of FeS, FeEOB) of 'Sulphate’
Flow rate TInitial Intense Initial Intense |
oxidagion oxidation oxidagion oxid%tion
Teap C Temp C Temp ~C Ternip C
80cm” /min 310 330 & 510 5h2 - 662
air 389
80cm” /min 325 342 & 520 568 -
Oa-enriched 389
air
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represents the oxidation of zinc sulphide. The endothermic peak
at 8060C in fig.109 corresponds to the dissociation of fhe
sulphate formed in roasling. As the oxidation proceeds mere intensely,
the exothermic peaks are ghifted to lower temperatures and there is
a narrowing of the temperature ranges of exothermic reactions. This
indicates the intense rate of oxidation of zinc concentrates.

For comparison, we studied the DIA curves of synthetic
mixture of zinc sulphide - iron sulphide (Figs.114-117 and Table 27).

The DTA curves of two zinc concentrates namely Buchan's
River and New Brunswick follow the same pattern as almixture of
synthetic ﬁ)—ZnS and. 20% FeSZ. But the other three DTA curves of
zinc concentrates namely lleathsteele, Silvermines and Broken Hill
follow the DTA curve pattern of the synthetic mixtvre of A ~ZnS
(hexagonal)} and 20% Fe5,. The exothermic peaks in the DIA curves
of Heathsteele, Silvermines and Broken Hill concentrates are shifted
guite considerably to the lower temperature range in comparison with
that of Buchan's River and New Brunswick concentrates. The same -
phenomenon have been .cbserved in the DTA curves of the synthetic
mixture zinc sulphide-~ iron Suiphide. It conld be explained in the
following manner.
The Heathsteele, Silvermines and Broken Hill concentrates are sintered
more in oxygen-enriched air than the Buchan's River and MNew Brunswick
concenﬁrates. The mixture of<{-2ZnS (hexagonal) BDH and 20% FeS, is
sintered more rapidly in oxygen-enriched air than the mixture of/%—ﬁns
(cubic) and 20% Fe5, at the same temperature. As £heC(- sample sintered
quite considerably, a protective layer of ferric oxide is formed
cutside the zinc-'sulphide layer, and so the diffusion of oxygen
thrdugh the ferric oxide layer slows down; there is an increased
tendancy of heat build-up at the surface of the sample due to uneven

s distribution of heat throughout the sample, leading to oxidation of
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the zinc¢ sulphide in the sample at a lower temperature. Thus, the
zinc DTA peaks tend to merge with the iron and some 4nS remains
unoxidiscd at the core of the sample. On examining the sample by
Z-ray diffraction, it has been found that the roasted samples of

Heathsteele, Silvermines and Broken Hill concentrates in oxygen-

enriched air contain more unroasted 72nS than the roasted samples of

Buchan's River and lew Brunswick concentrates at these peak temperatures.

S5.4,2 Cffect of additives (e.g. Tron sulphide) on sintering

of zinc sulphide

0, . . L . .
At 850°C, when &nS0, is absent, the addition of iror sulphide
T
enhances sintering. Pure zinc sulphide after 5 h calcination has

a
s 2 =1 . _ 2 -1
specific surface of 2.0 m g =, compared with values of 1.5 and l.1lm g

for samples containing 2.7% and 5% respectively of FeS.

1

At 600°C, specific surfaces of S.4%, 4.1 and 2.6 ng * are
recorded for the oxidaﬁion of the pure ZnS, 2n8 + 2.7% FeS and ind +
% YTeS respectively.

In sphalerites, iron usually replaces zinc isomorphously,
the Fe content ranging froﬁ a trace to as much as 15¥% or more (98).
The sphalerite concentrate from Hew Bfunswick, contains zbout 10% Fe.

The influence of small gquantities of iron sulphide on the
roasting of zinc sulphide Qas studied., The experiments were
performed with zinc s:lphide containing 25 to 75% iron sulphide as
vell aé the five zinc concentrates which contain iron from 2.56 to 12%.

In the case of the synthetic mixture and the concentrates
with the iron content below 5 % the rate of roasting was practically
the same as that of pure zinc sulphide (Figure67).

However, with the =zinc concentrates containing 2/10% iron,

ere was a decrease in the rate of roasting.
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In the case of pure zinc sulphide, the only product of
oxidation was zinc oxide, though almost negligible amounts of
sulphate were formed at the lower temperature investigated.
| For the mixture zinc sulphide -~ irecn sulphide, the zinc
oxide and iron oxide produced while roasting wéuld further react to
form the zinc Ferrite, similar to its formation from the "initial zinc
sulphide - iron oxide mixtures. Lowering of oxidaticon rates for the
concentrates and synthetic mixtures is ascribed to sintering caused
by ferric oxide present. This oxide is formed preferentially to zinc
oxide in the roastings, both thermodynamically and kinetically on the
basis of a faster ratc of diffusion of iron at the oxide boundary (98).
This ié in accordance with earlier research (99) which indicates that
ferric oxide sinters extensively above 65000 {(this being its
Tammann Temperature - half melting point in °x) and-thus it accelerates
sintering of cther oxides, e.g. lime and magnesia.

The presence of appreciable amounts of iron as sulphides irn
the zinc concentrates is undesirable not only because of the formation
of the zinc ferrite from which zinc is not easily recovered in leathing
process, but also because iron sulphide retards the roasting raécs.

5.5. Zinc ore roasting at higher tamperatures

Typical mixtures of zinc concentrates of varying compositicn
were sintered., About 2g sample was taken in an alumina crucible and
heated in 3 furnace for 2 hours at temperatures ranging from 900O to
llSOOC. After roasting, the solid consists almost entirely of zinc
oxide and zinc ferrite. At temperatures above $00°(to 1150°C),
oxidation is rapidly completed and the content of zinc ferrite, 7Zn0O.
FeZOE’ decreases because of dissociation becoming appreéiable ahove
lOEOOC. Volatilization of lead, cadmium and silver as well as zinc

sulphide greatly increased above IOOOOC. A considerable fraction of

iron oxide was transferred also at high. temperatures from. the course




roaster to the Clue dusts (100); Consequently, the crystals formed
at the top of the sintered cake were Zn0C and magneto plumbite, identi-
fied by X-ray diffractiorn and their cptical micfographs are presented
"in Figure 118. Scme of the ferric oxide is dissociated to magnetite;
although.thg dissoc;ation pressure 1s 1 atm atllﬁoOoC, the low
oxyégnapartial pressure at the oxide~sulphide interface permits the
dissociagion.to occur at lower temperatures (1050° - 1150°C).
Between 900O and IOSOOC all of the iron is present as zinc ferrite,
identified microscopically by its high reflectivity and red internal
reflections (Figs.124-25). The light grayish grains in the pellets
calcined at 1100°C to 11500C do not exhibit internal reflections
indicating that magnetite is prescnt (Fig.126).

The overall dissociction of zinc ferrite above lOSOOC
produces zinc oxide vapour and finely-divided ferric oxice and magretite,
much of which is transferred readily from the sinter cake Lo the Ilue
dusts. The resicdual calcined pellets exhibit a glazed surface with
evidence of some coalescence with smaller grains of decomposed
materials (101). Nevertheless, the average particle size is still
smaller than that of the normal overflow in snite of some decrease ip

porosity caused by reccrystallization and fusion (Figures 121-123).

5.6 Effects of lime and silica on the sintering of

zinc concentrates

The cxperiments were performed with the addition of 18% CacCO

~

and 10% SiO2 to the zinc concentrates at the temperature 115000. The

3

rhases present in sinters have been identifisd by X-ray diffraction,
The outside of the sintered pellet contains mainly zinc silicate,
calcium sulphate and unroasted zinc sulphide, whereas the insice

. 1 . . . - . . m
contains som=2 i -Zinc sulphide, zinc oxide und zinc ferrite. The
loose powder at the top of the sintered pellet contains Zinc oxide and

magneto plumbite and their micrographs are presented in Figures 118-20.
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FISURE 118
PHOT OMICROGRAFHS

VT A el _ s R . . '
Hew Brunswick Concentrate roastad at 95008

with additives 18% CaGD3 + 10% 5102 for 5 hours

Hew Brunswick Srncentrate ( 200 mesh)
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FIGURE 119

New Brunswick Concentrate ( 200 mesh) roasted for
2 hours at 1,15000 (outside surface of the sintered vpellet)

Broken Hill Concentrats ( 200 mash) roasted for
2 hours at 1,150°C (outside surface of the sintered cake)
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FIGURE 120

(a)

New Brunswick Concentrate ( 200 mesh) roasted for 2
hours at 1,150°C (inside surface of the sintered Hellet)

Broken Hill Concentrate ¢ 200 mesh) roasted for 2 hours
at l,lSDOC (inside surface of tha sinters=d cake)
260
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(a)

New Brunswick Concentrate roasted for 2 hours at 1,150°%
(white ring surrounding the sintered pellet)

(b)

e

Buchan's River Concentrate roasted for 2 hours at 1,150°C

( white region in the sintered calke shows the formation of Zr3
crystals) 261




*ICURE 122
OPTICAL MICROGRAFHS OF ZINC OXIDE CRYSTALS

onign Hill‘boncentrate with additives (18% GaCD3 + 107 810,)
PElgE2d fod X hours at 1 150°C (loose crystals formed at uhe
top of thes sinterad cake)

Magnification: x 160

New'Brunsylcx Concentrate with addltives (18m CaCoO

+ 10% 3102)
roasted for 2 hours at 1,150°C.

3
262



FIGURE 123

New Brunswick Concentrate ( 200 mesh)-roasted for 2 hours
at 1,15000 (loose powder formed at the top of tha sintersd cake)

Magnification: x 160

P . o

’ @J ’,\') . -
roasted for 2 hours

Broken Hill Concentrats (
at 1,150%.

»,

\ .
200 mesh)

Magnification: x 160 263
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The main reaction is essentially diffusicn of the sulphur
outwards from the centre of each panticlevin exchange for oxygen
diffusing inwords. Some zine oxide Fformed evidently reacis with the
silica (and possibly calcium silicate present) to form zinc silicate
which miprates to the outside of the particles. Further reactions
between the lime, sulphur d2oxide and oxygen produce calcium sulphate

2 2

mediate formation of calcium =zulphide by double deccmposition with
1Y

either directly, viz. 2 Ca0 + S0, + O 2 Casoq, cr by inter-
<

CaS + Zn0. The low melting point

1

zinc sulphide, viz, Cal + Zns
of éhe calcium sulphide would assist Bulphuqﬁiffusion to Lhe outsidsa
of the particles and also promote sintering. Sincé anhydrite
appreciably decomposes to lime at temperatures above 9OOOC {(102),
the absence of sulphur dicxide after all of the zinc sulphide has

been oxidised would lead to the migration of the calcium sulvnhate tc

the outside of the particlies and its ultimate decomposition.




Chapter 6

Concluding Summary

6.1 Precipitation and Ageing of zinc sulphide

Tor basic oxidation studies, zinc sulphide samples of
widely-different specific surfaces were prepared. They were
precipitated from sclution at various pH levels and in the

presence of different concentrations of electrolyte.

In strongly acidic solution (pH41), irregular apggregatecs

are formed of 0.001 to 0.0l um size. Less acidlc conditions
produce & greater proportion of smaller particles, as founrd in
precipitations from Q.1 EwZnSOh or Zn012 solutions and hyd;ogen
sulphide. Here, the pH decreases from about 5 to 1 as
precipitation proceeds and the average crystallite sizes (from
spécific surface measurements) are about 0.0l pm increasing to
about 0.03 um on ggeing for 10 h at EOOC1 and Tinally acquiring
a comparatively slow growth rate. At electrolyte concentrations
below 0.1 M, the greater coagulating effect of the divalent
sulphate ion ccmpared with the univalent chloride ion.is not so
prominent in promoting crystallite growth. Thus, the sulphides

precipitated from these zinc sulphate and chleride solutions

(and subsequently aged) have similar specific surfsces and averare
g [ 8

crystallite sizes. Values of the same order are obtained from
X-ray line- (or peak ~) broadening measurewents} differences are
explained in terms of the crystallite size distribution and
porosity of the products,

Similar crystallite sizes are given initially when zinc
sulphide is precipitated in alkaline conditions, viz. from salt

sclutions added to sodium sulphide or from zinc oxide dissolved

in 3M NH, solution and treated with hydrogen sulphide. However,

>
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subseqﬁent ageing is slower than in. acidic media. Precipitafion
at progressively increasing pH from about 5 to 7 (when sodium
sulphide is added to zinc sulphate) is accomﬁanied by hydroiysis
of the zinc salt with ccnsiderable loss in surface area (and
incregse_in crystallite size) of the producg.

| In the presence of additives such as sodium chloride,
the ziﬁc éulphide tends to crystallise as platelets. The changes
have been correlzted with the corresponding variation in the
crystallite and agcregate sizes.

[

6.2 Oxidation of pure zinc sulphide

when pure zinc sulphide is roasted at temperatures above
400°C in air (or oxygen-cnriched air), the main oxidation products
are zinc oxide, zinc sulphate, sulphur dioxide or sulphur trioxide,
énd possibly a basic sulphate, ZnO. EZnSOM. The iast nasied has
been identified by X-ray diffraction in the roasted saunle,
particularly at temperaturé 77 65000 for more finely-divided
P-zns and W 700°C for coarser 4-Zns.

InAthe isothermal oxidations below 850°C, tha zmount of
zine sulphate formed in the ezrlier stages reached a.maximum value,
before decreasing on further roasting. The decomposition of the
zinc sulphate results from the 302 and SO3 contents of the furnace
goses decreasing while the oxyzen pressure increases considerably
towards the énd of roasting, giving hish values of POE/P{total) at
which the sulphate decomposes. Also, at these temperatures, the
thermodynamics are favourable for the decomposition of zinc sulphate
to oxide by interaction with zinec sulphide.

Three types of kinetics have been distinguished for the
oxidation of zinc sulphide in a stationary layer. At low temperature,
when the reaction rate is low in compariscn with thne rate of
diffusion (kinetic region), the overall reaction rate is-determincd
by the truc kinectics at the surface and grows exponentiall§ with

1

temperature in agreement with the Arrheniu's law. However, this
& )
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growth continues only until the reaction rate becomes comparable
with the diffusion rate. The process subsequently transfers to the
diffusion region where its rate is determined entirely by the
diffusion rate and grows only extremely slightly with temperature.

With such a dependence -of the rate of heat emission on temperature

ol

and under specific conditions of heat removal, three stationery heat

modes are possible; the intermediéte one is unstable, the upper
corresponds te the diffusion region and the lower is in the
kKinetic¢ region. The abrupt transfer from the lower to the upper
stationary heat mode leads to ignition at the surface of-the zinc
sulphide.

The activation energies for the kinelic, intermediate and
diffusicn regions are (in K.cal/mole) 55.9, 20 and 2 for cl-7n5 and
k2, 18 and 1.3 for S-2nS respectively.

Sulphate formation is much more prominent in the presence
of platinum: (crucibles) wvhich catalyses formation of SQB gas in
the furnace atmospheres. Thus, up to 30 and 35% of A andf3—zinc
sulphides are converted to sulphate at GEOOC, compared with less
than 1% in the absence of platinum. The catalysis of the 2502 + 02
_ 2 SO3 rzaction ensures a sufficient partial pressure of SO3
to prevent the zinc sulphate decomposing until abnormally higher
temperatures are reached. lence, the amounts of zinec sulphate were
correspondingly larger even up to 85000, above which there was no
sulphate formation in the oxidations in either air or oxygen-
enriched air. The information obtained for the reaction of zinc
oxide and sulphur trioxide at lower temperatures explains the
formation of larger amounts of zinc sulphatc in zinc roaster dusts
ccmpared with primary calcines.

A two-stage oxidation mechanism for of- and‘ﬂ-zinc

sulphides is indicated from 2 exothermic peaks being given in




DTA thermograms at lower air-flow rates, viz. (1) nucleation of
zine sulphide and develeonmont of the reaction across the surface
of the particles {(cf kinectic region) and (2) penetration of

oxygen through the newly-formed zinc oxide layer, promoting further

oxidation by an advancing interface mechanism inwards from the

outside of each particle (cf diffusion region).

The oxidation rates, particularly in the diffusion region,
are lowered by the sintering of the products at nigher temperatures,
which reduce the internal porosity and total surface area. Sintering
of the zinc oxide by surface diffusion became appreciable about

(o} . o e} \ 3 oo .
500°C and extensive above C50°C when crystal lattice diffusion
became operative. The sintering is acceleratcd between these
temperatures by any zinec sulphate formed.

6.3 Roasting of zinc ore concentrates

In the roasting cf the zinc ore concentrates, the rates
of sulphate formation and oxidation to zinc oxide vary differently
with time, because of increased amounts of sulphur trioxide gas

in the furnace atmosphere in the presence of catalvets like ferric

oxide, reEOB.

With an increasing Feéo /Zn0 ratio, the degree of sulphation

3
of the zinc in the ore or synthetic mixture incresses since the

increased E‘eaO—_5 'contact' surface promotes more complete oxidation

of the 50, to 50,. In the initial stages of the sulphaticn of

3

zine concentrates at 800°C and 850°C, high sulphation rates are

estabhlished, despite fermation of zinec ferrite, i.e. the ferric

oxide retains some of its catalytic power even when combined in a

ferrite.
Tests on the influence of iron oxide on the roasting

behaviour of zinc concentrates show that S% iron present as
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