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1.' Abstract,

Various samples of synthetic and natural cassiterite
have been reacted in H,/HCl and CO/HC1 mixtures in the range
500 - 700°C; the reactions occurring have been studied using
a variety of techniques. Cassiterite undergoes two reactions
in each of these mixtures, one to produce SnCl, and the other
to produce SnClu. Grains of natural cassiterite reacted
preferentially in those regions contaihimg iron-bearing
inclusions, Addition of L.3% FepO3 to synthetic cassiterite
caused increases in the rate of reaction in Hy/HCl of
approximately 100% at 600°C; the presence of FepOz also
catalysed the reaction of synthetic cassiterite in CO/HC1
mixtures. The presence of Nby05 and WOz, two common
impurities, retarded the reaction in H2/H01. The presence
of F8203 represses the reaction to produce SnClj by relieving
the high energy sites at which this reaction occurs.
Catalysis of the reactions, which produce SnCl,, occurs via
chemisorption of the reductant on iron metal produced by

reduction of FeQOB.
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2., Introduction

2.1+ Occurrence of tin.

The principal mineral of tin is the dioxide ' cassiterite,
and it is found in wany localities throughout the world.
Cassiterite occurs as veins in hard rock, primary cassiterite,
and in alluvial deposits where particles of the mineral have
been liberated from the rock matrix by weathering. The per-
centage tin contents of these two types of ore bodies are
approximately 2 and 0.1 respectively.

2.2. Classicgl methods of treatment of alluvial and lode

deposits.

In alluvial deposits the cassiterite occurs as discrete
particles of up to 3 cm diameter and no grinding process is
required to liberate it from the other, valueless minerals
{gangue). The high specific gravity of cassiterite (6.95) as
compared to the gangue (2.7) is used to separate the cassiter-—
ite from the other minerals in machines that have been
developed over many centuries., The high grade tin concentrate
so produced contains 80-80% SnOo; the chief impurities are
the oxides of S8i, Fe, Nb, Ta, Ti, W and iin while spectro-
graphic analysis has shown that traces of Ge, Sc, Zr, Ga, Be,
Hf, In gnd V also occur1. This material 1is subJected to
carbothermic reduction to produce metallic tin. The crude

tin is further refined by partial melting, poling or by blow=

ing air through the melt.
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Casslterite occurring in vein deposits is still firmly
embedded in a rock matrix from which it is relecased by the
expensive processes of crushing and grindlng or comminution.
Comminution of the ore results in heavy losses of tin in the
separation stages owing to the formation of particles too
small to be amenable to existing gravity separation techniques.
In Bolivia, for instance, only 50% of the total tin content
is recoveredg. The tailings from such a process usually
contain more tin than most commercially viable alluvial
deposits; 1t is the particle size of the cassiterite which
determines the success of the process. The concentrate
resulting from this treatment is treated 1n the same way as

that obtained from an alluvial depesit,

2.3. Chemical methods of treatment of cassiterite,

The failure of current physical processes to separate
fine-grain cassiterite from relatively rich vein deposits,
of which there are an appreciable number39 has led to the
consideration of chemical methods of treatment for low-grade
tin concentrates (i.c., less than 50% Sn). These methods may
have one of two purposes, either to increase the 8n0Oo, content
of the material for eventusl smelting or to bypass the smalt-
er and form metallic tin by some other means.

Selcective leaching of the SnOp using some agueous re-

agent has been considered a possibility but is not viable

commercilally owing to the very slow rate of dissolution of
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the cassiterite, Owing to the refractory nature of the
mineral it is necessary to use a higher temperaturc than that
possible with aqueous systems and various processces reguiring
heat treatment are described in the following paragraphs.

The reaction of SnOs with elemental sulphur or locally
occurring pyrite both with and without addition of carbon
has been investigated by numerous research workers(2’u‘7).
Although high yields of SnS were obtainecd, the severalfold
excess of sulphur and the high temperatures (up to 1300°0),
required rendered the process uneconomic.

Studies have also been made by Decroly et a18’9 on the
possibility of volatilising SnO from low—grade tin concentrates
by autoreduction under wacuum at 115000. The process, how-
ever, is too slow, requiring residence times of more than
thrce hours, even in the presence of metallic iron as reduct-
ant.

A number of procedures involving the conversion of
cassiterite to tin chlorides have been proposed and invest-
igated; they have certain advantages over the previously
mentioned treatments in that the reaction is fast below
1000°C, the reagents may be selective and also that the
resultant chlorides may be easily converted into 8nO, by

hydrolysis or directly to metal by electrolysis. Thess

processes are discussed in wmore detsil in section 2,5.
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2.4, <hloride metallurgy in current processes.

Treatment of mineral ores by chlorination is z well-
establishcd unit proccss of extractive metallurgy. In the
folloving consideration of somc of these processes certain
general aspects are apparent which are 2lso pertinent to any
chemical treatment of cassiterite involving the production of
tin chlorides. liost of the metals realised by chlorination
procedures are prescnt s2s multiple oxides (c.g. W from CaWoy
and I'o and Te from (Fe, Iy)( (Ib,Ta) 03),) which are not
amenavble to procesging by conventionasl hydrometallurgical or
smelting technigues, Thelr incressing usage and rarity
provides econcmic Justification for this comparatively expens-—
ive treatment. The basic reguirements are first; a high
degree of selectivity, preferably in the formstion of the
chloride but possibly in the volatility or solubility of two
or morc chlorides formed by the reaction. The second reguire-—
ment is a method of converting the chloride into a useful
form of the metal.

The best known process of this type is the Kroll process
for the production of Ti and Zr from rutile and zirconia
rcspectively. The metal oxide is briguetted with carbon and
reascted with chlorine at red heat to produce the volatile
tetrachloride which may then be fractionally distilled to
free it from impurities such as Terric chloride, The tetra-
chloride is reduced to metal with molten magnesium or sodium

at approximately 800CC in an argon atmosphere. The metal may
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be freed from magnesium and mcgnesium chloride by volatil-
isation of these impurities at 1000°C.

¥errovanadiumy, which is produced by smelting, is used
as the sopurce materisl in the commercial production of vanad-
ium metal by a modification of the gbove process. In this
case the alloy is chlorinated to VC1) and subseguently
reduced to metal by molten maghesium.

Miobium and tantalum occur as mixed pentoxides; thcse
are reacted with chlorine to nroduce the volatile penta-
chlorides, which are subjected to reduction by hydrogen at
500 - 5500C; at this temperature only the NbCl5 is converted
to splid, non—-volatile Nbcl3, leaving TaCls in the vapour
phase.. Niobium metal is produced by further reduction.

Another treatment which is being developed for commcrcial
use is the TORCO process for the segregation of metallic

10,11 In this case the

coppcr from refractory copper ores,
finely ground ore (less than 5% Cu present as mixed oxide/
sulphide) is mixed with 1 - 1.5% carbon and 0.3 - 1, sodium
chloride and heated to 700 - 800°C, It is believed that

HC1l, formed from hydrous silicates in the ore and the sodium
echloride, reacts with the copper minerals to form cuprous
chloride vapour; the latter is reduced by hydrogen at the
surface of the carbon narticles regenerating HCl. letallic

copncr, in the form of larger grains than the original

minerals, is thc end producte.
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liany chemicelly fecasible chlorination nrocesscs
for thc production of the chlorides of Ta, Cu, Pb, Ag,

y 540 ,W,Th,Gc and Si,1gT2j have becn investisated by various
workers but none, so far, has bcen dcveloped to a commercial
fcalec of operation.

The principal disadvantages of chlorination are the
chemical englneering difficultiecs of dealing 7ith highly
corrosrlve reagents at eclevated temperatures and the problems
involved in thc recovcery of volatile chlorides. The higher
chlorides are suscentible to hydrolysis and difficult to
collect in a condenser. Alsc, where fluidisecd beds have becn
tested, abrasion by the hard mineral particles 1s a serious
problei., The chlorination of cassiterite, as a viable
commercial process, would also be subject to these difficulties
end in sddition, vhere a low-grade concentrate 1s uged; the
large amount of heat required would present a further
economic problem.

2.5. Chloride metallurgy of tine.

Tin forms two chloridecs, SnCly and 8nClo, cither of which
msy be prepared using a varicty of chlorinating agents:

SnCl, is formed only when a reductant is present. Table 1

2
shows the standard frec energy change on converting one mole
of 8n0o to 8nCly using a numbcr of common metallic chlorides,
HC1l and Clo. [The thermodynamic date given in thie thegis
are taken from Bulletin 605 of the U.S. Burecau of Mines by

C.B. Wicks snd ®.E. Block (1963) and from 'lictallurgical
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Thermochemistry' by O. Kubaschewski, E.Ll. Evans and C. B, Alcock,
4 ¢dn., Pcrgemon, London (1967).]

Table 1.
Free cnergies of reaction of 8nOs to SnCl)y, ueing different

chlorinating agents. (kcal per mole of SnOj)

%Ten@erature(oK)“ racl | KOl 31»@23512 CaCl, §Fe01§§ﬁ01 01, |
| 8o 183.1 | 23%.9 § 507 | 66.1) 1.0 (k.2 | 5.5 |
; 900 179.3 | 231.1 [ =0.7 | 62.11 .1 25.1 301
{1000 176.3 | 228.3 ?-5.1 59.7! 5.0 §8.1§ 2.7 |
l*_ 1100 7L 7 22@2" 4.2 | 57.62__ 7.0 ‘59.4% 1.

This table shows that both NaCl and XC1l would be poor
chlorinating agcnts; the reactions involving NMgCl, and
CaClo may be made more favourable by the addition of silica,
which is usually present in gangue matcrial, to convert oxide
products to silicates. Under these conditions, any mildly
unfavourablc frece cnergy changes would be offset by the
removal of the volatile SnCly so that the reaction would go
to completion. The use of FeClz prescnts a difficulty in
that it would condense with the SnClu and a considcrable
refining operation would be necesssry. The presence of carbon
in the reaction witn Cl, would rcnder it even wmore favourable
by removing oxygen as COo (& G?OOOOK = =97.6 kcal).

The production of SnCly instcad of SnClp presents a

number of technical difficulties and economic »roblcms,
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The formation of Snclu requires more chlorinating agent
unless thoe vrocess con be cycliscd and at these temporatures
the best chlorinasting agent, viz, chlorinc, 1s unsclectivc

so thnt iron oxides are nlso convertecd to the volatile tri-
chloride, Also if SnClu is to be condenscd then large

losses would bec incurred ss the vapour pressure is still
appreciable at thc lowest practiceblec industrial temperatures
(7mm at 10°C). As has becn mentioned previously, air must be
excluded to prevent the back rcsction:

SnGlu(g) + Oz(g) —>  8nOs(c) + 2012(g),:5 = =2.7kcal,

a0
1000°K

and the hydrolysis:

o —_

1000°K"

Owing to thesc difficulties, the production of SnCl) has

Snclu(g) + 2H,0(g) —> SnOo(c) + LHC1(g), AG -8, 1kesal,
not becn considercd as a viablc large scale commercial procegs
in the extraction of tin and most recscarch work hss been
carried out on thc formation of SnCly by reaction of cassiter-
ite with a chlorinating szcent in the presence of a reductant,
The formation of HnCl, has a nunber of advantages in that less
chlorinsting a;ent is used, incondcngsible losses are decreased
as the beiling peint is $25P0K, and less rcfining is needed as
other gascous impurity chloridesy; c.Ze Fe0139 remain volatile
at that temmerature, NWon-volatile chlorides, c.g. NaCl,
would remgin with the ~ansue matcrial.

Stannous chloridc may be producecd from cassitecrite using
a varicty of reductants and chlerinsting acents. A number of

broccsses using the following reagents have been investigzated:
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0/Fa01;%2 0/0aC15;27720 /2010326927 ¢/Fen1y; 20728
C/1gClp;25523  ©0/C15;30 co/mot ;2 Hp/HC1.22 2! Reaction in
the first five srstems may be reprcsented as follows:
Sn0s(c) + C(e) + HCLly, (e;1) = SnClo(g,1) + CO(g) + #O(c)
The tomperaturcs st which 4GP = 0, abovc which the resction
is favoured, arc civen below:
Mo 2Na Ca Zn Fe kg
T(%3): A500 Y30 630 650 530

These fizures may be regarded as a rough gulde only as
the activities of the chloridcs may be rcduced by mutual
solution, while the presence of silica will in some cases
dcecrease the temperature required by converting oxide pro-
ducts to silicates,

Reazction in CO/012 pecurs according to the following

opceration:

SnOs(c) + 200(g) + Clo(g) = SnClo(g,1) + 2C0o(g)
aGp = =54,600 - 3.9T

The reaction is thermodynamically fcasible at all scnsible
temperaturcs.
Sn0, reacts in CO/HC1l =nd Hp/HCl as follows:
sn05(c) + CO(g) + 2HC1(g) = SnClo(g,1) + COp(g) + HyO0(g)
and
SnOp(c) + Ho(g) + 2HCL(g) = snClos(g,1) + 2HpO0(g)
for which the respective standard frece cnergy changes are:
6,750 + 5,067 log T + 2.22 x 107972 ~ 33,307 and
15,330 + H.06T log T + 2.22 X 10572 - L, 14T. The reactions
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are thcrmodynszmically favoursble above anproximately 650 and
550°1 regnectively.

The usc of s0lid chlorides causes mclting phenomena in
the charge rcsulting in lower conversion yiclds while gaseous
chlorine is unsclcctive so that HCL appcears to be the best
available chlorinnting agent. The usc of FeCl, is further
ruled out as iron is usually regarded as a troublesome
lmpurity during smelting and cfforts have been made in the
past to remove it from the gangue material by scid leaching;
howevery; when thc tin content of the ore is low, this sHrocess
beccomes inhibitively cxpensive. Paradoxically, in two of the
treatments mentioned sbove viz. the Ashcroft-Elmore process
28 .na chizikev's work,>° FeGls and FepOz arc ndded
respcctively, in the one case to cffect the chlorination
itself and in the other to increase the rate of chloringtion.
Chizikov found thnt the prcsencc of approximately 20% Fe203
achieved a L0, increacsec in the volatilisstion of SnCly from
the resction of $n0, in 00/612.

In the majority of cases, the rescarch work done on thc
above procepgos has consisted of feasibility studics heing
various samplcs of low—gradc tin conccntrates, Nieuwenhu18331
Prosser and Romero-? cnd, to some cxXtent, others of the U.S.
Bureau of Mines32‘3u, however, havce eXamincd the kinetics of

reaction of cassiterite in CO/HC1l and Hp/HCl mixtures.

Mieuwenhul s used 2 synthetic concentrate containing 5% Sns,
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1.25% Fe and 684 810, and studied the reaction in o fluidised
bed st 700-800°¢. The gas mixture he uscd was ecuivalent to
CO/1iCl, being formed from nartially burncd oil and Clo. He
found that SnCl, was the major product and that the rate of
volatiligation wae nroportional to the hydrogen chloride eon-—
centration., The rate increased with decrcasing C0:CO, ratio
above the minimum rcgquircd for conversion and Péb and the
PHCl: PCO ratio did not affect the ratc; he calculnted the
activation encroy as 28 Xeal mole-1. In order to obtain
stznnous chloride, as the major product, he found it wacg
necezsary to rapidl, cool the exit gases to prevent the follow-
ing oxidation reaction:
28nC1,(g) + 200,(g) = SnClyek SnO,(c) + 2C0g)
aG8 = ~18,570 = 3.L6T log T - 3.26 x 107572 + 58,45 T,
This recaction is incrczeingly favoured as the temperature is
lowered,

The reaction between a rich tin concentrate
(~77% Sn0,) of sn alluvial Nigerian cassiterite and Hp/HC1
mixtures hae been studied by Prosser and Romeros?, Using the
technicue of thermogravimctry and carrying out the reaction
in the region of 600°C, two types of rate curve were found:
in one case; 2t high pressurcs of hydrogen and low hydrogen
chloride pressures, the reaction started immediately and
broceeded steadily; increasing the proportibn of hydrogen

chloride had the effect of causing initiagl rapid reaction of
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approximately 55 of the cassiteritec in thirtry wminutes, which
was followed by an induction seriod of several hours. Hor
steady reaction at 610°C, they found thc data fitted the rate
laws:

R/p = 1.1 x 107h
vhere R is the ¢ cassiterite volatilised per seccond and p is
the partial pressurc of hydrosen in cm Hg., Yo correlstion was
found between the reaction rate and the pres:ure of hydrogen
chloride,

The prescnce of an induction period would indicate the
build-up of a reaction intcrmediate and examination of
particles; during the early pcriod of reaction, showed that
they begin to react in regions of crystal impcrfection. Some
residuec showed the prcscnce of particles varying in the
extent of recaction,; whilc microscopic exzmination of polished
sections of the original moterial showed the existence of
bands of iron oxide inclusions,; cach band varying in the size
and density of these inclusions.55

Couplecd with the evidence »roduccd by ChizikoVEO, it
may be inferred that thecsc inclusions have a possible catalytic
role, either in the splid state or as gateous intermcdictes
€. s FeCl3z.

2.6. Decscription of prpject.

Hydrogen and hydrogen chloride at low pressures are

considered to be casily produccd in situ by clectrplysis in a
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country where hydro-electric power is cheaply available; this
would be the cace 1f the mountailnous region of Bolivia were
developeds. The principal factors militabting 2gzinst the use
of such a proccss involving Ho/HC1l mixtures are the large
amount of external heating reguired and corrosion,; thus any
decrcasc in the reaction temnsrsture would make this treat-
ment cconouically more fensiblc., This investigation; there-
forc, deals with the possible catalytic function of iron-
bearing matcerials in such a system, which would effectively
lower the required temperabture for a siven yield. As any
examinztion of the catalytic role of thesc inclusions recuires
the prior study of the rcaction in the absence of impuritieg,
the preliminsry work of Prosser and Romero”? is extended
using a variety of pure SnO, specimens. Attem.sts arc mazde to
determinc the effects of impurities aznd also the mechanism by
which they produce thesc effectis. To detemine the kinetics
and mechanism of the regction certszin variables are taken into
accountb:
1e Temperature,
2. State of the stannic oxide-particle size; bed-depth.
Se Gag composition and totzl as pressure.
L, Gas-Tlow racte.
De Pretrcatment of the stannic oxide - stoichiometry.
6. Influcnce of products.
s Amount and physicnl state of the impurities.

Where appropriate; the effects of thesc variables are

studied using both macro- =2nd micro-technigques.
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3. Bxperimental procedure,

The reaction of cassiterite in Ho/HC1l and CO/HC1 has
been investigated using a number of techniquesy; thesce may be
broadly divided into macroscopic and microscopic methods.
liacroscopic techniques have been used to determine the effects
of variables, such as gag pressure and temperature, on the rate
of rcaction of a comparatively large sample consisting of
small particles of cassiterite.‘ This will be referred to as
bulk chlorinastion., Other methods employed have shown the
coursce of reaction on the surfaces of single grains or crystals
of cassiterite.

%« 1e Thermogravimetry.

The extent of bulk chlorination was followed using =
thermogravimetric mcthod., The sample was suspended by a Pyrex
spring, the extension of which was meassured by a cathetomcter.
The apparatus for preparing and circulating the gas mixtures is
shown in Figure 1.

The sample to be chlorinated, usually about 0.1 g, was
weighed into the alumina bucket, O, and the whole apparatus
evacuated. The ssmple was hcatcd to the required temperature
(500 - 700°C) with the vacuum pump still operating. The
reactor tube, V, and the circulat%gg'apparatus, X, werc
isolated from the rest of thc apparatus and the requisite
gumntities of gases were admitted to the reservoir C. When
the sample had reached the required temperature the gas

mixture was expanded into the reaction tube sand the circulating
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pump startcd. This pump drove the gas mixture round the
apparatus so that the reaction products were swept down the
furnace tube and did not condense on the suspension systcm,
The impellcer of the pump consisted of a soft irmn rod under
pil which was made to opscillate by a pulsed solenoid, thus
driving the gas through the ground-glass valve system shown.
Initially the temperature was maintained by small
adjustments of the controlling auto-transformer; later it was
controlled to within 1°¢ using an Ether kinl Temperature
Regulator., The temperature was measured using a potentiometer
and a chromel-alumel thermocouple in a porcelain sheath placed
between the silica tube and the furnace tube.s In a preliminary
experiment, the internal and external temperatures were com-
pared while the tube was in the furnace with both c¢nds
tightly corked; +the temperature difference was not more than
1°¢,

3e1e1e Beparation of additives and Sn02

In order to determine whether the preferential reaction
observed in the presence of certain solid impurities involved
the formation of gascous intermediates, experiments were per—
formed with the so0lid =2dditive out of contact with the SnOo.

A cross-section of “t'e sample holder used in these experiments
is shown in Figure 2, It can be seen that, with 2 downward
flow of gas, any gaseous compound formed by reaction with the

additive has good opportunity of contact with the tin oxide.
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A Piatinum suspension B Alumina bucket CPyrex dish

D sno; E Fe,0; F Direction of gas flow

Fig.2 Sample holder for keeping solid catalyst out of contact
with SnO5. ’

A-C Taps 0 smm dia. glass spheres F saturated HCl solution

Fig. 3 Apparatus for introduction of water vapour
(Inserted in gas circulating line).
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3.1.2. Addition of products of resction.

The effect of the presence of Péaction products in the
SnOp/Ho/HC1 reaction was investigated by the introduction of
water vapour into the gas mixture. Figure 3 is a diagram of
the apparatus inserted into the circulating system. 10K HCI1
was admitted to the glass spheres after this section was
evacuated and isolated from the remainder., Once the Ho/FC1
mixture had been admitted to the sample, the tgps A and B were
opened and the circulating pump started. The gas stream was

39

soon saturated with water vapour at spproximately 2mm Hg~~.

3 2s Microscopic examination.

3¢2e1s Visual microscopye

Attempts were made to correlate visible features in
polished sections of individual grains of cassiterite with
reactivity. To do this it was necessary to find a mounting
material inert to H,/HC1 at about 600°C, After some pre-
liminary exXperiments involving platinum and pressed alumina
discs the grains were eventually mounted by mixing them with
powdered Pyrex glass, pressing the mixture into a disc and
heating it to 700°C. A higher tempersture was ccnsidered
undesirable as some modification to the cassiterite might
have occurred“o. The disc was polished using successively
smaller diamonds; the size of the dismonds in the final

stage was approximately um.
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The sectioned grains of cassiterite were photographed
at magnifications up to X 2500 using a Zeiss Ultraphot photo-
microscope. kany of the grains contained inclusions and some
exhibited considerable complexity as to the distribution of
the formcer; others, however, had small inclusions (approx.

1 gam) occurring in well-defined areas. A detailed description
of the typcs of grains encountered is given in section L.1.

The sectioned grains were reacked in Ho/HCl under
similar conditions to those used in the bulk chlorination
experiments., After a period of up to 1.8 ks, the reaction
was quenched by switching off and lowering the furnace and at
the same time subjecting the silica tube to a blast of cold
aire The grains were once again phutographed and the process
repeated, increasing the tempersture or reaction time as
necessary, until a complete photographic record of recaction
up to approximately 10% was obtained. The degrees of reaction
of different areas of grains were correlatecd with visible
features present in the unreacted sections.

Ze2.2., Blectron-probe microanalysis.

In order to determine the effect of composition on the
rate of recsction some grains which contained colour-zones and
inclusions in distinct areas were subjected to electron-probe
microanalysis before reaction. The sectioned grazins and Pyrex
mounts were first coated with carbon using an ILdwards vacuum

coating unit, to render the surface of the disc conducting.
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The electron-probe microanalysis was kindly carried out by

Dr. J. Gavrilovié of the Dept. of Mining and Mineral Technology
using a Cembridge 'Geoscan' instrument. The distributions of
Sn, Fe, b, Ta, Ti, ¥n were determined. The carbon coating

vas removed by light polishing before the scctioned grains

were reacted as described in section 3.2.1. Again, a correl-
ation between composition and reactivity variations was
detected.

3.3, Preparation of synthetic SnOs samples.

3.3%¢1. 8n0o puwder.

Reagent grade stannic oxide powder, as received from
Fison's Scientific Ltd., was used in the preliminary experi-~
mcents. The surface area of this sample was determined using
krypton adsorption and thc B.T.T. method; 1t was found to be
3.2 X 0.3 ng“1, corresponding to an average crystal size of
approximately 0.3 uil.

3e3e 20 Sn02 crystals.

Stannic oxide crystals were grown by the cuprous oxide
flux methodu1. Sn02 powder was prepared by reaction of tin
and nitric acid, both of A.R. grade, to give metastannic acid
which was dehydrated at 9000C, The SnO, was mixed with twice
its volume of Cup0 ir a 50 cm? platinum crucible and this was
heated in air to 1250°C, the temperature of the rim of the
crucible being approximately 11500C, This temperature was

maintained for one week and the furnace was allowed to cool to
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259 over a period of three days. The crystale were separated
from the solid slug with HCl. The actual crystal growth was
pe rformed by Dr. E.A.D. White of thc Materials Science Crystal
Growth Laboratory.

In appearance, the crystals were slightly buff-
coloured and varied in habit from rods to platelets; the
colour was presumed to be ewlrgto a degree of non-stoichiometry.
The size-fraction chosen for experimental work was 75 -~ 105 um.
The specific surface area was determined by the B.XE.T. method
using krypton and was found to be 3 x 10—3 m2g’1 indicating a
true particle size of 150 £ 50 ym, i.ec. the particles were
single crystals with few cracks or holes.

3.3+3. Annealed Sn0O, crystails.

The crystals obtained by the Cup0O flux method described
in section 3. 3.2. were further heat-treated in alr in either
platinum or slumina crucibles according to the following
programme: 1265°C for 24h; cooled to 1000°C over Lh; maintained
at 1000°C for 20h; cocded to LOOOC over 3h and removed. AS a
result of this treatment the colour had changed from buff to
mauve and this was attributed to a change in non—-stoichiometry.
The temperaturc of 1265°C was chosen as being near the sinter-
ing temperature (ap,reximately helf the absolute melting point)
and the slow cooling rate was to prevent dislocations and

cracks induced by thermal shock,
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3.3.4. Iron-doped SnO2 crystals.

Various attempts werec made to 'dope' SnOo crystals
with iron, The first mcthod tried was addition of Fep03 to
the cuprous oxide flux; o.g.r analysis showed that this
sample contained approximately 100 p.p.m. Fe (ef, section
L.2.3.). In thc second ncthod, the Snls crystals were mixed
with FepOz and heated in eir in a molybdenum tube-furnace to
temperatures up to 1450°C and for times up to 24h; the
mixture was thereafter slowly cooled, Electron-prcbe micro-
analysis showed that there was less than O,1% Fe¢ present in
any of these batches. Also, the 'doped' crystals reacted in
the same way as undoped crystals.

3.lte Preparation of Sn0O2 -~ additive mixtures,

3.4.1. 8n0, — metal oxides.

The additives used and their origins were:-
Ti0p - spcctrographically pure; dJohnson liatthey Ltd.
Mi0 -~ spectrographically pure; Johnson Matthey Ltd.
Pt black - Hopkin and Williams.
Cu0 =~ A,R. Grade; Hopkin and wWillliams.

Ta205 - 3N grade; Xoch Light Labs. Ltd.

NboOs - 3N grade; Koch Light Labs. Ltd.

Co%0), - ignition of A.R. grade Co(FO3z),(Hopkin and Williams)
in air at 700°C.

PbO - ignition of A.R. rrade Pb(CHBCOO)u (Hopkin and

Williams) in air at 5000C,



oQO 3 d

Bigls =

WO 3 -

and was

- 28 =

precipitation from solutions of A.R. grade AgN03
and NaOH (Hopkin and Williams) with subsequent
washing wi th water and drying at 120°C.

ignition of A.R. gradc Fe(NH),),(80y), 6HS0

(Hopkin and Williems) in air at 7000C.

A.R, mradc; Hopkin and Williams.

ignition of A.R. grade Bi(NO3)3 (Hopkin and Williams)
in air at 700°C,

precipitation from boiling acidified solution of re-
crystallised sodium tungstate (Hopkin and Williams)
followed by washing and ignition of the product at
700°¢.,

ignition in oxygen at 500°C of A.R. gradc aemmonium
metavanadate (Hopkin and Williams).

The particle size in all cases was less than 37 um

probably of the order of 1 pm.

The mixtures of anncaled SnO, crystals (75-105 jam)

(cf. section 3.3.3.) and the synthetic sdditives were made

up by a

simple wet mix of the required amounts followed by

drying at 120°cC.

3. Ll'. 2.

pyrite,

SnO, -~ iron-bearing minerals.

The minerals used were:— hematite, magnetite, columbit~

ilmenite and bistite. They were in the size-range

75 = 150 um and the mixturcs were made up by wet-mixing as

described in section 3.l.1.
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L, Results.

This chapter is divided into three sections; the
first dcals with the results obtained ffom the microscopic
examinations and mostly with the natural cassiterite. The
second scction deals wlith the results obfained by the bulk
chlorination method (scction 3.4) and applies mainly to
synthetic crystals. The third scction dcals with the analyeis
of products of reaction. The results are prescntcd together
with some deductions which are readily madc from each group
of results. The relations between the results sre discussed
in the next chapter.

L.1. liicroscopic examination of samples of natural cassiterite

[ L

ho1.1. An alluv1ai Tigecrian casslterlteo

o

M Sy

This cassiterite from Jos in Nigeria had already becen
studied by Prosser and Romero35 and thelr rcsults have been
outlined in section 2.5, Subsecuent to extensive reaction i
Ho/HC1l, they observed particles with a distinct banded effect
(sce Platc 1). The bands corresponded to dark, unreacted
cassiterite and s white, powdery material., In one case,; even
after 48 hr. in an atmosphere of H2/H01, the centre of a
particular grain was found by eclectron-probe meroanalysis to
consist of almost pu 2 stannic oxide. It was decided to
investigate thesc effcects by reacting mounted grains as des—
cribed in section 3.2. and correlating ccntres of reaction
with previocusly observed features. The concecntrate was

assayed by thcec Analytical Scrvices Laboratory uxing x-ray
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fluorescence and found to consist approximately of 50% Sn,
b% Fe, 5% Nb, 3% Ti, 2% Ta and L 8i. Platecs 2 and 3
illustrate the complexity of some of the particles encountcred;
thesc grains contained columbiitc—tantalite, silica, 1llmenite
and hematitc., In such a grain, the distribution of inclusions
was thought to be too complex to allow definitive corrciation
with centres of reaction,
Twelve particles on the first disc were studied and
pho tographed at approximatcly X800 and X2500 magnification.
As it wss unreasonable to examine all of thesc grains with the
¢lectron-probe microanalyser and as no basls for sclection was
known, this latter technique was not used at this stage.
Various reglons of the cassiterite grains were
classificd in tcrms of their inclusions as follows:
(i) areas with no inclusions
(ii) areas with inclusions which could be at least partly
resolved by the 'Ultraphot' microscope
(iii) areas which appearcd to be 'fogged' at the highest
maghification. (Presumably these arcas containcd
inclusions that were smaller than about O,1 pm.)
Threc particles exhibited these arcas in an ordered pattern.
Also thcre were many larger inclusions randomly distributed
through most of the grains.
These sectioncd particles were reacted at 567°C for

approximately 2.3ks in 35- = 25 cm Hg and %&ﬁ} = 20 cm Hg.
5
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Subseacuent microscopic examination of the grains showed that
they had all reacted to some extent; unfortunately, with most
of them, it was not possible to correlatec the extent of
reaction with previously observced features. However, in
thce threc grains which had shown a pattern to their inclusions,
differcnces in thoe degroe of reaction werc remarkably clecanr,
In these particles rcaction had taken place in arcas where
therc had been very small inclusions (type iii) deaving
edjacent arcas almost unrcacted; (cf Plates ly — 6);: in two
cases this gave rge to alternate parallel regions of reacted
and unreacted material, The reacted specimens were then
lightly polished to facilitate electron-probe microanalysis.
This anslysis, carricd out by Dr. J. Gavrilovis,
showed that whilc the tin contcent rcmained constant over the
gsurfacc of the particlces, thc iron content was high in the
arcas where the threc grains had rcacted while the Ta and b
content was relsatively high in the rcegions that had not
reacted., No other metallic clements were present in quantities
greater than 0.71.. As thc iron may have becen present as the
rcsiduce of inclusions, interpretation of thesc rcsults was
difficult without compositional data on the particlcs prior
to rcaction. The on. 7 conclusion which may be drawn from
this study is that the ratc of recaction is increased in those

areas of very small inclusions but whether this is duec to a

sizc or composition factor cannot be inferred.
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Within thc a2lmost unrcacted zones there was a
variation in tantalum content: there appeared to be a
corrclation bcectween high Ta content and low recactivity
within thesc zones. (ef. Plate 7).

A sccond batch of these grains was mounted, polished
and reacted under identicsl conditions; in this case, electmn-
probe microsnalysis was carried out before reaction on those
grains which had comparatively simplie inclusion patterns.

In a few grains, the degree of reaction could not be
correlated with surface features or composition, however, in
most cases it was apparent that reaction had occurred in areas
of high iron content. Thus the presence of small lron-bearing
inclusions catalyses the reaction in the immediate vicinity.

L.1.2. Cassiterite from Rayfield-Gona granite — g primary

Nigerign cassiterite. -

Grains of this cassiterite were treated in the manner
previously outlined in section 3.2, The particles were
optically homogeneous and exhibited no detectable compositional
variation. After its reaction in PHp = 15 cm Hg and PHCl:

15 cm Hg for a total of 16h at 550°C, a nearly white residue
was left. This contained only tin of elements with atomic
numbers greater thar +9 and was quite friable. It also
retained the same shape and optical properties as the original
grain. The intermediate stages were not clear and the specimen

was less reactive than the alluvial cassiterite described in
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section 4.2.2. The residue was examined by x—-ray diffraction
and found to be cassiterite.

Interpretation of thcse data 1s difficult as there
was no obvious change 1in visible properties at intermediate
stages of reaction. However, 1t secmsg that at least part of
the cassiterite matrix had reacted leaving behind a porous
residuc which still retained the same unitcell as the original.

. . . . . J N 7
Le1.3. A primary 'zoned' cassiterite from Nigeria. -Sﬂvnﬂﬂ%dc

Grains of this cassiterite were examined and reacted
according to the treatment process described in scction 3.2;
the conditions were 580°C in PH2 = PHC1 = 20 em Hg.

This specimen exhibited colour-zZoning, varying somc—
tlmes 1in single grains from dark brown to colourless. No
inclusions were found and the chemicai composition was con-
stant according to electron-probe microanalysis, corresponding
to 5n0p with approximately 1% of iron. This colour-zoning has

]
been explained recently by Grubb ot a1t0sl42

as being due to
the presence of different iron valence states; the greater
the Fel* : Foo' ratio, the darker the colour. Examination of
the grains alter reaction showed no preferential attack and
no correclation was found either with colour~zoning or with
the crystal planes ciposed; this latter fact 1s consistent
with data described in section L.2.1. The absence of any

connection between colour—zoning and reactivity indicates that

the iron, present in so0lid solution in the cassiteritc lstticey
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has an effect independent of 1its valence state.

helelie A primary Bolivian cassitcrite.

This specimen was treatcd undcr the same conditions as
the Nigerian 'zoned' cassiterite described in the previous
scetion.

It alsov showed colour !

zoning'! but was gencrally
optically wore homogencous, again containing approximately
1% iron. NWo corrclation was found betwecen reaction and
visible surface features.

L.2. Rstes of reaction by macroscopic mcthods.

In order to determine the kinctics of the reactions
involved and to quantify the effects of impurities, bulk
chlorinations were carried out using the thermogravimetric
technique described in section 3.7.

L.2.1e An alluvial Nigerian cassiterite,

Bulk chlorinations wcre porformed using an alluvial
magnetic cassiterite from Nigeria; a description of this
cassitecrite has bgen given in scetion L.7.7. The grains, in
the size-range 105 - 150 um, were recacted in various Ho/HC1
mixturcs. The results are shown in Figure L. They corrobor-

35

ate work done by Prosser and Romero”~, whose results using a
static gas system sz described in section 2.5. These include
the prcscnce of induction pceriods and a rate dependence on

P
H2o
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Lhe2.2, Stannic oxide crystals.

Samples of naturally occurring cassiteritc contaln
impurities in varying quantities both as inclusions and in
solid solution; they slso display different surface textures,
porosities, dislocation densitiecs etc. owing to their
different geological origins and cnvironmcnts, All of these
factors could influence the reactivity of cassiterite znd
indeecd the preferentisl reaction in the vicnity of iron—
bearing inclusions has already been noted in section L. 1.

Thus it would be difficult to deduce gquantitatively the effect
of any onec factor from a study of the rates of reaction of
various nstural cassiterite samples alone. Thercfore it was
decided to use recproducible specimens of synthetic stannic
opxide of known thermal history and to control the impurity
levcls by addition in a defined manner.

L.o2.2.1, TOffects of quantity of solid and size of crystals.

Initially, cxpcriments were performed on the stannic
oxide powder described in section 3. 3%.1. This powder reacted
at 2 much faster rate than the natural cassiterite and as the
rate of reaction dcpended on the depth of the powder layer
(see Figure 5) it was deduced thet the reaction was controlled
by diffusion within the bed.

Thus it was considered necessary to have larger
crystals to decrease the rate of rcaction until it was not

diffusion-controlled. These were grown using thc cuprous
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oxide flur mothod*! described in scction 3.3.2. The results
of experiments when the bed-depth of thesec crystals (75 - 105
;mﬂ was veried, showed thet the reaction was no longer con-
trolled by diffusion within the bed (cf. figure 6).

In other experincnts, crystals were reacted st
5500¢ in TH, = PHOL = 15 om Hg with two widely different gas
circulation rates, The results in Figurc 7 show that the
reactlion was not controlled by diffusion from the bed of the

Sn02 crystals.

h,2.2.2, uffect of gas pressurcs.

Stannic oxide crystals were reacted at 5OODC at
various Hp and HC1l pressurcs. Rate curves were of thc type
shown in Figurc 7. Owing to the difficulty of drawing
tangents to these curves, the rates of rcaction, in % min“19
were taken as forty timés the reciprocal of tiluwe at 40Y re-
acted as interpolated from the smooth curve drawn through the
cxperimcntal data. The results are shown in Figures 8
(curvcs 1 and 3) and 9 (curve 1).

Inspection of these curves and especlally comparison
of curves ] and 3 in Figure 8, which arc nlmost parallel,
suggests that two reactions are occurring simul tancously in
Hg/HCl; one involviiic only HC1 and the other involving both
of the gascous reactants., In addition a third reaction takes
place in H, only (cf. curve 1, Figure 8 at Pyo1 = 0). The

reaction in HC1l only is first order with respect to HCl; the
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rate constant being approximately 2.L x 10‘“% sec”1(em Hg) 1.
Bxamination of curve 1, Figure 9, shows that the rate increascs
linearly with increasing PH22

dR/dPHz = 2.83 x 1074 sec™! om™1

R = uQ/tuo (¢ sce~1)
Thus the rate-controlling step of the reszction which occurs in
Ho/HC1 is one of reduction by Ho.

Lhe2.2.3. The effect of Fer0z on non-annealed crystals.

Iron oxide is a common 1lmpurity in cassiterite; it is
prescnt either in discrete inclusions or in solid solution. It
has been shown in section L.1. that the presence of iron com—-
pounds within a particular grain of cassiterite causes marked
catalysis of the rcaction of Hp/HC1l within the region in which
they 2re distributed. Therefore it was decided to investigate
the effcect of F0203 on the rate of reactlion of synthetic SnOs
crystals, The crystals were mixed with L. 39% Fezo3 in the
manner outlined in scction 3.4.71. and were reacted in Ho/HC1
at BO0®°C with various H, and HC1 prcssures.

All the rate curvces so obtalned were sigmoidal unlike
those found in the absence of FegOB (ef. Figure 7). Three
typical curves arc shown in Figure 10, The rate of reaction
was measurcd along the rcctilincar portions of the curves.
Similar experiments, performed on Fe203 alone at 500 -~ 6OOOC,
showed that 1t remained almost constant in weight (Appendix
p158) and thus the reaction rate for the given SnOZ/FeQO3

mixture is 100/(100-L.39) timcs the rate of change of weight
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of the mixture. The corrected results are depicted in curves
2 and § of Figure 8, and curve 2 of Figure C.

Inspection of curves 2 and 4 of Figure 8 indicates that
the presence of Fe203 inhibits reaction in HC1l only but
probably accelerates it slightly in the presence of Hp. The
effect on the rate of varying the pressure of Ho at constant
PHCl, both with and without Pep03, is shown in Figure 9, and it
is apparent that Fep03 catalyses the reaction. Curves 1 and 2
of Figure 8 at PHC1 = 0 indicate a slight decrease in the rate
of reduction of the crystals in the presence of FGQOB, though,
on the basis of two points only, this may be spurious.

The reaction in HC1l only is anomalous in that it is
inhibited in the presence of Fe203; the reaction presumably
occurs according to the following equation:

$n0,(c) + LECL(g) = 8ncly(g) + 2H0(g)
fop which the change in standard free energy at 500°C is

- Skcal. The equilibrium partial pressure of SnCly may be

N

estims ted s 0.5 atmos and thus the reaction is quite possible
{cef. section 5.2). As FegOB inhibits this reaction but cat-
alyses that in Hg/HCl, it probably has two different functions
and further clarification of these 1s necessary. A possible
mechanism of inhibiticnh may be found by postulating that HCIL
reacts predominantly with high energy sites and F6203 elther
relieves or denies these sites quickly as new surfaces are
exposed. In this context, epitactic growth of Fep 03 on 8SnOp

by HC1 transport has been demonstrated by NoackuB. The
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mechanism by which Fep03 catalyses the HZ/H01 regction is as
yvet unknown but again requires a rapid influence on new sur-
faces. The question arises, therefore, whether Fep0z or its
products is active for both reactions at all stages of chlorin-
abtion of a crystal.

In order to determine this point with respect to the
HC1l only reaction the Rilowing seguence of experiments was
devised and carried out: a mixture of SnO, and Fey0z was reacted
in HCl1 only at 500°C until a1l the iron that would volatilise
had done so. The SnOy crystals remaining from this reaction
were cooled and then reacted in Hy/HCl to approximstely 20
The reaction ratec was comparable to that for pure SnGp. The
residue from this last regction did not react in HC1l only. The
results are shown in Figure 11.

As the continued passivation of the crystals may have
been due to repeated heating and cooling, the sequence of
exp-riments was done again, evacuating the gas and admitting
the next gas at the reaction temperature with the minimum time
interval betweecn the separate parts of the experiments. In
this case the intermediate curve was sigmoidal andthe SnOp
residie reacted to approximately 129 in 95 min in the third
part of the experimen~ «n HCl only. The complete results are
shown in Figure 12.

The sigmoidal shape of the intermediate curve in

Figure 12 shows that some E8203 was present in the surface of
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the crystals even though the reaction was not markedly
accelerated. Comparison of Figures 11 and 12 indicates that
the residual F6203 was more effective at catalysing the
reaction in HZ/HC1. As the Sn02 residue reacted in HC1 only
immedistely after the Ho/HCl reaction, this shows that the
residusl F8203 was not cffective in inhibiting this reaction
over all the crystal surface.

L.2.2.4. llicroscopic examination of non—annealed crystals.

It has been demonstrated in the two preceding sections
that these crystals undergo two different reactions in H2/H01
mixtures viz. one with HC1 and one with Hp/HCl. It has also
been shown that removal of crystal imperfections inhibits the
HCl only reaction. As it is improbable that thesc tetragonal
erystalse have the same imperfection densi ty over all crystal
faces, it should be possible by microscopic means to detect
differcneces in the points of attack of the two reactions.

Plate 8 shows the regularity of the unreacted crystals
used in these experiments. Crystals from reaction in HCl only
had reacted preferentially at edges and corners i.e. high
energy sitcs, with the result that attack was severe on the
pyramidal sections comprising high index faccs while only light
attack was apparent on the $100}, producing rectangular ctch
pits on the latter (ef. Plate 9). Study of crystals reacted in

H2/H01 has shown that reaction occurs more gecnerally over all

the crystal faces,
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These results were further corroborated by reacting
crystals mounted and polished as described in section 3.2.1.
Two specimens were rcacted for 2 min at 500°C, one in
PH, = 10 om Hg and PHC1 = 20 om Hg, and the other in HC1 only
(PHCl = 20 cm Hg). The specimen reacted in HC1l alone showed
preferential attack on particles exposing the basal plane while
the other had reacted more uniformly over all particles.

1t was suggested in scction 4.2.2.3. that Fey,03z quenches
reaction in HC1l only by anncaling the crystal surface in some
way such as by dissolution of the Fe203 in the 8Sn0O5, crystal.
There is a possibility that Fep03, ctec. may catalyse or,
conversely, inhibit reaction in H2/H01 on different crystal
faces.

Crystals mixed with F6203 were examined after reaction
in HZ/H01, as also were crystals coated with iron and sub-
sequently oxidised before recaction. There was no apparent
preference for reaction on particular faces.

Le2.3. Annealed SnOs crystals,

As the previous experimental results indicated that the
guenching of the reaction in HC1l only by FepO3 was due to the
relief of crystal imperfections it was decided to anneal a
batch of Sn0O, crystals by heat-treatment and to compare the
reactivity before and after annealing. The annealing process
was carried out as described in section 3.3.3. The annealed

crystals were expected to corresnond more closely to naturally
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ocecurring cassiterite as the latter has had a much longer time
in which to relieve imperfections.

Lhe2.3.19. Xinetics of reaction of anncaled crystals alone.

Anncaled SnO, crystals were reacted in H,/HCL in the
range 500-600°C, The variation in the rate of reaction with
PHZ is shown in Figures 13 (curve 1), 1k (curve 1) and 15
(curve 1).

At 500°C the reaction is first order with respect to
3%2 throughout the range of PH2 but at higher temperatures and
high PH2, the order with respect to Hy decreases. Inspection
of curve 1 of Figure 15 shows that annealing of the crystals
has caused inhibition of the reaction in HC1l only st 6009C and
its elimination at 500 and 550°C (cf, curves 1, Figures 135 and
1l4). Again this evidence indicates that crystal imoerfections
activate the HC1 only reaction.

Le2.3,2, Activation Energy.

An Arrhenius plot of the results is shown in Figure 16,
Bach point is based on at least three detcrminations of the
rate constant which were in good agreement. The lack of
linearity indicates that perhaps the reaction takes place by
two different mcchanisms at the higher and lower temperatures
used or that a different step in the same reaction mechanism ..
rate-controlling. The activation energies for the high and low

temperature mechanisms are 14 and 52 Xcal respectively.



Rate
40
)
(°/o min'1)

0-801
0-60+
040+

020

Y

Rate (°/emin ) v. p, cm Hg
= 20 cmHg . 500°C

Puci

1) Annealed Sn O,
2) Annealed Sn O, +4-38 Fe203

¥

Fig.13 Effect of varying sz.SOO"C. annealed crysia!sz; Fe,O,.

10

20

Pu, (cm Hg)

20

‘LS



Rate A °
40 Puay = 20 cm Hg 550C
t4o) _ 1) Annealed Sn O2
(°fo min™) : 2) Annealed Sn O3z + 4:39°/, Fe20s
2:0+ . pry— A

Rate (*fomin') . E:Ha (cm Hg)

0 10 20 PH_’(Cm Hg)
. Fig.14 Effect of varying p, .Annealed crystals & Fe, 0;.550°C.

y

"85



Rate (?/o min") V. py,(cm Hg)

P 20 cm Hg 600°C

y : 1) Annealed Sn O,
2) Annealed Sn Oz + 4:39°/0 Fe,03

R
3? T 3)Annealed Sn O, + water vapour |
(TZO) : 4)Annealed Sn O, + 4-39°/, Fe,05+water vapour 2

(olo mm”) ‘ ‘ .
507+ : ‘ 4

‘ .
0 } 4

0 10 20 30 "
sz (cmHg) v

Fig. 15 Effect ”of varying Pu, and adding water vapour. Anncaled crystals % Fe203.600°(:.



60,

)
-1.0+ \ \
0\~. - . _—— \‘
~ 0w
\
%
\
\
\
I k \
O )
o \
v
\
!
\
\
\-
\
\
\
\
-1.5-1 \
\
\
\
\
- \
\
\
\
\
\
\
\
\
\
\
\
1S
.-2'011 1:2 113
. - 1 3 .
) T % 10

Fig.16 Activation energy of reaction of annealed crystals

+ HQ/HCI.



-6 -

4e2.3.3. Effect of Fe,0z on annealed crystals,

Annealed crystals mixed with 4.39% Fepy03z were reacted
in Hy/HC1 at 500°, 550 and 600°C, All the rate curves obtained
were sigmoidal and the variation of the rate of reaction is
shown in Figures 13, 14 and 15 (curves 2). The catalytic
effect of Fey0z appoars to increase with temperature and there
is a finite rate of reaction at 600°C in the absence of
hydrogen, wherg presumably, SnClu is produced. As with the
non-annealed crystals, this reaction in inhibited by the Fep0z.
Also curves 3 and L of Figure 15 show the slight decrease in
rate in the presence of agpproximately 2 mm Hg of water vapour
(one of the nroducts of reaction) with and without the addition
of FeZOB’

A sequence of experiments similar to those described in
section L.2.2,3. to determine whether the F6203 was consisten’l:
active throughout the chlorination of a crystal, was carried out
using a nixture of annealed crystals and Fe203. The mixturc was
reacted to completion in HCL only, volatilising Fey0z as
F6013° Hydrogen was admitted a2t this point and the wmixture
reacted to approximately 104 wherc a sigmoid curve was obtained,
The apparatus was evacuated at the prcaction tcmperature and
HC1l readmitted. The mixture reacted to 11,. in 60 wmin. The
results are shown in Figure 17.

The sigmoid rate curve suggests that Some of the Fey03
had gone into solution in the crystal surface and was catalyt-

ically active., Nelther the residual F8203 nor the original
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annealing inhibited the HC1l only rcaction, immediately after
reaction in Hy/HCI.

b4e2,3.4s #ffect of varying the percentage of FepOm.

Experiments were performed on annealed crystals at
5509C in which both the proportion of Fe203 and the hydrogcn
pressure were varied. The results given in Figure 18 show .
that increasing the proportion of F6203 causes lncreased
catalysis. In order to determine whether catalysis required
only a very small amount of Fe203 which is not used up or
alternatively 1s regenerated; an attecmpt was made to uniformly
distribute a trace of Fe203 over the surface of the Sn0,
crystals and to react the mixture thus obtained. To approx-
imately O.1g SnO, crystsls wes added 1 ml of Fe(NO3)3 solution
containing the equivalent of 0.,05g Fe203. This was evaporated
to dryncss and heated to 550°C to decompose the nitrate; in
reaction with H,/HC1l there was no sign that the 0.05% Fe 03
had any catalytic effect (see Appendix p1Lb for detailed
results).

e 2,3.5. Reaction with SnOo and physically scparate Fe,s03.

It was considered possible that the mechanism of
catalysis involved some gascous intcrmediste e.g. FeOl;;
physical separation ¢f the two splid phases, while reducing
the catalytic effect to some extent, should still render the
latter discerniblec if a gaseous compound 1s involved,

Accordingly, experiments were performed with the Fepy03
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out of contact with the Sn02 in the sample holder described in
Figure 3, section 3.1.71. These gavc reaction rates comparable
to those for SnO, only 2nd examination of the resifdue showed
that the ferric oxide had been converted to ferrous chloride
(Appendix plL7).

AB any gascous compound had good opportunity of contact
with the SnOp substrate and as no catalytic effect was observed,
it may be concluded that the mecchanism of catalysis does not
involve a gaseous intermediate with an appreciable lifetime.

Le2. A6, Effect of Fe,0z on reduction of SnO, by Ho.

It has been suggested in preceding sections that the
rate-controlling step in the reaction of SnO, in H,/HC1 is one
of reduction by H2. Thus any mechanism of catalysis must
either increase the rate of this reduction or alternatively
provide a complctely new route for reaction. Iron metal
produccd by hydrogen reduction of its oxides is widely used as
a heterogeneous catalyst in rcduction reactions by H2;MM this
is due to the ability of the metal, so produced, to chemisorb
Ho, simultancously activating it by dissociation. It was thus
considered pertinent to determine whether the presence of
Fe203, as intimately mixed as possible, would appreciably
catalyse the reduction of solid SnOo.

Accordingly, expcrimcnts were performed in which
anncaled crystals, with and without M.39%‘F8203, werc reacted
in H, at 550°C. The 8nOp crystals alone did not react at a

measurable rate at this temperature (less than 1% in 7ks) but
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the presence of F6203 caused approximately 22 and 17% reduction
to tin in 9.6 ks in 25 2nd 10 cm Hg of Hy respectively. Clearly
F6203 causces marked catalysis of the reduction of SnOp to Sn.
The rate curve, 3, given in Figure 19, shows certaln
discontinuiticé?g% the cxperiment was not repeated, it is not
possible to state thet these discontinuities rcpresent a real
effcet. However, it ig possible, though unlikely, that these
may be explained by the film of liquid tin produced denying
access to the 8nO, substrate by the Ho until the film agglom-—
erates or by lack of sensitivity of the suspension system.
Reaction of Fep03 alone in Hy at 550°C has shown that it is

completely converted into iron metal.

4e2.3.7. Effecct of other metal oxides on the reaction of

annealcd crystals in Ho/HGC1.

As the presence of Fep03 catalysed the reduction of
SnOs by Ho, it was thought that the catelysis observed in the
reaction of SnOo in H2/HC1l waes similarly produced. In this case
a small guantity of iron metsl would be required to account for
the recctilinear portions observed in the catalysed reaction rate
curves; eventually this iron would be converted to ferrous
chloride by reaction with HCl. Owing to the difficulty of
" detecting in situ whai nced only bec a small amount of elementa’
iron, it was decided to test the above hypothesis by analog¥.
A number of SnOo/metal oxide mixturcs were prepared as described
in section 3.4,1.; these metal oxide additives were selected on

the basis of whether they could be reduced to metal, under the
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prevalent reaction conditions, no metter how transient the
metallic spccics, and whethcr the latter were capable or not
of chemisorbing H..

The mixtures of anncsled SnOp crystals and L. 745 metal
oxides werc reacted at 550°C in PHC1 = 20 cm Hg and TH, = 10,
25 em Hg., The additives used were: W40, 00304, Pt, MoOz,
V205, Ti0g, CuO, PbO, Agp0, Tag0g, Ibo0s and WOz, These
additives were slso reacted alone at 550°C in PHCl = PH2 =
20 cm Hg (Appendix p159 =nd they remaincd effectively constant
in mass,

The addition of NiQ, Co3Ou, Pt, LioOs, V205 and TiOp
resultcd in sigmoidal rate curves and marked catalysis; the
mixtures containing CuO, PbO, AgZO and Ta205 reacted at rates
comparable to that for Sn0O, only. WOz caused somc initial
retardation of recaction but thereafter reactcd as BnOp whilst
the mixture with Nb205 exhibitcd an induction period of
approximately 2.4Xs in PH2 = 25 cm Hg and did not react (in
6.6ks) in PH, = 10 cm Hg (Appendix 159. The rate curves for
Sn0s only, 8n0p -Pt and SnOp ~Nb205 are shown in Figure 20.

For catalysis to involve the chemisorption of Ho it is
usually neccssary for the oxide to be reduced to metal. This i~
possiblec for NiO, 00304, MOO3, CuO, PbO and Agp0 and marginall,
for WO5; Pt is alrcady prescnt in metallic form. Vy0g5, TiO2,
Ta205 and Nb205 cannot be reduced to metal. The complete

results are presentcd in Table 2.
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Table 2.

Additive

-
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Effects of synthatic additives on the reaction of

Sn0»_in Ho/HCL.

5500(¢

kcal/mole H,

SnO»o
FepO3
Nio
CDBOM
H003

Cu,0
Ag20
PrO
W03
V205
TiOp
Ta205

Pt

-21.6
-L42.7
- 9.7
+ 1.8
+ 9.9
+46.9
+32.4
+25. 8

Std. frec energy!DissociH%éve
of reduction to!chemisorpt-
metal by Hp. at|

. ! e
Shape ofi Rate of reaction
reactio (7 sec—1)

ion of Ho by curves
| metal PHo=10 | PHp=25
| cm Hg cm Hg
| wo | Normal [1.L4x107%|2,4x1072
i .
. YES i Sigmoid [2. 6x1072
| i - -
. YES Sigmoid . L4x1072| 6, 7x1072
i g
YES i Sigmoid 11.9x1072| 6, 7x10~2
YES S1lightly|2. 3x102} 3. 9x10~2
sigmoid
NO Normal |1.3x10 2
NO Normal | 9. 7x1072;
NO Mormal [1.3x10"2
| YES Sigmoid 1. 6x1072|2, 2x10™2
. YES Sigmoid |2. 8x1072|5,1x1072
t
YES Sigmoid (2. 8x10~2 u.9x1o—2§
YES Normal 1,6x1072
YES Induct- |Approx,0 1.5X1O'2
ion
.period
4 N ¢
YES | s1gmoid [5.8x1072 )6, 7x1072

0f the oxides which can be reduced to

which can chewmisorb Hy catalyse the reaction.

reduced as far as VO;

metal, only those

V205 can only be

this lower oxlide rescembles a metal by

virtue of its high density of point defects and could thus
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chemisorb H2 into lattice vacanciesu6. Tioz, on the other hand,
cannot be reduced by Ho at 55090, though the lower oxides are
similar to VO in their nonimoichiometrff7 Clearly the action of
Ti0,, NboOg and WOz must be explained by reference to other
factors.

L4e2. 4o Blcctron spin resonsnce of SnO, and reacted SHOQ/F6293

mixturcs.

If the production of iron metal is postulated as an
intermediate sbtep in the catalytic mechanism, then the process
may occur either inside or outside the SnOp crystal matrix, It
has becn shown in section L.1. that catalysis by iron compounds
within a particular grain of cassiterite occurs only within
strictly defincd regions i.e. the catalytic lntermediate is not
very mobile. It is thus more probablc that catalysis takes
place by a process within thc SnO, lattice. If this is so,
then differcnces in the state of the residual iron present in
the SnOo crystals, at various stagcs in their reaction treat-
mecnt, should be dctocted by e.s.r. methods.

Accordinglys four specimens werc prepared for e.s.r.
analysis which was performed by Dr. T.I. Barry of the National
Physical Laboratory. Thcse were:

1) Annealed crystals ahich were supposedly iron-doped (these
had reacted at rates as for SnOp only. cf. section 3.3l )
2) Annealcd crystals +L.39) FepOy, heated to and kept at

550°¢ for 3. €ks.
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3) Annealed crystals +L.39% Feo0z, reacted in Ho/HCl at
550°¢,
1) Annealecd 800, +4. 39% F62039 reacted in Ho at 550°¢.
In 21l cascs thc excess iron oxide was removed in aqueous
concentrated HCI.

The following interpretation was made by Dr. Barry of
the spectra shown in Figures 21-23. An explanatory diagram is
given in Figure 24. The spectra from specimens 1-3 werc rather
complex vhile specimen L4 could not be tumed in the e.s.r.
cavity, probably because of the presence of a ferromagnetic
phase.

Specimens 1 and 2 were basically the same; each
contained Feot as individual ions in at lecast four sites and
in addition a brozad resonance srising from magnetically couplcd
groups of paramagnetic ions which werc probably et or Fel+,

3+

The four types of spectra from individual Fe ions

are characteriscd by the ratio of the strength of the orthor-
hombic crystal Tfield to the axial crystal ficld. This ratio is
denoted B' = B/p . Thc intensities of the four types are
different in the two specimens and, in Table 3 values are

given for B', for thc intensity ratio 11/12, and for the fields
of the varicus transi‘ions expressed as fractions of the

applied magnetic field, Ho (= 3308 gauss). X,Y and Z are the

crystal axes.



Fig. 21

E.S.R. spectrum Sn O, (1),
Total attenuation =33 db =factor of 45.




Fig.22 E.S.R. spectrum Sn O, (2).
Total attenuation =33db = factor of 45. -




Fig.23 ES.R. spectrum Sn 023(3).
~Total attenuation 33db.




Fig. 24 E.S.R.spectra. Explanatory diagram.
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Table 3. B.S.R. transitions of spccimens 1 and 2

o} 0. Ol 0. 085 0. 11 0. 31
I,/Ip 1 7 3 1%
¥5-6 0.293 0. 256 Os 247
Z3-1 04336 0. 348 0. 356 0. 456
X5-6 0. 393 0.519 0. 579
*3.), 0.795 0. 467
| ¥3-u | 0.482 j

S
Dr. Barry states that at 77°K the ccentres with ¥w' = 0.31

saturate easily and that this distinguishes them from centres
with B' = 0.04 which have a similar value for I4q/Io.

The centre with @' = 0.711 has a spcctrum closely
similar to that of Fe2* in rutile, so that this centre is
probably substitutional as in Putile.u8

Specimen 3 has the samc spectrum as 2 but with
additional complex features. Awmongst others there are broad
peaks at 1170, 1710 and 1880 gauss and two groups of five
narrowly paced peaks centred at about 2300 and 2900 gauss.
These additional features complicate the spectrum and it is
not amecnable to interpectetion. One considered possibility,
which unfortunately does not fit the data, is that the HC1

trcatment may have produced Feot centres compensated byCI in

anion sites. However, the major Cl~ isotope has a nuclear
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spin of 3/2 which would give rise to a four linec hyperfine
splitting, not a five line gplitting as was observed.

The Fed* contcnt is less than 100 Pep.m, and specimens
1-3 do not differ by orders of wmagnitude in this respect.

Bven though the interprctzation of thcse data remains
vaguc, the possible presence of elemental iron in specimen U
and the fact that the other threc specimens differ in both the
amount and ststc of their iron content, lends support to the
hypothesis that the mechanism of catalysis involves some change
in the iron species present within the SnO, crystal.

he2.5. Bffect of iron~begaring minerals on the reaction of

annealed crystals.

Iron occurs in various compounds with which cassiterite
is commonly assocated; 1t was decided to simulate naturally
occurring cassiterite by investigating the effect of the presence
of a wide variety of iron—-bearing minerals on the reaction of
annealed crystals.

gamples of SnOp mixed with 10J: of various iron minerals
were rescted at 550°C in POl = 20 cam Hg and THy = 10,25 cm Hg,
The minerals used were: hematite, magnetite, pyrite, columbite,
biotite and ilmenite, They were in the size—range 75-150 um
(see section 3.L.2.).

Hematite, magnetite, ilmenite and pyrite catalysed the
reaction giving sigmoidal rate curves, although the degrec of

catalysis was much less than observed when using synthetic
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Fe203. Columbite and biotite retarded the reaction though not
ags much as vhen synthetic Nb205 was present. Iidcroscopic
examination of the residues showed that the hematite, magnetite,
ilmenite and pyrite had reacted but there was no clear evidence
that the columbite and biotite had changed (cf. Appendix;ﬂh).
The occurrence of cabtalysis is coincident with the
capacities of the minerals concerned to be reduced to metal

under the pfevalent reaction conditions.

Le2.6. Odegl cassiterite — effect of Fep03z,

The annealed crystals used reacted at a faster rate
than that obtained with natural cassiterite (see section 4.24.)
i.e. there was a greater incidence of crystal imperfections in
the synthetic material. As the catalytic process might proceed
via some modification to these imperfections by the iron com-
pounds it was decided to investigate the degree of catalysis
by F6203 when using crystals relatively free of imperfcctions
i.e. natural cassiterite,

A primary cassitcrite from Odegi in Nigeria in the size-
range (5-105 nm was reacted in HZ/HCl at 600°C both with and
without l.39% Fey03. From the results shown in Pigures 25 and
26, it will be seen that Fep03 produces sigmoidal rate curves
and catalyses the rez-tion, the rate being taken from the
slopes after the accelerating period as with synthetic SnOs.
The increase in rate is of the order of 100% compared with

approximately 150% when synthetic crystals were used.
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h.2.7. The reaction of annealed SnO, in CO/HC1,

Another possible method of effecting volatilisation of
SnCl, from SnOp is to use CO as the reductant instead of Hp,
agaln using HC1l as the chlorinating agent. This reaction has
been investigated by Pieuwenhu1551 using a low-grade tin con-
centrate containing approximately 5¢° Sns 1e2DH% Fe and 687 8102;
a sumary of his results has been given in section 2.5. As
stated in that section, he found that the rate of volatilisation
of SnClQ wags proportional to the HC1l concentration and independ-
ent of the CO pressure. Conducting the reaction between 700
and 800°C, he also found that the rate increased with decreas-
ing C0:C0, ratio (above the value 0.061). As this dependencen.on
HC1 pressure and not on reductant pressure secmed to be at
variance with the results described here, 1t was decided to
investigate this rcaction in a similar manner to the Hp/HC1
reaction using synthetic 8nOp, and various additives.

he2.7.1« Kinetics of reaction of SnOo, alonec.

Annealed SnO, crystals were reacted at 700°%C in various
CO/HC1 mixtures; all the rate curves were sigmoidal and somc>
are shown in Figure 27; the incipient induction period indic-
ates the build-up of some reaction intermediate., It may be
seen from the results snown in Figure 28 (1, 2) that the
reaction is first order with respect to HC1l and is not a

function of PCO; this corroborates the findings of

Nieuwenhuis(31).
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he2.7.2. Lffect of Feo03z on the CO/HC1 reaction.

8n0p/Fe,05 mixtures were reacted in CO/HCL at 700°C

and various Pypi. The rate curves were marlkedly less sigmoidal
than those obtained in the absence of Fep0z and arc shown in
Figure 29, Inspection of the results given in Figure 28,
(15 3) shows that the prosence of Fe,05 causes marked catalysis.
These results indicate that F6203 accelerates the production of
the reaction intermediaﬁe which gave rise to the sigmoidal rate
curves obtained in scction L.2.%.1.

As curve 2 in Figure 28 has a finitc value of rate at
PCO = O there must be a reaction with HC1 only (this was also
observed at 600°C with the Hp/HC1 reaction). Similarly curve
35 but not curve 1, has a finite value of rate at Prci = 0,
i.e, the reduction of SnOp is catalysed by Fe,03 at 7000¢,

The reaction of reduced Sn02 with HC1l is expected to produce
SnClp, but the reaction with HC1 alone would produce SnCly.

The addition of Fey03 is, therefore, expectecd to cause a change
in the SnClg:SnGlu ratio in the products.

The effect of varying the CO pressure, in the prcsence
of’ Fegoj, was not investigsted as the reduction step was not
rate-controlling.

Thesc results Jiffer from those obtained when dealing
with reaction in Hp/HC1 as Fep03 now appears to catalyse a
chlorinating step. Another differcnce is also found in that the

presence of L.74% Nb20s5 causes catalysis in CO/HC1l (sec Figurc
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30) whereas it retarded reaction in Ho/HCI.

he2.7.3s Effect of other metal oxides on rceduction by CO.

As has been scen in scction Le2.7.2., Fe,03 catalyses

the reduction of SnlOo in CO; this may have cccurred via
chemisorption of CO on rcduced iron metal. I% was dcelded to
check by analogy whether the catalytic process was one of
chemisorption. SnO, crystals admixed with L.7L4% Pt,
NbpOs or BiyOz werc reacted in Pco = 20 cm BHg at 700°%C, Pt
will chemisorb CO, Bi03 can be reduced to metal under the
above reaction conditions but Bi will not chemisorb O%Eand
Ubp05 cannot be reduced to metal at this temperature.

Inspection of the rcsults shown in Figure 31 indicates
that F0203, Pt and 31203 catalyse the reduction whereas
NbpoOg docs not. The behaviour of Fepl3z, Pt and NbpOs in thic
reduction is similar to their effects on the reaction of SnOo
in Hp/HCl. The hypothesis of chemisorption of CO as one step
in the catalytic mechanism of the reduction of SnO, has not
bcen conclusively demonstrated owing to the anomalous bchaviour
of BipyOs.

Yo 2.7.lte  Effcct of COo on reaction in CO/HCL

Carbon dioxide as the¢ oxidation product of CO might b~
expected to retard thc rate of reaction of SnOs, in CO/HCL if it
is, sufficidifly nesr the tempceraturc at which AG; = 0,

Sn0, crystals wcre rcacted at 700°¢ in PCO = PHC1 =

10 cm Hg, whilc varying the PGOZ:PCO ratio. The results,
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given in Figure 32, show that incrcasing the PCOQ:PCO ratio
retards the recaction, This result is at variancc with that of
Nieuwenhu1531, who found that the reverse was the casec above
Pco:PCOs = 0,051, This point is discussed further in scctions
5¢2. and 5. 3. 3

he3. Analysis of productse.

A study has been made of the products of reaction of
SnO0p crystals in the following atmospheres: Ho/HC1l; HC1;
CO/HCl. As discussed in scetion 4. 2. 7.2. the results in
Figuré 28 suggest that the products of reaction in CO/HCL may
change by addition of F8203. Accordingly, analyses were made
of the products of the following reactions ot 700°C:

1) sn0p in H,/HC1

2) 8n0Os in HC1

3) 8nOo in CO/HC1

) 8n05/Fe 05 in CO/HCI.

Th¢ reaction products were removed from where they had
condensed in the cooler parts of the apparatus by dissolution
in 50 ml A.R. conccntrated HCl. The solution was made up to
250 ml with distillcd water in a volumctric flask. 25 ml
aliquots of the solution werc =a2dded to 25 ml lots of acidified
standard potassium aicnromate solution; the residual dichrom-
ate was titrated against standard ferrous ammonium sulphate
solution using diphenylamine as indicator. The pcrtinent

equa tions arc as follows:
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3 802+ + Crp07%  + 14ET = 3 st 4+ 20r3* 4 7H,O
6 Foo* + 0rp07°7 + 14HY = 6 Pt 4+ 20r7t 4 TH,O.

Sn®t was dotermined by the above method whilc the
total tin content of the solution was analysed ugsing atomic
absorption spcectrophotomectry; a calibration curve had been
drawn up using solutions of known amounts of A.R., tin in
€N, HCl, The results arc shown in Tablc L.

Table 4o Analysis of products,

Reaction Sample wt. Sn(II)in con- |Total SnmnSnéIIgﬁ
loss. densatc (% of icondenste ©Sn(IV
mass I 9 loriginal samplei (¥ of orgn:

al sample)!
Sn0» in H?_/HC]_ 0.5568g {57. 3 56.6 %7.0 l‘ 140
SnOs in HC1 0.1758g :23.5 1.3 17. 4 | ©.08
i i
Sn0,/Fe,03 in | |
CcO/HC1 0.1100gim.2i 17.6 28.7 1.59
| |

Within the limits of analysis, Table 4 shows that
reaction with HQ/HCl yvields only sn(II) and with HC1 alone
yields only 8n(IV). The actusl products arec presumebly SnClp
and 8nCly. The product from reaction of SnOs with CO/HC1 is
mainly Sn(IV) but also a significant quantity of en 8n(II)
compound was produccd. This implics that the CO 1is taking
little part in the reaction, acting only as an inert diluent.
The presence of Fe203 in the CO/HC1 reaction causes a great
increase in the Sn(II):Sn(IV) ratio. This suggests that two

recactions occur in this case: one producing SnGlu and the
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other catalysed by Feps03, producing Snol2o This point is
further discussed in section 5,2 . Thc loss of Sn in the
last three snalyses is probably due to the partial inconden-
sibility of $nCly (s.Vep. of $nCly = 32,6 mm at 20°C), which

if it had been rccovered, would have dccreased the Snﬂ%:

SncCly ratio in the products from those reactions.
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5. Discussion of results.

5.1 Ratc-controlling proccss.

geveral possibilitics arisc as to thce naturc of the
ratc-controlling stcp in heterogencous rcaction of the type
studicd hecre; they msy bc broadly divided into two scctions,
viz. control by mass—transport processcs such as the rate of
cvaporation of products or by a particular chcmical step in
the rcecaction mcchanism. It is contendecd that the latter is
thc case and the following sections arc adduced in evidencae,
They decal largely with reaction in Hp/HCL but, by extension
of the argument, the samc conclusions were found to apply with
equal validity to the rcaction of SnO, in CO/HC1l mixturcs.

5.1.1« Control by cvaporation of products.

Stamnous chloride is the least volatile of the product-
of recaction and control by evaporation implics that the gas
phasc is in equilibrium with SnClpo ligquid on the particlcs.
Stsnnous chloride in the gas phase 1is, therefore, at the
saturation vapour prcssurc at the reaction tempecraturc.s The
rate of mass change is approximatcly dctermined by thce rate of
volatilisation of SnClp, which is proportional to thc rate of
flow of the gas phase. The vapour pressure of SnClp has bcen
expressed as a functisn of temperaturec, viz.
log p(mm Hg) = -LL80/T + 7.73 49
At 500 and 600°C, the cnds of the temperaturc rangc in which

the reaction was performed, the values of p are 1.4 x '10"JI
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and 5.23 x 10”1 atmospheres respectively. Assuming a flow-
ratec of 17 cmBScc’1, saturated with SnCl,, the maximum ratcs
of volatilisation of stannous chloride are 0,06 and 0.26g scc™
at 500 and 600°C respectively. As the rates of reaction found
at thesc tempcratures are cquivalcnt to approximately 10'5g
sec™1, the reaction is clcarly not controllcd by the ratc of
flow of thc gas phasc saturated with SnCl,. Also, varying the
gas circulation rate would bc expccted to change the ratc of
reaction if the above process was rate-controlling; however,
this was not so (sec scction L.2.2.1.).

5.1.2. Control by diffusion of products and reactants.

If the rate-controlling step in the reactlion is
diffusion of products away from the solid surface, through
a boundary layer of gas, then the concentration at the
crystal surface would be cqual to the saturated vapour pressu-
and in the main bulk would be virtually zero., As the particle
size was approximatcly 100 pm, the distance from the crystal
surface at which PSn012 was zero was taken as 10 pm; larger
distances would not apply owing to the presencc of adjaccent
crystals. As the distance from thc reaction interface,; where
PSn012 = O, is one order of magnitude lecss than thc particle
diameter, 2 linear—-Ciffusion model was cmploygd in the follow-
ing calculation, with the concentration gradient everywherec
constant. The number of moleccules crossing unit area in unit
time under unit negative concentration gradient is the co-

efficient of diffusion, D, given in the following equation:
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1 50
D = 3 / BKT N
= 2 =)
8s “n \ 8m -

¢ = molccular diamctcr {cm)

n = numbcr of moplcoculew per unit volume (cm”3)
m = mass of one molecule (g)

k = Boltzmann Constant (erg/molcculc~dcgreco)

T = gbsolutc temperature., (°K)

Taking the SnCl2 molccular diameter to be 50 nm and
the surface area of the SnOy sample to be 8.7 cm2, this would
give risc to rates of diffusion of SnClZ of approximately 3g
sec"1 at the temperatures used in the experiments. These
rates are five orders of magnitude greater than those observer
viz. 10“5g sec”1, and, thus, the recaction is not controlled by
this stagec.

Another possibility to be consldered is rate-~control
by diffusion of the Ho and HCl to the crystal surfacc when tk
resct immediately. Taking thelr bulk pressures to be 20 cm Hg
snd their corresponding molecular diameters to be 27.8 and
18,1 mn?! 2nd using the sbove equation, rates of 0.23 and
0.13g sec”! at 500°C are obtained. Comparison of thesc with
observed rates, shows that this typc of diffusion is not
rate-=controlling.

If the reaction were diffusion-controlled then the
most likely possibility is that the slowest step would be the
diffusion of SnCls away from the surfacc of the bed of

crystals il.e. the rate would be independcnt of bed-depth.
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Taking the boundary layer to be 1mm thick and the surface areca
to be that of thce sample holder thcn the above equation givcs
0.03g sec™! as thc rate obtained at 500 - 600°C, This is still
three orders of magnitudc larger than the experimentally
determined rates of reaction.

5e1.3. Icterogenclty of recaction of particles.

Differences in the extent of rcaction over the surfaces
of single crystals have beecn observed with both synthetic and
natural cassiterite. In section 4.1., the influencc of small
iron-bearing inclusions, in a non-uniform distribution, on the
rate of reaction of the adjacent 8n0o was described. Although
heterogeneity of reaction is possible in a diffusion-controlled
proccss c.g. crystal growth or evaporation, owing to the higher
partial pressurc existing over high energy sites, it is
difficult to envisage any mechanism whereby the incidcnce of
imperfections in the surface of the Sn0O, lattice could in-
fluence the ratc of diffusion of SnCl,. Thus non-uniform
reaction provides furthcr evidence for chemical control rather
than mass—transfer control.

5e1elte Sensitivity of rote to temperaturec and to small

gquantitice of additives.

It has been chown that the activation energy of the
H2/H01 reaction is 52Kcal in the range 500 - 5500C and that
this decreases as the temperature rises to 600°C (cf. scction

u.2,3.2.). Gas-diffusion-controlled processes have low
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activation cenergies, usually less than 10Kcal, so that this is
another indication that the rcaction ischemically controlled.

From consideration of the results described in
scction L.2. and cespecially L.2.3; it may be secn that the
rate of rcaction of synthetic SnOp crystals is susceptible to
the prescnce of less than 5% of metal or metal oxlde additivcs,
In particular, the presence of L.747 Pt causcd an increase in
rate at 550°C of almost 250%. It is improbable that this
effcct can be attributed to some modification of a.diffusion
step. Indeed, as the particle size of thesc additives was of
the order of 1 um, their presence would have becen expected to
impede any gaseous diffusion process, Thus the catalysis
caused by thcse additions must arise either from some mod-
ification of the crystal matrix i.e., by promotion of crystal
imperfections or by the formation in situ of some reactive
intermedinte which incrcasces the rate of a chemically con-
trolled step in the reaction mcchanism,

5.2. Products of rcaction in the gbsence of additives.

Inspection of the results obtained in section L4.3.
shows that in gcencral at least two overall reactions are
taking place: one of thcm occurs in HC1l only and the other
involves both HC1 aun? the reductant., The reaction in HC1
only results in the production of a sn{IV) sbecies, pre-
sumably SnClLL, and this is reasonablc as no reductant is

present. The reactions of SnO, in Ho/HC1 end CO/HC1 differ



in that the former produces mostly 8nCl, whilst the product
from the latter reaction is predominantly a Sn(IV) specics.

The appecarance of Sn(IV) as the major product from
reaction in CO/HCl is at Varisnce with the results found by

X

Nicuwenhirhs” , whose work has been described in secction 2. 5.
Using « low-grade tin concentrate containing 5¢ Sn and 1.25%
Fc, he found that SnClo was formed as 99.9% of the product
providing the pCO:pCO, ratio was greater than 6.1 x 1072 at
1000°K to prevent conversion according to the following
cguation:

2 8nCl,(g) + 2 CO,(g) & Sncly(g) + Sn0s(c) + 2 CO(g)

for which 4GS = ~18,370 - 3.46 T log T-3.26x107°T2+62, 45T,

The standard free cnergy change at 1000°K is 26.2 keal but the
rcaction becomes more favourable as the temperature is lowered
and if both the stannous and stannic chlorides remain in the

gas phasc ( 2G = -3.f%cal), If the materials are present

300°K
in their standard ststes at 300°X then AG;OOOK = 30 ¥cal. The
above reconversion may be split up as follows:

28nCl,(g) + Op(g) = SnClugﬁ-SnOZ(c) ceee (1)

AG; = =15%,370 - 3,46 T log T-3.26x1073T2 + 99,957

and the rcduction eguilibrium of COo

2 CO, & 2C0 + Gy ceee (2)

AG; = -135,000 — 37.5 T

If the minimum pCO:pCO, ratio is LOO (based on 0.1g SnOo

-0
having reacted), then pO2 = 0.5 x 10795 as Kp(py = 7.9x10721 at
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2
Sn012

than 5% of the Sn012 would bc reconverted by this process.

300%K, Kp 4y = k40 x 107% at 300°K so that p % 500, Less
Also, in the cxperiments in which the pOO:pCO2 ratio was
varied (section L.2.6.4.) within the range 0.5-¢ , no obvious
change in products was found., The presence of iron in
Nieuwecnhuis's exper*imen13533'1 may account for the predominance
of 8nCly; this point is discusscd further in scction 5.4.3.

It is possible to account for the production of
SnCly and SnCly, in a number of ways dependent on the oxidation-
reduction equilibris of the tin chlorides in the gas mixtures
used in the temperature range 0 — 700°C; sequences of re-

action arc outlined as follows:

a) 1) 8n0, + Hp = 8Sn0 + Hy0
8n0 + 2HC1 = 8nCl, + HpO

2) 8n0p + 2H, = Sn + 2HO

Sn  + 2HC1 = 8nClp + Hp

3) 8n0y, + CO = 8n0 + CO,
Sn0 + 2HC1 = $nClp + Hy0

L) SnO, + 2C0 = Sn + 200y

Sn  + 2HC1 = 8nClp + Hy

b) Sn0, + L4HC1

1

Sﬁolu + QHZO

c) 1) 2 8nClp, + 2HoO = 80C1), + Sn0p + 2Hp

Il

2) 2 8nClp + 200, = SnCly + SnOy + 2CO
d) 1) snCl, + H, = SnClp + 2HCI

2) 8nCl, + CO = 8nClp + COCly
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The thermodynamic feasibility of these reaction
schemes is discussced below; for convenicnce, 1OOOOK is taken
as the tcmperature of the sample,

a) Liguid tin is the only stable tin species in the Sn~0-H and
Sn-0-CO systems at 1000°K:; the standard frec cenergics of re-
duction of €n0, to Sn by Hp and CO are =2.L and =L.1 Keal
rcspectively. Tin will react with HC1 at this temperature to
produce SnCl, (&G% = =10 keal).

b) 8n0, will react with HCL to produce SnCly providing the
latter is removed from thc reaction site; thce standaprd free
energy change of reaction at 1000°K is 7.7 Xkcale

¢) The rcaction of SnCl, with CO, has becn treated above and
it has becn shown that less than 5. of the SnCl, would react

at 300°K. TFor the overall reaction:

2 8nCly(g) + 2H,0(g) = SnClu(g) + 8n0,(c) + 2H2(g)

80 = =35,570 = 3.46 T log T = 3.26 x 107572 + 73.75 T

which may be simplified into:

2 8nCl, + O, @ 8nCl; + SnOp coee ()

4G% = -153,370 = 3,46 T log T - 3.26 x 1073T° + 99,95

ané 2H,0 @ 2H, + Op ceee (2)

sG% = 117,800 - 26, 2T.

Thg frec energy charoe for the overall reaction is 24.5 Xkecal

at 1000°K but =16.0 kecal at 300°K, so that the reaction becomes

more favourable as the tcmperature is lowered. If the

minimum pHo:pHo0 ratio is 70 (based on 0,55g SnO, reacted),



- 102 -

82 at 300°x.

then pO, = 1.8 X,1O—85 as Kp(z) = 9.1 x 10
Kp(y) = 40 x 1092 so that p2SnClp/psSncly, = 1.l x 1075,

Thus almost all the SnCl2 would be reconverted by this procsess;

however, this is not observed, the gases issuing from the hot

zone are cooled sufficiently rapidly to frecze in the high

tempe rature equilibrium,

d) Hydrogen will reduce SnCl), to 5nCly at 1000°K

(G0 = ~16,7 X=al) but the reaction becomes less favourable at

lower temperatures (aGP° = 12 ¥eal). CO, on the other hand,

300°K

will not reduce SnCly in this temperature range (6G10000K =

35e 7 kecal, AG%OOOK = 4O Xcal).

The production of SnCls, is thus thermodynamically
feasible in cither HQ/HCl or CO/HC1l, as is also the formation
of SnClu by reaction of SnO2 with HC1 alone. As hydrogen
reduction of SnCl) becomes progressively more difficult as the
temperature is lowered, the production of SnClp via the inter-
mediate formation of SnClu would only occur at high temper-
aturcs. The intermediate formation of SnClu, by rcaction of
SnOo in CO/HC1l to produce SnCly, probably does not occur as
CO will not reduce SnClj in the temperature range O - 700°C,

5.3, XKinetics and mechanisms of reacfion in the absecnce of

additives,

The rate-dependency of the reaction of SnOp with the

three gas mixtures used 1s discussed under sceparatc headings.
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He3e1se FKinctics and mechanism of reaction in HC1l only.

As analysis of the product of reaction in HC1l only has
shown that it consists in the majority of Sn{IV) (cf. scction
li.3.), the most probable recaction is that previously quoted,
viz,

5n0p(c) + UHCL(g) -  Sn0L)(g) + 2Hy0(g)
for which aGP°

500°G
obtained from those expcriments where non-anncaled crystals

= 5.2 lcal. Inspcction of the results

were reacted in HCLl only at 500°C, shows that the reaction is
first order with respect to HCl.

At 500°C in Puey T 20 cm Hg, a maXximum rate of
reaction may be found from the partial pressure of SnOlu in
equilibrium with snO,. Under thesc conditions, pSHClh =
5.146 x 102 atmes. ; assuming s gas flow-rate of 17cm3 sce™
saturated with 8nClu at this pressure, the rate of volat-
ilisation of SnClu is 3.7 x 10‘5g sec_1. This corresponds to
a rate of recaction of SnO, of approximately 2.1% sec -1 anad
is two orders of magnitude larger than the rate actually found
in DPHCl = 20 cm Hg viz. 3.5 x 10”3% sec™ (cf. section
L.2.2.2.). and thus is not rate-controlling. Control by
diffusion of SnCly, thmough a2 boundary layer of 1 mm. would
give rise to rates wh'ch arec more than thrce orders of mag-
ritide too large (cf. scction 5.1.2.). Therefore, the reaction
is controlled by thc rate of a chlorinating stcp.

The rate dependence upon PHC1 indicates that the re-

action occurs in stages, probably involving the stepwise
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chemisorption of HC1l molecules at surface active sites. This
hypothesis is corroborated by the fact that anncaling the
crystals inhibits the reaction in HC1l only (ecf. section
L.2.%.1.). No quantitative data on the dislocation density
in cassiterite crystals has been obtained but Hirthe and
Brittain®2 have shown that by meintaining rutile crystals,
which have the same tetragonal structure as cassi terite, at
1375°C for 2.7 ks, they were ablc to rcduce the dislocation
density four-fold. It would thus appcar that thc rate of
formation of SnClu is a function of the number of crystal
imperfections i.e. high encrgy sites, prescnt in the crystal
surface. This point is further attested by the prefcrcential
reaction occurrings at edces and corners where non-annealed
crystals have been reacted in HC1 only (ecf. section he2.2.00 )

5.3%. 2. Kinetics and mechanism of the reaction of SnO2

in Ho/HC1.

The reaction of annealed crystals in HZ/HCI mixtures
is first order with rcspcct to Hy at 500°C (cf. section
ho2.3.1.), but at higher tcmperaturcs and high PHp, the order
decreases., As thce reaction is not diffusion controlled,
within the temperaturc-pressure zone where thc rate is a
function of PH, and 'adependent of PHC1, the rate-controlling
step is nrobably one of reduction. Also, the rate of red-
uction of non-annealed crystals in Hp, only is comparable to

the rate of their overall chlorination (cf. Figurc 8, scction
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Le2.2.2.). The hydrogen and hydrogen chloride were always in
considerable excess comparcd with the SnOs (> x 75); also,
thc products, Sn012 and H20, were condenscd in the cooler
parts of the apparatus, Thus the conditions remained thermo-
dynamically favourable for the reaction to proceed until all
the SnO2 was cxhausted, a fact,%onfirmed by the results. It
has also becen shown in scction 5.2. that any reactions in the
gas phase within thc low temperature regions are sufficiently
slow to be discounted and thus it is assumed that the overall
reaction takes place at the temperature of the samplec.

The following threec mechanisms,; involving some well-
established compounds as intermediate pnroducts, arc thermo-
dynamically feasible under the conditions used in thesc
studies. The frec energiecs of rceaction are given at 500°C:
1a. Sno2(e) + H2(E> —s 8n0(e) + Hy0(g), AG® = 1 keal
1b. 8n0(c) + 2HC1(g) SnC1,(1) +H,0(g) s AGO = -12 keal

2a. Snoz(c) + 2H2(8) sSn(1l) + 2H20(g),oGO 3 ¥Xcal

i

—
N

2b. 8n(1l)  + 2HC1(g) — 8nClp(l) + Ho(g),2G0 = =14 kecal
—_—

3a. Sm0,(c) + LHCL(g) snc1y(g) + 2Hp0(g), aG” = 3.5 keal

3b. 8nCL,(g) + Hy(g) —> SnClp(l) + 2HCL(g), 5G° = -1l4.5keal
As reaction 3a has been shown to occur at a negligible

rate when anncaled crystals are uscd (cf. scction L.2.3.1.)

it is possible to discard the third mechanism as playing only

a minor role in the overall reaction. lMechanism 2, as set

out; may also be discarded as it would give rise to a rate
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dependence on P2H2 and the rcaction has bccn observed to be
first order with rcspect to Hop; however, rcactlion 2a could
pceur in two or more steps involving chemisorbed hydrogen,
etec. and, thereforc, give rise to an apparent first order
rcaction. Also, if the formation of linuid tin is a stepwise
process involving thé intermcecdiatc formation of Sn0O, then it
is not nossible to distinguish between mechanisms 1 and 2 by
the experiments performcd. Neither of these mechanisms is
limited by the rate of romoval of 8nClp (cf. scction Sede)e

5. 3.3, Kilnetics and mechanism of rcaction in CO/HCl.

The reaction of Sn0, in CO/HCLl at 700°C results in a
mixture of products; viz., SnCly and SnClo, in which the hilgher
chloride prcdominates. The reactlion is first order with
rcspect to HC1 and is indepcndent of PCO. It has been shown in
scction 5.2. that low temperacturc oxidation of SnClo or red-
uction of &nCl), does not occur to a sufficient extent to
account for the proportions present in the product. There-
fore, the reactilons to »Hroduce thc two chlorides probably take
place at the sample tcmperature.

As 3nClo, is the minor product, the ratc dcpendencc of
the reaction to producc this chloride cannot bc deduced from
the results of the svperiments pcrformed. However, a number of

mechanistic schemes may be put forward to account for the

presence of 8nCl, at 700°C:
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1a. 8n0s(c) + CO(g) ~— 8n0(c) + cO,(g), AGY = -i Kcal.

1b. 8n0(c) + 2HC1(g) — 8nCly(g)+Hp0(g), 4G° = ~10 Xeal

28, 8n0s(c) + 2 CO(g) —s Sn(l1) + 2002(8)9 sGP = -6 Keal

2b. 8n(1)  + 2HCL(g) — SNC1,(8) + Hp(g),aG° = -8 Keal

32, 8n0,(c) + LHCL(g) —- SnCL(g) + 2H0(g), +G° = -1 Kcal

3p. 8n61), (g)+ Go(g) 3 8nClo(g) + COC1l,(g), aG°=36 kcal.
Reaction 3b. would probably not occur owing to its

unfavourablc frec energy change and it is not possible to

decidc conclusively between the first two mechanisms proposecd.
The production ofSnCl“ probably takes place according

to reaction 3a (see curve 2, Figurc 28 at PCO = 0). As stated

in scction 5.2., the rate-dependence on PHC1 indicatcs that

the reaction probably occurs according to a compnlex mcchanism

involving chcmisorbed intermcdiates which have not been

characteriscd,

5.L4. Influence of Fe,03 and other additives,

The cffect of Fey0z on the rcaction of SnOy varics
with the chlorinating system used; these cffccts are dis-
cusscd in separate scctions, cach dealing with reaction

ocecurring in a particular gsscous mixturc,

S5.li. 1. ffect of Fe,03 on the reaction of SnOp crystals

with HC1,
It has been arsued in scetion 5.2. that the reaction
of Sn0, crystals with HC1l takes nlace predominantly at high

energy sites in the crystal lattice and that this reaction is
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inhibited by annealing the crystals at 1265°C. Mixing and
heating non-anncaled crystals with Fey0z to 500°C causes an
almost identical cffect to that of annealing in that the re-
action of Sn0y crystals with HC1 only is repressed (cf.
secction 4.2.2.3.). It is suggested that Fe,05 inhibits this
reaction either by disspolution in the surface or body of the
crystaly, rclicving crystal imperfections in the process or by
adsorption at a surface activc site thus denying it for re-
action. Experiments have been described in section L.2.2.3.
(Figures 11 and 12) in which a mixturc composed of non-
annecaled 5nOo and Fezo3 was reacted to completion in HCI1;

the residual SnOy was partly reacted in HQ/HCl and the residue
from this sccond part of the experiment subsequently rcacted
in HC1 only. It is thus apparent that the effect of the
residual F0203 did not cxtend throughout the crystal. A
mixturc of Fezo3 and annealcd crystals was subjected to the
same secquence of experiments and similar bchaviour was
observed (cf. section L.2.3.3.); neithcer the residual

Fezo3 nor the annealing repressed the reaction in HCl1 only,

immediately after reaction in HZ/HGl.

5.4.2. Influence of Fc,03_on the rcaction of SnO, with Ho/HOI.
Inspection ol the rcsults described in sections

Lo 2.3%.3%,~6. shows that Fezo3 catalyses the preaction of Sn0O,

in Hy/HCl; thc catelytic effect is an increasing function of

temperature and amount of FGZOB. This catalysis may occur
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according to on¢ or a combination of four different mechanisms;
thesc are:

1) by a cyclic reaction involving FeClsg

2) by Vol'kenshtcin's ffcct

3) by nucleation of reaction using wetal particles

4) by chemisorption and activation of Hy on metal perticlcs.
Descriptions of these possible processes and thc cvidence for
and against them are given in the following sections.

S5.402.1. Catalysis by FeClsz

If FeGl5 is the reagent responsible for catalysis the
mcchanism would involve the cyclic consumption and regcener—
ation of FGC15 according to a reaction scheme of which the
following is an example:

Fe203(c) + 6HC1L(g) — 2F8015(g) + 3H50(g)

2FeClz(g) + 8n(l) —s 2FeClp(e) + SnClo(1)

2FeCly(e) + 2HCL(g) —> 2PeClz(z) + Ha(g)

Several typcs of entalysis involving this chlorination-
exchange mechanism with FcClE have been studied but they occur
largely in molten systems.53

It has been shown in section L4,2.3.5, that it is un-
likely that a raseous intermediate is involved and this is
further confirmed by %ae strictly defined areas over which
catalysis occurrcd in grains of natural cassiterite. Also;

such a process as the one described above would increase the

rate of a chlorination step but the reaction has becn found to
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be reduction-controlled (cf. section 5.3.2.); it is thus

possible to discard this mechsnistic schemec,

5.4.2.2. Catalysis by promotion of active gites in the SnO,

crystal surface.

One method by which catalysis may occur is by the
propagation of crystal lattice disturbances duc to the
presence of impurities; this is known as Vol'kenshtein's
?'-;‘ffect.E’LL According to this process, which may catalysc
either a chlorination or reduction stepn, ions which are too
largce to be absorbced substitutionally arc sorbed in surface
laycrs ss interstitials causing lattice disturbances over =a
distance of 10.A,U. or more i.,e. they promote high energy
sites. This catalytic effect is directly related to the
ionic volume and electronic charge of the additives. Typilcal
of this modc of catalysis is the increased reduction of FeO
by CO in the prcsencc of small amounts (less than 1 atomic
perceent) of the large alkaeli and alkaline earth metal ions, 27
This type of catalysis probably does not play a large

5% pave similar

part in the catalytic mechanism as s+ ana Fe
ionic radii (6.5 and 6.7nm respcctively51) and homogencous
golid solutions are knownuZ. Also, it has been shown in

scction 5S.h4.1. that 11ixing and heating of SnOp with Fey03

tends to anneal the crystal surface l.e. to reduce the number

of lattice imperfections.
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5.U.2.3., Nucleation of reduction by mctal particles.

One way to catalyse the reduction of a metallic oxide
in . H2 is to nucleate the rcecaction with particles of the
metal concorned.56_6o Delmon®7299 ¢t al have found that it
is possible to increase the rate of H, reduction of NiO and
CuO0 by the gddition of one of & number of finely divided
mctals i.e. by artifidally scerininating the reaction. In this
case the degree of catalysis would be an incrcasing function
of the tendency of the reduced rme tal to form an alloy with the
metal additive and this is confirmed by thc catalytic effecct
of Cu on the recduction of MiO,

This typec of catalysis 1s unlikely to prevall in the
reaction under discussion for a number of recasons. It has
been found that the Ho rcduction of SnO docs not show this
phenomenon58 end as the recduction of SnO, to Sn must procced
stepwise (as the resction is first order with rcspect to Hz),
this proccss must catalysc the reduction of SnO, to 8nC, when
the possibility of metellic nuclcation is lost. Also, 1t has
been found that the prescncc of coppcr oxidce does not catalyse
the overall reaction at 5509C cven though mctallic coppcr is
stable in HC1l at this temperaturc.

5.h4e2.4. Catalysis by chemisorption and activation of Ho

As the rate-controlling process is one of reduction
and as this would involve the breaking of an H-H bond, 1t

would be rcasonablc to suppose that any mcechsnism which
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facilitated the fracture of this bond would also accelcrate
the reduction process. Hydrogen molccules will not normally
dissociate neither will hydrogen atoms recombine in the gas
phase at an apprecisble rate as the encrgy rcquirements are
too grcat. However, in the prcscnce of some other body which
will stabilise the transition ststc and providec an cnergy
sink, both of thocse proccsgses may be facilitsted., It is
apparent that such a chemisorptive process 1s opcrative to
some extent in the overall reaction in the absence of
additives as the maximum activation energy 1is 52 kzal while
the dissociestion energy of - Ho is 104 Xkcal. Chief among
the substances which providc the necessary substratc are
certain transition metals, of which iron is one, which will
dissociatively chemisorb hydrogen, i.e. the dissociation takes
place with a decreased activation-cnergy on thc surface of
these mectals.e It is contendcd that the enhancement of the
rate of rcaction of SnO2 in Hg/HCl owing to the presence of
F0203 is due to thc dissoclative chemisorption of hydrogcn on
iron mctal.

Attempts have been made, and the results arc given in
section 4.2.3.7.5 t0 prove this hypothesis by analogy i.c. by
adding other wmctal ovides the hchaviour of which is prcedictablce

if such a wmechanism opcrates, It has been shown that the
incidcnce of catalysis 1s consistent with the rcduction of
the oxide additives to mctnl and the ability of the latter to

chemisorb H,. Only two exceptions were found viz, V2O5 and
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TiO2; 286 cxplained in scection "e2.3.7., the non-stoichiometric
VO is the stabvle oxide in H2 at the temperature used (55000)
and this way catzlyse the reaction by absorption of H, by a
vacancy mechanism. Ti02, however, cannot be reduced by Hp at
this temperature so perhaps 1t increases the rate of reaction
by some such process as the following:
T105(c) + LHC1(g) — Ticly(g) + 2Hp0(g), 4G = 30 Keal
70, (g) + 8n0p(e) + 2Hp(g) —  8nClp(1) + 2H20(g) + Ti0p(e),

aG® = =41 xecal,
The first stage is, however, thermodynamically unfavourable,.

SnO2 may be reduced to Sn but the latter will not
chemisorb H2u5 so that the rcaction is not autocatalytic.

Of thosc oxides which can bec reduced to metals and
will chemisorb Ho, some of the latter will also be converted
to non-volatile chlorides in the course of the¢ reaction. The
standard free energy changces when thesese metals react with HC1
at 55ODC to form chlorides are given as follows:

Fe(e) + 2 HCl(g) —s TeClo(c) + Ho(g)s aG° = -9.8 Xeal

Co(e) + 2 HC1(g) —=  CoCly(e) + Hy(g)s »G° = -2.3 Keal

Ni(e) + 2 HC1(g) —> NiClpo(e) + Ho(g), a6° = L.l Keal
to(c) + 2 HC1(g) —  lLioCls(c) + Ho(g), aG° = 25.6 Keal
Pt(c) + 2 HC1(g) —-- PtClo(c) + Ho(g), aG° = L6 Xcal.

Where applicable, the frece energies of rcaction to higher

chlorides arce more unfgvourablc,
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The retarding action of Nb205 and WOB may perhsps be
explained by the fact that the stable oxides of Nb and W under
the conditions used are NbOp and WOp; both of thesc oxides
have the same crystal structure as cassiterite and both Nbu+‘
and WAt have similar ionic radii to that of Sn*. It is
possiblc that epitactic growth of thesc oxldes has takcen place
on the surface of the SnO, thus denying the latter to reaction.

Further evidence that the catalysis by F6203 is by a
process of chemisorption may be attested in that Fep03z also
catalyses the reduction of SnOp by Ho (cf. section L.2.3.6).
This could not occur by any of the other mechanisms described
for the same reasons given earlier in sections 5.4.2.1. - 3.

If catalysis occurs by this typc of process then it
requires the viablc existence of elemcntal iron throughout the
period of rcaction represented by thc rectilinear sections of
the rate curves shown in Pigure 10. This may come about by
reduction of F6203 to Fe by Hpo followed by chlorination to
ferrous chloride, the process occurring throughout the time
taken for recaction of SnOo. It is possible that iron metal
may also be produccd according to the following equation:

sn(1) + FeCly(c) = SnCly(l) + Fe(ce), -2.3 keal.

0
AG5500K =
It is, howcver, impronablc as Prosser and Romeror have shown
that tin reacts with HC1l almost instantaneously at this
tempe ra ture.

Another objection to this process is that the size of

the iron particles may be extremely small and that the surface
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characteristics of particles consisting of only a few atoms
may differ considerably from those in the massive phase.
However, Bond has shown that particles of 150 nm diameter
consisting of arrays of only two hundred atoms still retain
thelir catalytic effectiveness61.

Assuming the existencc of particles of irony it is
sugges ted that.tho following scheme of catalysis applies:

H —> 2H ' pn the surfacc of iron metal

2
Sn0p + 2H'— 8n0 + HoO

followed by

SnO + 2HC1 —> SnClp, + Hx0

or

Sn0 + 2H° —> Sn + Hy0

Sn + 2HC1 — SnCls + Ho

with the first stcp rate-controlling and proportional to

PH,, as found experimentally (cf, Figurcs B-5).

As hydrogecn atoms arc very reactive one would expect
that their subscquent adsorption and reaction wo uld take place
at a site not too far rcmoved Trom their point of origin i.e,
that a catalytic intermediate of this type would have limited
mobility. Thus, furthcr cvidence for this mechanism is found
in the fact that only rigidly defined areas of natural
cassiterite containing iron-becaring inclusions showed pre-
ferential reasction (cf, scction Uetale)e

It has been suggested by Grubb et 8140942 that thec
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colour—-zoning of cassitcrite is due to different valency states
of iron, the darker the colour, the higher the F82+/F83+ ratio
and it has not been found possible to correlate differences in
the rate of reaction with colour-zoning.,. It has been postul-
atcd that pyrophorism (and thus catalytic activity) of iron
particles is a function of the original oxide from which they
were produced62. Thus the catalytic activity of the iron
particles should vary with the atomic packing density of the
original oxide; iron produccd from magnetite is denscr and
much less active as a catalyst than that produced from
hcmatite. Therefore, it might be expected to find preferential
reaction in those regions of high Fe3f/Fez+ ratio as compared
with arcas of low Fe3+:Fez+ for constant iron contcnt; as
stated above, this has not been obscrved. This may be explaln-
ed by the fact that the iron in particles which exhibited
colpur—-zoning was prescnt in so0lid solution and thus was not
in its own oxide latticec. Also, below 570°C the rcduction of
I'ep,03 takes place stepwisc via magnetite.63

Catalysis of the rcaction of SnOp crystals by such a
process of chemisorption may take placc in one of two ways
dependent upon the solubility of FepOz in SnOp under the prec-
valent reaction cond*iions.

Ir F0203 has dissolved homogencously throughout the

crystal matrix then as the reaction interfacc advances fresh

iron atoms are produced i.e, the mechanism does not require
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the cyclic rcgeneration of metallic iron, given above. In
this case it would be required that Hp diffuse into the
crystal lattice fastcr than HC1l and that the state of the iron
content, in the surface laycrs at lcast, would be changed. It
has been shown in scction 3, 3.4. that it has not becn possiblec
to dissolvc more than 100 pepem. of iron in the SnOp matrix and
that such crystals rcacted at thc same rste as pure Sn02
crystals, Also, inspcction of the results obtained in sectioms
Le2s2¢3. and Le2,3.3., after undissolved Fey03 and the surface
laycrs of the crystals had been removcd, shows that the residuc
reacted in HC1l only i.e. F0203 was not active over all the
crystal surface. On the cother hand, c.s.r. analysis of
crystals which had becn previously mixed, heated and reacted
with Fey0z showed some difference in the state of the iron
content, though interpretation of the results is difficult
(ef. scction L,2.3.). 1In particular, the prescnce of a ferro-
magnetic phase within the crystals reduced with hydrogen,
lends support to the hypothesis that Hy diffuses into the
latticce and rcduces the dissolved FCZOB.

The other alternative 1s that reaction occurs entirely
on thc crystal surfece at those points whcre iron atoms are
produced by reductio.s of the adjacent FGZOB’ Evidencc for
this is provided by the fact that the degree of catalysis is
an increasing function of the amount of I'ep03z prescnt gven

though the conccntration of dissolved Fep03z does not change
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(cf. section 4.2.3.4.).
It is thus probable that catalysis by chemisorption of

H, takes placc by a combination of the above two processcs,

2
Bolte 3. Effcct of Fe,0z on the reaction of SnOp in CO/HC1.

It has been suggestcd in section 5.3.3. that 8nl,
crystals undcrgo two reactions in CO/HC1 mixturcs; one of
these reactions produces the major product Snclu while the
other produces SnClp. The prescnce of Fey0z in the reaction
causes an increase in the proportion of the reduced 8Sn{II)
spcceies in the products (cf. section Ie3.), i.e. Fe203
catalyses a rcaction involving both CO and HC1l in competition
to the reaction occcurring in HC1l only. As CO played very
little part in the rcaction in the abscnce of FepOz i.c.
reduction wae difficult, it is probablc that the rate- con-
trolling step in the catalysed reaction 1s one of rcduction by
CO. Npo experiments wcre performed to test this directly but
evidence is provided by curves 1 and 3 of Figure 28, which
arc almost parsllel at low FHC1; this implics that FeyOs
catalyses some reaction othcr than that occcurring in HC1 only
and no reaction took placc at PHC1 = O in the sbsence of
F6203° This type of process would explaln the results of
Nicuwenhei s31 in the n the prescncc of F8203 in thc concentrate
used would catalyse the production of 8SnClp, and thus sccount
for its predominance in the reaction product. The first order

rate~dependence upon FHC1 found by Neuwenhnis31 in his
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experiments at high Peo docs not preclude the existencec of
reduction control st low pressurecs of CO.

Both F6203 and Sn0o may be rcduccd to metals by CO at
7008C; iron will chemisorb CO whereas tin wiJl not do so. It
is thus possible that catalysis of the reaction of SnOs in
CO/HC1 occurs by chemisorption of CO on iron metal in a
similayr manner to that described when Heo is usced as the
rcducing agent. The iron, once again, is subscquently con-
verted to fcrrous chloride., However, the prescncc of Nb205
also catalysed the reaction of SnOs in CO/HC1l and as Nb205 is
stable in CO/HCLl at 700°C it is difficult to cnvisage any
process by which this occurs (cf. scction L.2.6.2.).

Attcmpts to show that catalysis of the reduction of
8n0, by CO was consistent with a cheomisorption mcchanism also
gave inconclusive results (cf. section 4.2.7.3.). Both Feo03
and Pt catalysed the rcduction whilc the abscnce of catalysis
by Nb205 was also prcdictable; however, the catalytic

behaviour of B1203 is anomalous as Bl will not chemisorb COu5.
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6. Conclusions,

The results of the investigation into the role of iron-
bearing impurities in the chlorination of cassiterite using
Ho/HCL and CO/HCL mixtures are summarised as follows:

a) cassiterite undergoes two reactions in Hg/HCl mixtures;

the major reactiony; which produces SnClZ, is eontrolled by the
rate of reduction of 8nO, and is Tirst order with respect to
Ho; the reaction rate is independent of the pressure of HCl.
The second reaction produces SnClu and is first order with
respect to HCl; 1t occurs predominantly at high energy sites.
b) FeZOB catalyses the reaction fto produce SnCly by a process
involving the chemisorption of hydrogen on iron metal produced
by reduction of the iron oxide, It also inhibits the reaction
which forms SnCly by relieving crystal imperfections.

¢) .the presence of Nb205 and WO3, the oxides of two elements
which are commonly associated with cassiterite, retard the
reaction of Sn0, with H2/H01. It is probable that ].\TbO2 and
WO, which have the same structure as cassiterite and which are
stable under the reaction conditions, form an epitactic layer
on the surface of the cassiterite, the phase change being
nucleated by the latter,

d) cassiterite alsu tndergoes two reactions in CO/HCLl; the
major reaction in this system produces SnCl) and is the same
reaction occurring with HCl only described in a). The second

reaction produces SnClp and the rate iz probably some function
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of the pressure of CO.
e) Fe2O3 catalyses the production of 8nCly, by reaction of
8n0, in CO/HC1l; the catalytic process is probably one of
chemisorption of CO on elemental iron.
) I\Tb2O5 catalyses the overall reaction occurring in CO/HCI1
but the wmcchaniom of catalysis is not clear,

It is concluded that iron—bearing impurities catalyse
the production of 5nCly by reaction of cassiterite in the above
system; thus the presence of thesec impurities lower the

temperature required for rcaction at a given rate,
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APPENDIX

Alluvial Nigerian cassiterite - reaction in HZ/HCl at 610°C

EPHQ = 35.7 cm Hg {PHQ = 19.3 cm Hg 1PH2 = 19.3 cm Hg
PHC1= 2.6 cm Hg !PHC1= 9.6 cm Hg  PHO1= 16.3 cm Hg
P i 224 “.~+ e o e et e e e -
Time |% volstilisedTime |% volatilised’ Time % volatilised
(min) '(min) (min)
0 0.0 0 0.0 L0 0.0
i i i
5 0.3 5 0.9 3 1 0.6
| 8 0.6 | 10 1.5 6 ] 1.2
: ’ i
10 0.6 ! 15 2.1 . 10 | 0.9 ;
13 0.9 | 20 2.1, |15 g 1.0 i
15 0.9 | 25 2.1 19 1.0 |
18 1.5 | 35 3.7 125 | 1.0 |
f ! . :
20 1.2 40 5e2 ; 30 | 1.0 ;
1 i i
25 1.5 b5 7.0 | 35 1 1.0 |
I : !
30 1.5 . 50 7.9 | bo 1.9 I
35 1.5 . 65 113 2 L5 | 2.8 |
! ; i j
14O 1.5 T 13,1 50 | Lo
L5 105 é 80 16.5 | 55 ! 5.9 |
50 2.2 ' 85 18,0 | 60 7.8 ’
i ] i
55 2.5 3 : |
60 3.1 ! g g !
S o s
75 4 6 | } ! i
85 6.2 ‘ ! § é 5
.95 7.7 | | | |
100 8.9 : i :
105 9.9 ! % | ?
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Reagent grade SnO, powder - effect of bed-depth on reaction

PH2 = 20.5 cm Hg

|
Averagc bed depth

in Hp/HCI.

Pucl = 20.5 cm Hg  >20°C.

0.1 cm 0.8 cm e
Time % volatilised;Time |% volatilised
(min) o (nin){

0 0.0 00 r 0

i b 1h.1 ! 05 2.3
10 ' 2008 | 10 5.8
| 15 Ll 2 ; 15 9.2
. 20 59,8 E 20 13.6

27 79.1 ; 30 E 22,6

30 87.7 ; L2 31.9

37 97.5 b 55 41.0

i | i 70 | LS. 8
; ! i' 85 5841
' * * 6l4a 9
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Non-snnealed SnOp crystals (75-105 um) - effect of bed-depth

on rcaction in Ho/HCI.

P, = 20.5 cm Hg FHC1 = 20.5 cm Hg 500°C
Average bed-dep th!_m 5(?; 1 cm WT o —O.Ea;n;i "_.,~ "';
rime % volatilised Time % volstilised |
(min) {(min) ! e

0 0.0 ; 0 ; 0.0

7 6. 1 5 | 2.3

15 136 110 | 5.5

| 25 | 19.0 ' 20 E 1144

30 23.3 | 25 % Al

1O 27.3 35| 16.6

50 3.9 E 4o | 22.4

60 38.3 | 50 | 30.7

75 13,2 i 60 i 32.5

97 6.3 % 80 ! L2.6

118 51 5 110 | 55+ 5
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Non-annealed SnO, crystals - effect of gas circulation rate

in H,/HCL.
PH2 = 15 em Hg  Pggcl =15 cm Hg. 550°C
; Fast circulation Slow circulation
é;;e (min) % volafiigéed é;;é (&;;5 %% volatilised
0 0.0 J 0 0.0
5 Le7 5 4.8
10 8.3 10 | 8.0
15 ' 12.7 15 1 10,8
20 16,9 20 Lo
25 20. 7 25 é 19.6
30 2l. 6 30 | 22,2
LA 31.9 | 55 5 27. 2
L6 35.8 Lo 32.2
60 h5.2 50 ; 1.2
75 56.8 60 ; 46,0
90 66. 5 75 57.0
105 74. 9 90 68. 4
125 83.9 100 75.8
| 110 80. 8
120 85. 4 !
| .
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"on-annealed crystals - effect of varying PHQ 2% BOOOC

PHCl = 20 ewHg
s !
Py, = O om Hg | Pr, = 2.5 cu Hg FH, = 5 em Ha.
-fimewzz volatilised>$ime 1% volatilisedETime T volatizig;aw
w(min)! Qmin)! i (min
0 0.0 o % Ge O 0 0.0
5 1.8 10 | 6.3 5 2.8
13 3.6 | 20 1.8 10 5.1
21 5.8 | 20 L a6 |15 7.6
30 8.1 Lo | 1945 - 20 .9
L 1.2 55 i 2L.7 % 25 1.6
50 13.8 72 29.0 % 35 15,6
60 17,4 85 | 330 ' u6 12,6
71 20,7 L c6 § %6, 0 | 55 22,0
&1 22,8 Eﬁﬂﬂ i b2.9 5 66 25,2
90 25.2 55 | LT 75 27.9
100 2545 ?4u6 i 50.5 | 86 31.0
111 25, ¢ j 2 N 3261
E 100 3l 8
o 410 37,7
E % 120 39. 8
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PHo = 10 cm Hg PHy, = 13 cm Hg P, = 45 om He.
! Time- % volatziisedf T“ime % volatilised !Tirﬁe o volatiliséj;
§ (min) ; 'jm_(min) ! g(min)
! 0 0.0 | o 0.0 ! 0 | 0.0 %
B 3.1 5 2.4 e 103
L 10 5.8 170 | 5.9 |2 17.5 |
| 16 9.3 15 9.3 | 30 23.3
E 20 11,2 20 12.5 1O 30, 1
i 30 16,7 30 17.8 5L 3941
i 12 22.1 140 23.1 60 b1.7 ;
i 51 25.6 50 27.5 70 L8. 6
| 60 | 29. 6 60 | 32.0 80 5L. 5
% 6 | T - g 39.7 90 59.3 |
- 88 1Ol . 80 13,6 1100 6li. 8 ;
95 | uwas ] 90 ue.o §11o o0
100 ¢ 45,0 | 100 L sa.5 120 75.2
A5 g 48, 8 Mo 57 2130 80.5 |
! 120 1 61,2 | | %
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PH, = 20 cm Hg FHy = 25 cm Hg  THy, = 30 cm Hg
Time |% volatilised |Time |% vola t“iwl"ised Tj:nqe % volatilised
(min) (min) o |tweinm)y

0 0 0 0 0 0
5 3.6 5 5.7 | 10 1.6
|

15 10.3 10 9.9 15 1642

25 15.7 20 1741 20 20. 6

[ 37 | 21.h 30 2. O L 25 25.1
u6 . 25, 6 L2 31,0 | 30 29.5
i

62 | 32,0 54 37.2 LO 38. 4

72 35,8 63 2.5 50 L7.6

87 ha.h 70 LW7.4 61 5701

96 | L6.A 80 53.6 70 L3 |

I i
108 | 52. 8 0 60. 0 80 AP
. 120 % 56, 6 100 65.0 4 78.8
= !
110 71.4 100 83.9 .
; 122 79.3 110 88.7 !
% 120 91.2 |
|
i t !
| | ;
J i :
; ; |
o | |
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Non-annesled crystals - effect of varying PHCl at 5000C

PH, = O om Hg
% Prci = 10 cm Hg | PHol = 20 cm Heg | FHCL
Time |7 volatilised|Time |% volstiiised|Time.
{(min) (min) (min) |
?ﬁ 0 0 0 o bw’maﬂhk“
| 10 1.5 10 bl 10
i 20 3,0 20 yan 20
i 3l 4.3 30 2.9 30
| L5 5.1 L0 12,6 L0
60 7.0 | 50 13,7 50
76 8.1 | 60 16.9 60
L 90 9.6 70 19.2 i 70
105 11.0 80 21,6 | 80
135 1304 90 23.6 90
40l 27.0 {100
110 28. é
120 3.6 ;
130 z 35.3 !
11140 38,0
1150 40,9 %

= 30 cm Hg

‘% volatilised

i b+ e A e o A 1 e s e

i ra ths e ne e ey

i

0.0
3.8
6.9

10.2

15. 5

20, 5

26,9

32,4

38,2

u3. L

L7.1




Won-annealed crystals - effect of varying FrO1 ot 500°C. ﬁag = 20 cm He.

Pro1 = 0 % PHCl 5cm " EE I PHCl = 10cm Hg PHCl = 15cm He PHOl 25cm Hg)PH61 = 30cm Hg
Time | vol- Time j% |Time ﬂi}f@?};‘i_—w Time Ty T/; vol-  |Time o vol- ‘;;;Ie” i o
\m.a.n)laulllsed (min) | volatilised, “(min) ! atilised (mln) | atilised (mln)li.ft:fipd \.;{:Lﬁn)’Vol_aE¢t1115ed

0 ! 0.0 | © a0 . 0 ! 0.0 0 1 0.0 J i G 0 ! 0,0

30 | 0o |10 L.6 f 10 f 8.9 f10 7.5 10 | a.8 ;10 L 13,3

b5 0.0 |0 . 10.8 |48 165 20 | 135 |2 g 15, | 20 f 20,0

60 i 1.5 30 16.7 % 30 |26,2 32 | 20,0 % 30 ; 2.7 50 Z 29.4

75 | 32 |40 . 2.5 (46 |35.8 (40 | b3 L0 | 39 37 | 343

90 5.3 | 50 ; 26,2 i 61 (Lb.6 i 50 2.2 é 5G % 40. 2 ;50 § La.¢
:107 yan § 60 i 31,9 ! 70 |51.8 60 | 3l ? 62 2 191 L 61 E L7.9
120 8. % 70 i 36.3 E 80 56,6 70 | LO.6 % 70 z 5546 271 ; 54, 1
137 104 180 | ko5 fel (61,7 (80 | 47.6 |82 656 80 | 58,5
§ﬂ51 § 14,4 i €1 E b4e 9 100 |65.2 z S0 1 5341 i 92 73.1 290 i 63,7
| | %101 . 50,0 ?110 60.3 100 | 6.0 |99 ! 77.5% &01 } 68. 2..

E 112 534 §12o 731 ﬁ13 70,0 410 835 %10 % 72,9
120 | 562 | | 120 B33 M9 | 771

- 1 3)4_ s

|

}
!
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Non-annealed SnOp + L. 39% F6203 - effect of varying PHC1 =

20 cm Hg. 500°C.
U ,
PH2 = Ocm Hg iPH2 = 2.,5cm Hg'PHQ = Hem Hg _4?H2 10cnlf¥i !
Time @; vol- ITime '5. vol- 'Time |¢ vol- |Time |% vol- |
(min)|atilised!(min)| atilised|(min)| atilised (min)%atilised §
o oo | ol oo 10 oo o | oo |
10 2.3 10 1.9 10 2,4 14 i 641 %
20 3.2 . 20 7.6 20 %ul | 20 % 141 2
! 30 o2 | 30 . dle l 30 | 16.2 30, 2b.3
? Lo 4, 2 g o} 22.9 ; Lo 23.7 35 ; 28,6
s 56 i b 2 { 5100 3.7 50 | 0.7 | 48 | LO.3
66 b2 j 60 | 38.0 ; 6o | 37.4 60 | L8.5
20 ¢ .2 | 70 f L. 7 ; 72 L5.6 70 | 55.0 ;
| 80 | 51 | 80 | 5.3 e e
| ot | 583 | 91 | 8.3 190 | 66.9
| 400 | 63.6 100 | 65.4 |100 | 72.h ;
g 140 | 65,5 (114 N I R
n ‘420 75.2 ‘422 :, 76,9 120 E 80.9 ‘
| § 135 | 824 | i 130 | 853
Repeat of PH2 = Ocm H
?Time(min) 0 J, 40 g

i

| -~
% volatilised 0.0l 0.9 | 3 3

e e o bt A b b A o e i s -
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5 om g Prip=20 o g * Mp=30 en Mg
iTime {% vol- !Time !9’«3 vol- :’Time i% vol-
(min)! atili:.ed; (min)J atilisedé (min)! atilised
ol 00 | ol oo | oi o0
L5 15 s ! 24 1 5| L
|10 | 5.7 o 1 es 1o ‘ 105 |
I 15 f 10.2 ! 17 1665 15 ] 159 |
5 20 Ale2 25 22,3 % 20 % 20,7
| 30 | 22.8 . 30 27.4 30 % 3.1
! 5o | 0.8 | 10 355 | L0 | UL3.1
50 | 387 | 5 L1 .1 2 50 | 56.4
60 | 46,8 1 60 | LT.5 | 60 | 664 |
71 | 552 | 70 | 55.8 ; 70 | 75.8 ‘
80 | 623 | 82 | s59.2 | 80 g 83. 8 ;
. 90 | 70.0 g 95 71.0 90 | 88.2 !
100 | 77.7 gqoo .2 {100 ; N.8
120 | 8y.2 [110 77.L {110 | 93.2
5130 91.5 120 80,7 1120 § 3.7
i ‘ 1 z ’ |
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Non-annealed crystals + U, 3% Fey0z - effect of varying PHCI.

PHp = 20 cm Hz. oooc

tPFCl 0O cm HOr aPHC1 = 5 cm Hg PHGl 10cm ng QEPHCZL 30 cm Hg

TJ:me o vol=- Time ,‘,é vol- leme ';.l vol- mlmé--x_/o vol—-w “«
(min) {ati’ -ed |{(min) atilisedi(min) atilised ("nln)'atlllsed u
o| o0 | o mowr»o 0.0 ; of o0
15 [ 0.C 10 | 3.7 | 10| 6.3 § 101 7.2 {
30 0,0 20 9.9 f 20 | 1h.5 1 20 § 15.0 5
us | o6 | 30| 154 | 30| 2h3 o 300 25
60 | 2.6 4o | 23,2 | Lo | 32.6  ho; 284
75 | 3.0 50| 289 | 50| w.t | 50 35.0
z 90 | 32 | 60| 359 61 | 48.9 | 607 L2.7
M5 | 3.6 | 70 4.5 | 70| 55.7 65 | U3
|35 | 5.5 | 81| ub.9 ; go| 62.6 | 70 ; 478 |
| 150 | 5.5 90 | 51.6 | 90| 69.4 80 | 531
165 | 5.8 P00} 56l | 100 | 75.3 o1 | 58.6
i 180 | 6.2 | 110 61.L g 110 | 81.5 % 100} 63.9 f
| 195 | 6.2 120 | 65.6 | 120 | B86.3 110% 67.7 |
% 210 | 6.7 | % i 1201 72.8
| | ' } | |
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Annealed SnO, - variation with PH,. PHC1 = 20 cm Hg 500°C,

>PH2 = Ocm Hg |PH, = 10cm Hg [FHp = 20cm HgT?Hg = 30cm Hg
;ime % vol- dﬂTime <. vol- 'Time % vol- Tim:;;% vol—-»w_1
(min)|atilised; (nin) jatilised (minYatilised|(min)| atilised
0 0.0 0 0.0 | © 0.0 0 0.0
10 1.7 10 1.3 10 2.2 10 5. 5
20 2.7 20 3.0 20 5.9 20 | 10.5
30 3,0 30 Hed 30 9.1 30 | 15.9
LO 340 40 6.9 LO| 13.3 41 i 20.6
50 3.0 50 o 50| 1645 i 50 | 25.0
| 60 3.0 60 | 14.2 631 22.0 § 61 | 30.9
i 70 2.7 70 | 13,3 701 23.6 72 ) 36.4
140 2¢3 80 | 15.5 85; 28.9 80 | 3%.6
108 .5 100} 33.4 1 90 L. 9
135 | 2641 120 39.3 100 | L9.5 |
172 | 3.1 1251 1.2
200 | 3.1 |
| 220 | 36.9 ?
250 | L1.4 i
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Annealed SnO, + L.39) Fe,03 - effect of varying FHp.

PHC1 = 20 cm Hg., 500°C.

A e 1A eyt A A R 1% = Anoaiy St ke e ey —iie S—

PH,<0 cm Hg | PHp=10 om Hg | PH,=20 cm Hg |PHp=30 cm He
Time &) vol- | Time |9 vol- |Time |% vol- [Time 5% vol-
(min) latilised| (min) |atilised|(min)|atilised [(min) {atilised
0 0.0 0| 0.0 0 0.0 0 0.0
7 3¢3 10 0.0 10 0.0 10 0.0
14 3.3 17 0.0 20 0.6 20 Lol
33 4e O 29 0.2 30 2.3 30 | 10.8
100 hob 40 1o 3 40 L8 he | 16.2
130 L.5 50 8.9 50 8ol 50 | 20.7
61 { 13.5 60 | 1241 60 | 25.1
70 | 17.9 70 1 15.3 70 1 29.5
76 | 20.7 80 | 18.6 80 | 35.7
90 | 27.2 90 | 23.1 90 | L40.1
100 | 31.5 110 | 314 100 | L5.L
110 | 34.7 130 | 39.1 119 | 53.7
120 { 38.9 135 | LO.2
130 | L3.0
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Annealed SnO,-effect of varying PHy. PHC1 = 20 cm Hg. 550°C.

PH2 = O cm Hg PH2 = 10 cm Hg | PH2 = 15 cm Hg
Time % vol- Time { % vol- | Time % vol-
(min) atilised | (min) atilised | (min) atilised
0 0.0 0 0.0 0 0.0
10 O. L 10 7.2 55 I.3
20 0.l 13 8.9 | 10 9.7
30 0.l 30 2L, 7 15 16.8
4O Ol L0 31.9 20 21.9
50 0.6 50 142.9 | 3 3L L
65 0.6 60 5143 35 LC.1
100 0.6 L5 53. 6
]




. "l TN

P, = 20 emHg | THp = 25 cm Hg PH, = 30 cm Hg j
?xﬂlg) at\iri?l-;ed ?rtrlng) ﬁtl’ﬁ;ea %ﬂg) /;tzii;ed f
0 0.0 0 0.0 0 0.0 |
10 1647 5 5.5 10 9.5 g
15 | 262 10 | 13.0 20 | 255 |
20 35, 8 16 22,4 30 39,2 '
25 L5.6 21 30.0 LO 5l1.1 l
30 5li. 8 25 3641 :
30 | Lo.2
36 | 51.7 ,
LO 56.5 :
S R T N D
Repetition of PHQ = 25 cm Hg.
Time(min?l 0l 316 z 10 E 151201 25] 32| 43! 55| 65 ;75 9L {106
261115600. /3. 7. 31 34 921 . O27. 5k 434 57 70, 779 967 396. 799. 8
Repetition of ‘H, = 10 cm Hg.
Time (min) | O 5 10 18 30 L2 510) 60
R ei3imed 0.0 | 5.8 |10.5 | 16.7 | 25.5 | 3.9 a.n]| n6un
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Annealed crystals + l.390 F6203 - effect of varying PHZ.

PHC1 = 20 em Hp., 55000,

PH2 = 0 cm Hg PHQ = 5 cm Hg PH2 =10 cm Hg

T

Time |% vol- Time |% vol- | Time |% vol-
(min) | atilised | (min) !atilised; (min) | atilised
0 0.0 0 0,0 0 0.0
5 Lt 5 § -1.3 5 0.0 |
10 b2 | 40 2.9 10 0.0 |
20 he3 | 15 8. L} 15 10.1
35 bol 20 15,0 20 22.7
7 L.b 25 22.7 25 35.5
101 hob 33 37-4 30 48.1
120 Lely Lo | 50. 1 36 61.6 |
L5 58.7 g 72.2

o mat i & e At St PR
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PH2 = 20 cm Hg PHZ = 25-2? Hg PH2 = 30 cm Hg
Time % Vol- Time |% vol=- Time | % vol=-
(min) | atilised |(min) |{atilised | (min) | atilised
0 0.0 0 0.0 0 0.0
6 L.6 3 -2.0 5 0.6
12 20,2 5 1e2 10 151
16 29.6 8 6oLy 15 27.6
19 35.9 (K 12.9 20 37.9
23 L3.3 16 23.3 23 L3.6
27 49.7 20 N.6 35 66.9
32 58.0 23 38.0 4 77«3
39 68. 6 27 L6.2
30 5242
35 6341
Lo 741
45 83.9
50 91.0
55 9%.0
63 97.0
I 97.7
81 97.8




~- 14l -

Annealed crystals + 1.88% F6203 - effect of varying PHZ.

PHO1 = 20 em Hg. 550°C

P, = 10 cm Hg PH, = 25 cm Hg
?;Tr?) Zt:ii;ed ?rﬂlg) ;;t::ﬁ:ed
0 0.0 0 0.0
3 ~0.7 2 ! 0.8
5 1.4 5 1 2.2
11 8.1 8 6.8
15 15.1 10 10,4
18 20.0 n 18,5
22 26.8 17 25,4
26 32.7 24 3h4.2
32 L7.5 24 40,1
35 51.6 28 | L9
38 55.2 36 6lL. 6
L3 59.7
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Annealed crystals + Fe(NO5)3 solution. PH2 = 15 cm Hg.

Puol = 20 em Ha. 550°C.

Time(min) |% volatilised | Time (min) | % volatilised

o 0.0 36 36.2
3 2.8 A 40. 2
5 L.8 L8 L7.2
8 8.1 56 5L

12 12,5 67 63. 5

16 16,6 78 1.8

19 19.6 98 83.8

22 22.7 118 93.0

26 26.6 140 97.5

3 3.4 170 99. 6
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Fe-doped crystals. PH2 = 0 cm Hg. PHC1 = 20 cm Hg, BOODC.

Time (min) % volatilised
0 0.0
5 0.0

11 2.7
17 h.6
21 5.5
30 8.7
1O 12.5
53 17.0
60 20.3
69 23.0
31 31.7
101 34.6
123 L2.8
140 L9.0
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Annealed crystals out of contact with L.39% F8203. 550°¢C.,

Pgol = 20 cm Hg.
PH, = 15 cm Hg PH, = 25 cm Hg
Time (min) |% volatilised |Time(min) , % volatilised
0 0.0 0 0.0
L 0.5 5 -1.5
8 3.1 5 1.9
12 7.1 7 3.4
1b 11.2 40 9.3
24 18,8 13 13.3
26 2h.5 20 28.3
31 30, 3 29 39.8
37 37.8 33 L5
L2 L3.9
L7 4S.2
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Annealed crystals + L. 7L NiO.

P

PHC1 = 20 cm Hg. 550°C.

P

Hy, = 10 cm Hg

P, =

25 cm Hg

Time (min)

% volatilised

Time (min)g

% volatilised

10
13
16
20
25
A

L2
50
62

0.0

2.6
15.9
214
29.5
37.2
6.5
58,1
70.3
85. 6
91.1
93.9

10
16
22
30
38
52

0.0

5.7
15.2
29.8
51.6
68.9
83.5
M.1
Sl Lt
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Annealed crystals + L.7L% CuO. Annealed crystals + L. 745 PbO

550°C. FH, = 10cm Hg. 550°¢C FHo = 10cm Hg.
PHCl = 20 cm Hg. PHCL = 20 cm Hg.
Time (min) | % volatilised Time (min) |% volatilised }
o} 0.0 o} 0.0 ‘
3 3.3 3 1.8
5.4 5 3.3
14 9.3 10 7.5
26 21,2 16 12,2
37 29.3 2y 18.9
L6 35.9 30 2l 1
5k W.7 36 28.8
68 LS. 6 L5 36.5
87 Sla. 1 55 i, 8 |
66 53,0 |
85 €5. 2
97 7043
134 87.8
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Annealed crystals + L. 7.5% Co3z0y,.

PHC1 = 20 cm Hg. 550°C.

PH2 = 10 cm Hg PH2 = 25 cm Hg
Time (min) |% volatilised | Time(min) | % volatilised
0 0.0 0 0.0
3 ~1.h 3 5¢3
6 -1e3 6 137
10 0.0 10 28.5
15 2.9 13 39.9
20 7.9 16 50.4
25 13.3 20 63.7
30 19.3 25 77.0
37 27.7 31 88.6
[ 32,5 36 9L4.8
48 39.4 L2 96.9
55 4L8.0 60 98.3
61 54e 8
70 62. 8
91 79.3
12} 90, 2
153 92.5
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Annealed crystals + 4.7l Ag0 Annealed crystals +4. 7% Tay0g

550°C. PH, = 25 cm He. PH, = 25 cm Hg. PHC1 = 20 cm Hg
PHC1 = 20 cm Hg. 550°¢
Time (min) {% volatilised Time (min) |7% volatilised
0 0.0 0 0.0
5 3¢5 3 3.1
6 8. 2 6 6.7
14 15,2 10 11.3
15 20,6 15 17.2
20 24.9 20 22,2
25 29.7 25 2645
30 Sle3 35 33.9
35 3841 52 L5.8
38 L0, 8 67 55.7
L8 L8.3 86 70.2
61 575 128 90.8
75 61.3 154 o4.0
120 85.3
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Annealed crystals + L. 7% Wb,05. 550°C PHo1l = 20 cm Hg.

PH, = 10 cm Hg PH, = 25 cn Hg
Time(min) | ¢ volatilised! Time(min) | % volatilised
0 0.0 0 0.0
L 0.0 3 0.0
10 0.0 6 0.0
15 0.0 10 0.0
27 0.0 15 0.0
10 0.0 30 0.0
52 0.0 L6 3.0
60 0.0 60 1.1
75 0.0 76 22.4
g2 0.0 85 29. 3
98 0.0 90 33.4
110 0,0 95 36. 8
130 0.0 101 L0, 9
150 0.0
180 0.0
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Annealed crystals + L.7le Pt. 550°C. THC1 = 20 cm Hg.

PE, = 10 cm Hg PHo = 25 cm Hg
Time (min) |% volatilised | Time (min) | % volatilised
0 0,0 0 0.0
3 L.l 2 L5
6 14,4 L 11.8
10 29.3 6 19.4
15 L6, 6 14 39,1
21 63,1 15 53.0
26 73.8 20 68. 1
30 ' 79.4 27 83.4
37 87.5 33 90. 5
L7 2.4 LO 92.2
58 95.9 55 93.1
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Annealed crystals + L.745 TiOo. 550°C,

Pucl

20 cm Hg.

PH2 = 10 cm Hg.

PHo, = 25 cm Hg.

Time (min) | % volatilised | Time(min) | % volatilised
0 0.0 0 0.0
> 2.0 3 L.6
7 Te 5 6 10. 8
10 12.1 11 22,0
15 20.5 15 .2
20 29.2 19 4O. 2
25 37.6 23 48.6 ;
30 L6.3 27 57.4
35 S5he 3 by 65.9
L2 65. 6
Repetition of PHg = 25 cm Hg.
pime(min) o 'z | 5 111 |18 | 21 | 25 | 30
% volatilisedl0.0 %5.6 10,5 [21.8 [ 35.0 | 40,1 | u8.6 | 5849
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Annealed crystals + L. 7.5 11003, 550°c. PHC1 = 20 cm Hg.

PH, = 10 com EHg.

P

H2 = 25 cm Hg.

Time (min)

% volatilised

Time (min)

% volatilised

12
17
22
33
39
L6
55

0.0

7.8
12.4
17.9
23.8
30.0
L5.2
52. 8
6lLi. 3
77.5

0
3
7

11

16

20

25

30

36

0.0

6.0
14.5
23.1
35.4
L.
Sl by
6l b
Thely
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Annealed crystals +l. 7l Vy0g. 550°C. PHC1 = 20 cm He,

PH, =10 cm Hg Py, = 25 cm Hg.
Time (min) | % volitilised |Time (min) | % volatilised

0 0.0 0 0.0
3 3.7 £ o) 6.6
6 8.7 7 17.9

10 156 11 30.6

14 22.6 16 L5.8
20 32,0 | 2l 66.7

25 10,9 |

33 53¢ 3

L3 6841
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Annealed crystals +L. 7o WO3. 550°¢. PHCl = 20 cm Hg.

P

H2 = 10 cm Hg PH2 = 25 cm Hg
Time (min) |% volatilised | Time(min) | 3 volatilised

0 0.0 0 0.0
3 1.5 3 1.2
7 3.1 6 2.3
11 L4 14 L2
15 5«9 15 % 6.5
21 8.9 22 L 1.8
30 15,1 28 17.4
36 19.7 33 23.2
L7 28.0 b4 32.9
56 35.0 L7 b1
73 L9.5 54 541
86 59.2 60 59.7
66 69.0
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Fe,0z. THp = 20 cm Hg = FHCL.
500°¢ 55000 600°¢
Time(min) | % wt. Time(min) % wt. Time(min) % wt.
;ncrease 1ncrease. ‘1ncrease
0 0.0 0 0.0 o | 0.0
3 17.4 3 19.2 3 7.8
7 30. 2 30.0 5 16,6
11 L1.9 11 13.0 8 26. 4
15 L5.2 n 45,0 10 33.6
20 16,6 22 L7.2 15 45.9
25 L47.2 29 U7.2 21 45.3
30 L7.7 38 L6. 6 27 Ll 3
38 L7.7 L9 L6.6 33 L2.2
5L LW7.7 58 15,6 39 L1.6
75 L7.7 68 L5. 6 50 38.8
oL L7.7 79 L5.0 66 4.8
145 L7.7 90 L43.9 82 3.2
120 43,0 96 27.8
114 2L.1
145 18,3
190 10,0
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Reaction of metal oxide additives alone at 550°C.

Pu, = PHC1 = 20 cm Hg.

b0 Co50,
Time (min) |% volatilised Time (min)| % volatilised
0 0.0 0 0.0
5 0.5 2 -24.3
11 0.5 7 0. L
16 0.6 10 22.7
20 0.7 12 25.8
25 0.9 15 27.2
30 1.3 20 27.9
35 1.3 3L 27.9
L0 17 50 27.9
L5 2.7 217 27.9
51 3.6
56 3.9
65 3.9
78 6.0
M 6.5 !
4109 7.9 |
120 8.8
137 9.4
150 10.5
165 11.5
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Agzo CuO
Time (min) | % volatilised Time (min) |% volatilised

0 . 0.0 0 0.0
3 2.6 2 16. 6
7 L8 6 27.3
13 6.1 14 29.0
20 6.1 16 29.0
35 6. 1 26 30. 2
Bl 6.2 L8 .3
6l 6.2 6l 3.3
79 6.6 180 33,4
98 T7e2

120 1.7
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Ta205 V205
Time (min) |% volatilised| | Time (min) |% volatilised

0 0.0 0 0.0
5 1.0 ) 15.4
11 1.3 7 18,0
20 1.4 12 20. 14
30 1.4 19 22.7
L2 1e44 26 ah. 2
77 1.4 33 26, 2
93 1.4 10 27.8
L7 28, 2
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WO.73 T:i.02
Time {min) | % volatilised T.ime (min) |% volatilised

0 0.0 0 0.0
b 0.3 5 0.0

10 L.5 11 0.0

15 7.3 2l 0.0

20 10,0 L5 0.0
27 1347 62 0.0

35 17.8 oL 0.0

L5 23.5

56 29.1

70 36.7

91 118, 0
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lio03 PbO

Time (min) |% volatilised | | Time (min) |% volatilised

0 0.0 0 | 0,0

2 50. 6 2 | -11.5

6 62, 6 8 -6.3

11 63,0 15 1.8

17 63, 0 26 1343

40 63, O 38 22,9

59 63.0 L8 28.9

58 3he 3

7 39.8

90 L7.3

158 7.4

180 771
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Odegi cassiterite - effect of varying FHo. PHC1 = 20 cm Hg.
600°c¢.

PH2 = 5 cm Hg PHa = 410cm Hg PH2 = 20cm Hg PH2=50 cm Hg.
%é?g) étziiged ?;?:) Sﬁtgii;ed ?;?ﬁ) 2t§§%;ed %é?ﬁ) %ﬁgggged
o 0.0 0 0.0 o 0.0 o 0.0
10 1.2 10 L. 7 2.9 16 4.9
20 2.2 20 7.6 . 13 5.0 30 6.4
35 | 3.9 3 | 11.0 | 20| 7.8 W 7.9
53 6.0 Lo 13.6 27 | 14.0 53 9.2
66 8.0 50 18,6 34 1 13.6 62 | 10.5
82 12,5 60 23.2 W 17.1 70 | 12.4

100 17.2 70 27.2 51 | 22.8 80 | 15.9
123 22.9 80 32.1 58 | 25.6 90 | 18.9 |
140 26.5 90 35.9 67 | 29.3 106 | 23.7
153 29.0 102 38,2 7h | 32.4 115 | 26.5
177 N7 114 W.7 80 | 33.9 132 | 32.4
197 3h.5 122 L3.5 ! 96 | 38..4 141 34.5
220 38.1 131 L5.2 0L | W.7 150 | 37.4
240 | 140.6 w3 | u7.6 | 112 | b3 | 162 | Wil
277 45.0 154 Lo.7 ; 124} L6.7 177 | 47.4
297 45,9 164 51.3 % 134 | 50.0 191 | 52.4
180 | 543 i 210 | 59.1 |
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Odegi cassiterite +hL.395 Fe203 - effect of varying PHQ.

Pyel = 20 em Hg. 600°C,

PH2 = 5cm Hg Ho 10cm Hg PH2 = 20cm Hg PHg = 30cm Hg
?é?ﬁ)sgtzgiged ?i?i) éﬁggiged ?;?g) ztggiged ?é?g)‘étzgiged
o] 0.0 ol 0.0 0 0.0 0 0.0
5 ~-1.53 6 -0. 8 5 0.5 5 0.0
11 0.9 10 -0, 8 10 | 3.0 10 1.4
16 2.7 15 2.7 20 ] 7.9 21 5.3
21 Lo b 30 7.7 30 14.9 30 8.7
25 5.8 Lo 14.1 I 25.1 L2 13.7
34 9.0 58 28.1 L7 30. 6 50 18.3
L2 134 63 32.2 58 41.9 66 29.9
5 21 .1 67 35.7 67 50. 2 73 37.0
60 28.2 71 38.6 73 54. 6 83 L8. 6
70 38.6 75 4.9 90 5.5
82 49.1 83 L47.9
oL 56,7 90 51.8
103 61.1
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Annealed crystals ~ effect of varying PH2.

PHo1 = 20 em Hg. 600°C.

PH2 = 0 cm Hg PH2 = 5 cm Hg PHQ = 10 cm Hg
Time (min)|% vol~- Time (min)] % vol- Time (min)|% vol-
atilation atilation atilation
0 G.0 0 0.0 0 0.0
14 8.4y 3 3¢3 2 2.6
20 1.6 9.5 5 7.5
30 20,6 11 12.8 10 15.7
Lo 27.3 15 16.8 13 20. 5
50 33.5 21 22.5 16 25.2
60 38.9 26 27.0 20 3.4
I L34 3l 34 25 38.9
78 L6.1 39 38.0 30 L6.6
90 50. 2 Ll La.h4 35 53.9
50 L6.2 L5 69.1
61 53. 6 60 89.4
7h 61.2
95 73.6




PH2 = 20 cm Hg PHZ = 30 cm Hg
Time (min) | % volatilised | Time (min) | % volatilised
0 0.0 0 0.0
2 3.1 3 Le9
L 7.7 6 17.7
7 | 13.0 9 23.8
10 19.5 12 30.7
14 28,3 15 37.2
18 37.8 18 L3.9
22 L6.9 25 59.3
26 55. L 30 69.9
30 6Le 3 38 86,2
35 74.0 17 98.9
L6 9.2
59 99.2




Annealed crystals +4.39%

- 168 -

F8203

- effect of varying FPHo.

PHC1 = 20 cm Hg., 600°C

PH2 = 0 cm Hg

PH2 = 5 cm Hg

PHZ = 10 cm Hg

Time (min)|% vol- I{Time (min){ 7% vol- |.Time (min)|% vol-
atilised atilised atilised
0 0,0 0 0.0 0 0.0
10 8.1 3 ~0,9 2 0.0
20 1304 5 6.2 L 9.4
30 18,2 K 101 6 19.2
e 22,44 10 26,2 8 28.3
50 26.9 13 3861 10 37.2
60 2%.8 16 L8.6 12 L5.7
74 32,4 19 58.6 15 58. 6
80 35. 2 27 80. 8 21 77-9
92 34.0 25 86.9
103 3.7
126 36,1
14L0 373
159 39.3
170 L2, 2
177 L3, 6
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PHy = 20 om Hg PH, = 30 cm Hg
Time (min) {% volatilised| Time (min) ,% volatilised
0 0.0 0 0.0
2 3.3 2 3.7
4 12,9 L 13.8
6 21,6 6 25.2
8 ] 30. 5 9 42,0
10 140, 2 12 58, 3
13 531t 14 67.9
17 68.7 18 8L4.5
21 81.3 22 9L, 2
25 90.1 26 98.7
30 95.3




Annealed crystals ~ effect of varying

Prc1l = 20 cm Hg.

- 170 -

600°¢.

P

H2 = 0 ecm Hg

P

P

H20

P =
HZO

2mm,

P

Hy, = 10 om Hg

Time (min) |% vol- |Time (wmin) {% vol- |Time (min)[% vol-
atiliscd atilised atilised
0 0.0 0 0.0 0 .0
5 6.3 2 1.5 2 5.0
10 10.7 5 5.9 6 9.2
16 13:1 10 11.3 10 1h. b
21 15.8 15 16.1 15 21.
27 19.0 20 20, 6 20 2.5
3L 22.9 25 25.4 25 32,6
Ll 26,9 30 29.3 30 59.1
52 50,9 57 4. 9 35 Ll O
57 32,8 L2 38.1 L4 51.9
6l 36.1 49 42.6 L5 57.4
Th 38,2 59 49.1 51 L. 2
82 40. 8 69 5h.2 60 7h. 3
o b3:9 86 62.0
106 46.0
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i, = 20 cm Hg Py, = 30 cm Hg
Time (min) |7% volatilised | Time (min) |% volatilised

0 0.0 0 0.0

2 3.2 2 2.5

I 6.6 L 5.0

7 1.8 6 7.8
10 16.5 10 14.5
i ol 1y an 22,2
19 33.7 19 29.8
23 L,0.9 25 38.6
17 L7.4 30 Lé.ly
33 57,8 35 55.9
38 65.3 Lo 65.8
ub 3.3




Annealed crystals +L.3% Fe203. ~ effect of varying PHZ. 600°c

P -
HZO = 2 MM,

- 472 -

PHg1l = 20 em He.

PH2 = 0 cm Hg PH2 = 5 cm Hg PH2 = 10 cm Hg
Time (min) | % vol- |Time (min)|% vol- |Time (min)|% vol-
atilised atilised atilised
0 0.0 0 0.0 0 C.0O
5 5.1 2 =1.1 2 -2
12 6.8 L 5.l L 5.9
18 8.3 6 14,0 6 15.8
26 1141 8 22.3 8 2h.ly
33 14,0 10 50.3 10 3h4.3
LA 17.2 13 L1.6 12 h2.b
50 20.6 17 55.8 1l u9.3
57 23.6 19 60.1 16 52.4
65 25.7 23 7241 19 65.L
72 27.9 30 87.7 23 76¢5
82 30.8 28 8L.8
90 33.5 32 92.8
100 35.1
107 35. 7
120 38.0
129 39.1
139 1.5
154 1.9
163 L2.8
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Py, = 20 cm Hg PH, = 30 cm Hg
Time (min) |% volatilised | Time (min) |% volatilised

0 0.0 0 0.0

2 1.8 2 2.0

b 10.7 b M7

6 19.9 6 20,9

8 28.2 8 30.5

10 38.5 10 Lo.7
12 L6.5 12 19.6
15 58. 3 15 61.2
18 65.0 18 70. 3
21 78.2 2L 87.9
38 96.9

_ l
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Annealed crystals + 105 iron mineral additives. 550°C.

Puel

20 cm Hg,

Hematite.

P
Ho

10 cm Hg

PH, = 25 cm Hg

Time (min)

% volatilised

Time (min)

% volatilised

0

i

7
10
15
20
27
33
28
L3
L8
53
60
67
75
81
H

0.0
-0.9
-1.3
1.4
-0,2

L5
14.0
2.0
22.3
40,7
148, 2
5.3
62,6 !
7.5
77.2
83.4
97,6

0
2
6

11

16

22

27

32

36

g

L7

52

57

6L,

69

76

8L

90

0.0
0.0
-1.7
-2.7
-3.2
-0.5
3.9
10. 4
15.5
1.7
30.0
36.3
b2.5
51.5
57.6
65. 8
72.1
75.4




Pyri te.

_175_

Time (min)

P

Hy

= 2h cm Hg

% volatilised

i

Time (min)

% volatilised

0
2
5
8
12
17
21
26
30
36
Iy
L5
50
58
65

0,0

0.7

5.1
9.6
16.3
2l 1
30.6
37.6
2.8
50. 5
55.9
634 0
70. 4
76.2
81.9

0
3
6
+9
13
16
20
26
30
35
1O
L6

oy
el

G.0

8.0
15.14
21.1
27.6
321
37.9
15.9
50. 6
56. 9
63.3
70,0
5.1
85.1




Magnetiti

- 176 -

P

H2 =10 cm Hg

PH2 = 25 cm Hg

Time (min)

% volatilised

Time (min)

% volatilised

o

2

5
10
15
20
25
30
35
Ny
L5
50
55
60
66
70
78
95

0.0
0.3
2,2
6.9

12,5

17.L

22.3

27.3

32.4

37.8

h2.2

L7.4h
1elt

55, 6

59,5

62.6

68. L

78.0

10
15
20
26
by

25

b2
69
75

0.0
0.0
2.9
9.8
167
22.3
29.L
35. 7
40,0
L7.9
56. 0
78,0
8L 5




Columbite,

_177—-

P

Hyp = 10 em Hg

PH, = 25 cm Hg

Time (min)

% volatilised

Time (min)

% volatiliscd

———

0.0

0.5

2.8

5.5

8.0
114
15,1
17.9
20. 1
22,5
2Lh. 9
27.4
3.4
3861
42.0
L6.3
49.8
5501
58. 6

100
111

0.0
1.0
37
Te3
11.2
16,0
20.2
22.6
26,0
30.2
3845
b1.6
IR
18,0
50.9
55.0
58. L
61.9
6Lk
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Biotite.
PH2 =10 cm Hg PH2 = 25 cm Hg
Time (min) |% volatilised | Time (min) |% volatilised
0 0.0 0 0.0
5 1.6 5 3.2
14 Lol 14 10,2
17 8.3 20 13.8
21 10. 14 25 17.0
30 15.3 30 20. 14
36 18¢3 37 2L.9
L2 20,8 Ll ' 29. 2
48 23.5 50 52,6
55 26,1 60 L0. 0
70 32.9 70 b45.7
77 35.8 82 52,0
86 39.8 90 55.2
93 L2, 6 100 58.6
103 L5, L
114 49.0
126 52.2
137 557




Ilmenite.
PH2 = 10 cm Hg PH2 = 25 cm Hg
Pime (min) | % volatilised | Time (min) | % volatiliscd
0 . 0.0 0 0.0
7 6.1 5 3.2
12 12.2 11 9¢5
20 214 17 15.9
27 29.2 21 19.9
35 37. 6 26 26.5
L2 43.3 31 32,2
L7 n8.5 58 1.0
55 53.0 L6 51.6
63 60, 2 he 6045
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Annealed crystals. = effcet of varying PCO. PHCl = 20 cm Hg,

700°¢,

Poo = 0 cm Hg

Poo = 5 cm Hg

Poo = 10 cm He

Time (min) |% vol- |Time (min) [% vol- [Time (min) [ vol-
atilised atilised atilised
0 0.0 0 0.0 0 0.0
Ly 0.9 5 2.7 5 2.1
10 2.8 13 13.0 10 7e5
15 Te 3 20 22.5 18 16.1
24 15.6 27 30. 8 29 26.7
34 26.2 3L 39.0 38 Lo. 2
L7 36,1 40 .3 L7 h9.1
53 L. 7 50 S54.7 55 60. 44
6 L5.3 55 60,0
69 50, 7 63 66. L
79 5L 8
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PCO = 20 cm Hg Peo = 30 cm Hg
Time (min) | % volatiliscd | Time (min) | % volatilised

0 0.0 0 0.0
6 L,3 5 1.2

12 10,6 12 10.4

19 16,4 18 15.7

27 24.9 27 29.8

37 371 37 Li1.0

L7 L9. 0 L8 53¢ 5

55 59. 6 55 61.3

67 7h. 8

7h 81.8

81 88.5

90 L. 7
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Annesaled crystals - effect of varying PHCl. Poo=20cm He. 70000.

— _— —
Paci = 0 em Hg PHol = 5 om Hg
Time (min) | % volatilised | Time (min) | % volatilised
0 0.0 0 0.0
8 0.0 6 1.4
23 0.0 13 0.0
37 0.0 2l 1.8
53 0.0 36 L1
85 0.0 L7 73
106 0.0 65 12.6
140 0.0 82 18.7
173 0,0 93 23.1
117 | 3.0
127 3he
144 38.5
152 - L3.2
192 SL. 6
|
j




Poo =

10 cm Hg

Foo =

30 cm Hg

Time (min)

% volatiliscd

Time (min)

% volatilised

0
L
8

13
18
26
32
L3
52
61
68
75
83
o
106

0.0

0.4

3.4
Te3
10. 3
15. 6
19,0
26.3
3141
35. 6
39.9
3.8
L8.0
52.6
584 1

12
18
25
30
35
38

0.0

Saly
16.8
28.2
12,0
51,0
60. 6
65. 6
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Annealed cry;tals +lie 390 F0203 ‘- ¢ffeet of varying Puca.
Poo = 20 em Hg, 700°C.
Pucl = 0 cm Hg PHCL = 5 cm Hg PHC1 = 10 cm Hg
Time (min) [ vol- |Time (min)|% vol~ |Time (min)|% vol-
atilised atilised atilised
0 0.0 0 0.0 0 0.0
7 0.3 o) 3.7 L 10.1
20 Lol 7 10. 6 9 18.7
33 10.4 11 16,0 14 26,0
L5 15.0 15 18.9 19 30.9
53 19.1 23 26,2 2k 35.6
62 2l 4 27 30.7 28 L2.4
78 349 33 3k 33 L. 5
90 La.h L3 L3.6 LO L8.5
96 L46.5 50 149.0 L6 52.2
' 60 53.4 52 5L.7
69 57.0
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Pac1 =

20 cm Hg

Pac1 =

30 cm Hg

Time (min)

% volatilised

Time (min)

‘/J-

~ Volatilised

10

16

20

2L

28

33

Lh

0.0

8.0

12.4

18. 8

29.5

36- 1

u.6

L7.2

57. 6

70.9

11

15

19

24

35

0.0

641

4.3

23. 3

333

L1.2

L8.9

5h. 5

60.7
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Annealed crystals + L. 747 additives. FoO = 20 cm Hg.

Puol = 0 cm Hg 70000

Pt Ib,055 Biy0
Time (min)| % vol- | Time (min) |% vol- |Time (min)|% vol-
atilised| atilisod atilised
0 0.0 0 0.0 0 0.0
3 0.5 11 | 0.0 1L 0.0
9 0.5 2k ! 0.0 26 0.0
16 0.7 33 é 0,0 3k 0.5
21, 1.5 16 0.0 h2 0.5 |
3L 2.7 | 60 0.0 56 1.9 |
L5 he6 95 0.0 71 3.3
58 5.9 i 114 0.0 90 Le9
66 761 130 0,0 104 6.6
75 8.3 121 9.1
85 10.0 11,8 12,1
oL 1.5 |
130 15.6 E
154 19.0
174 23,2 |
216 32.3 E
2L, 39.6 |
273 146.8




- 187 -

Anncaled crystals +L. 7L5 Nb205. Pco = FHCL = 20 cm Hg. 70000.

Time (min) % volatilisecd

0 0.0
N -0.8

2.4
14 3.5
21 13.3
26 25.8
32 Lo L4
39 57.8
u5 70.8
50 7942
56 8.3

!
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