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ABSTRACT
The reduction of asuku Cassiterite gravity concentrate by
charcoal was investigated in the temperature range of 850
to 1100°C. A combination of sample weight loss measurencnts,
exit gas analysis and chemical analysis of the reaction

products was used to monitor the course of the reactioi,

The influence of temperature, charge porosity, relative crount
of reactants and their particle size on the reduction —asc was
studied. Also considered was the effect on the uature oi the

reduction caused by lime addition to the charge.,

It was found that the cassiterite could be best reduced by a
combination of high temperature, reasonably high charcoal
preportions, high charge porosity and the addition of a amnall

peréentage of lime,

Based on the ascunvtion the rate controlling step was

reaction of carbon dioxide on the carbon surface, “he “iretic data

obtained from isothermal experiments was ahalysed and fownd

consistent with the supposition. 4n activation eneryr of

W L

60.8 kilocalories per mole was determined for the consumation

v

of carbon by reaction with cassiterite,

Associated with the main investigation were other experinents
designed to provide supplementary information on the Salb, +
carbon reaction., These experiments involved the reductios of

cassiterite by carbon monoxide in the temperature intewrvol of

900 to 1100°C.
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The initial stazes of the Sn02 + CO reaction were studie

=1

by means of changes in pH of a KOH absorbent solution iato
which the produnct gas was dissolved. Additional data
was derived from nample weight loss determination at t..c

end of the experiment, and chemical analysis of the recciion

product,

The prominence of the Boudomard reaction in the SnO2 +
carbon reaction process was brought to light by these laiter
experiments. An activation energy of about 35.6 kilocalories

per mrole tin produced, was found for the SnO2 + CO reaction,.
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CHAPTER ONE: GENERAL SECTION

1. INTRODUCT ION

Pyrometallurgical tin production involves the smelting of tin
concentrate with anthracite coal or coke, usually in reverbe-
ratory furnaces. The smelting process is well discussed in the

literature 1’2.

The reduction reaction is generally represented by the

chemical eguation.
tnoO + C, = Sn + CO, seeeesll
MO 2(s) *O) Tt %%(e) ()
- C
However, work by numerous researchers 5-9 on the reduction of

metal oxides by carbon leads one to envisage a two-step reaciion

scheme comprised of:-

5n0, + 2C0 = Sn  + 2C0, Ceeeea e R ¢
and  CO, +C = 200 werien ceie eeenn e e e ()

in which the rate of carbon oxidation by carbon dioxide

determines the overal kinetics. Where stanric oxide (Sn0,) is

>

o

concerned, this phenomenon was confirmed by Padilla and Sohn1

'

The present work deals with the reduction of Masuku cassiterite
gravity concentrate by charcoal. The experiments were aimed 2t
identifying the factors that would influence this reaction.
Needless %o say, experimentation with natural concentrates poses
some problems in that close control of concentrate composition
may be difficult. Nevertheless, since the work was intended %o

asgist in the planning of smelting options for the Masuku tin

deposit using 16¢ally available raw materials, it was felt the
wroject was of seme importanas.

The kinetic data of the experiments was to be analysed with the
agsumption the rate determining step was the reaction of carbon
dioxide with carbon as given by equation (3).

-1 -
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Other experiments to be done were to involve the reduction of
cassiterite concentrate by carbon monoxide in a bid to vnder-
stand further the SnO2 + carbon reaction by considering

reaction (2) only, of the two-step reduction process.
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2. THE SOURCHE AND ANALYSIS OF CASSITERITE CONCENTR AT

Small scattered deposits of cassiterite covering on
area of about 1000 Square kilometres occur in Zembials
southern province. The total tonnage of these derosits,
estimated at 215 tonnes 11, and the mode of occurrence
do not faovour large scale exploitation. Small scole

nining produces at best an estimateqd 20 tonnes wer

- . . . 1
annum of cassiterite gravity concentrate 4

Accoxrding to Legg12, Primary tin mineralisation in this
area occurs in pegmatites of various types. Derived
from such Pegmatites have been the easily worked eluvial
and alluvigl deposits, The grade and mineralisation in
all these deposits ig very erratic. The cassiterite may
be accompanied by tantalum, niobium, iron, manganase

and arsciaopnyrite but even in a single pegmatite the

actual composition can vary widely,

The actu~l source of the cassiterite concentrate used
in the reduction experiments could not be ascertained
but itg analysis is given in Table 1. The concentrates

have been so named after the locality of the supplier,

Table 1: Chemical composition of Masuku

cassiterite gravity concentrate

Compound SnO2 Fe203 3102 Al,.0 Ca0 MnO2 Nb,0 Ta,0

273 275 275
Welght %] 66.2] 6.6 | 8.1 4.1 2.3 | nd nd nd
nd = npot detected

The analyses were done by XRF and wet chemical methodsg,
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Optical microscopy revealed the cassiterite occurred as
fairly frec coarse grains but was occasionally cttached to,

or surrounded by quartz and heamatite.

The size analysis of the as-received concentrate is shown
in Table 2. This is given merely for the sake of complete-
ness, in view of the remarks made concerning the naturz of

the deposit.

Table 2: Sieve size analysis of the as-received concentrate

7
ASTM mesh Size in mm Weight % Cumulative
size weight %
+ 4 +4.76 5.5 5.5
-4 + 6 -4.76 + 3.36 14.8 20.3
-6 + 8 ~3.36 + 2,38 18.0 3843
-8 + 10 -2.38 + 2.00 16.7 55.0
-10 + 12 -2.00 + 1.41 0.7 55.7
~12 + 16 | =1.41 + 1.19 12.1 [ 67.8
-16 + 25 -1.19 + 0.707 12.2 80.0
~-25 4 35 -0,707 + 0.500 5.7 85.7
-35 ~-0.500 14.3 100.,0
Legg13 contends that, though tin losses may be high, by panning,

.he small scale miners produce concentrates averaging 65% Sn0,.
Accémpanying the 5ited economic report11 were results of mineral
dressing tests @nne on the tin-tantalite ores. These tests showed

beneficiation of cassiterite could be improved by sluicing instead

of panning.
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It was also shown that the concentrate obtained could be further

upgraded and separation of the valuable columbite - tantalite
content, achieved by a combination of tabling, magnetic

separation and flotation.

As the concentrate received for the present work, fortunately
had no tantalite - columbite minerals and was of a cuite
typical grade for tin smelting (usually 70-77% tin afiex

extensive processing15) no attempt was made to upgrade it.



Se Theorx

(4)
(1)

Thermodynamics

Carbon as a reductant

From Gibbs energy considerations, the minimum

temperature at which a mixture of stannic oxide

~nd carbon commences to react can be calculated.
Using the data in Table 3, Figure 1 was couciructed
fro:n which can be seen, the minimum such temperature
iz 62700 assuming the reaction is of solid-zclid

type yielding CO, by equation (1).

Zable 3: Summary of Gibbs energy data used in constructing
Figures 1 and 2.
Equation AG® in Cal. Temp.ronge(K) Reference
C(s) + % 02(m) = CO (g) ~26,700-20,95T 298 - 2500 16
o

C + 0, = CO -94,200-0, 27T 298 - 2000 16
(s) 2(s5) 2 (&)

Sn(gy + Op(y) = SMO,(g)| 138,730-48.54T | 298 - 505 17

Sneq) * O2(g) = 5M02(s)| 138,500-48.927 | 505 - 1298 17

The carbon dioxide

surrounding carbon

 equation

CO(g) * C(s)

formed is then available to react with the

to form carbon monoxide according to the

= 2CO(g) LY

R &)

Referring to rigure 1 again, the theoretical minimum temperature

at which this is feasible is 707°C.



1027

8
4 -
) -
©
e
N
S 0
:.'x;‘
'
(b ]
<
_[’ -
-8 ; . . , s
700 900 1100 1300
Temp. , K

Fig.1: Graphical representation of Gibbs energy data

————

for SnO2 reduction by carbon and CO



-9 -

Hence, Sn0, reduction ought tc be thermodynaiiically more
favourable the higher the tenperature.

(ii) Distribution of major impurities dvring tin smelting.

The normal abundant species associoted with cassiterite

are A1203, iron oxides and Cal. JSone Hbgo and Ta.0. and

P 275

accompanying MnO2 may alsc be proo-~ni,

Referring to Figure 2 and the llinghen diagram in
Pigure 3 it can be seen that by maintcoining an atmosphere
just reducing for SnO2 reduction tho distribution of the
above named species whilst tin smelting would be as

follows:~

() sio0,, A1203, Cal, Mno2 and :@;120,j would all not be
reduced and would become part of the slag structure.
This shows the need of Nbﬂos and Ta905 separation, if

present in the concentrate, prior to smelting.

(b) FeZO3 would be reduced to Fe504 which would in turn
proceed to FeO. Some of this '¢0 may be further
reduced to the metallic state., These reactions would
represent a waste of the reductont and also result in

contamination of the tin producecd.

It is of course to be noted that the usefulness of both Figures
2 and 3 is limited due to changes that occur %o the diagrams when

the activities of reacting species are diffcrent from unity.

Therefore, in the absence of known activity data, for closely
positioned equilibrium lines of the $n-Fe-(C-0 system the remarks

mede above may not be quite accurate.
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For instance, line B-B on Figure 2 shows the shift of the
Snoz(s) /Sn(l) equilibria from A~A when the activity of tin
changes from unity to 0.1. Impurities could lower the activity
of tin. Similarly, when for example the acctivity of Fe0 changes

from unity to 0.3, line D-D shifts to ¥-1. Choice of suitable

clag composition could enable the decrerg: of FeO activity

pocsible,

The utility of Figures 2 and 3 is further limited by their

fnilure to take into account kinetic factors, whose effect

' may infact be so important as to deternine whether a thermodynamic

prediction occurs or not.

(B) Effect of temperature on kinetics

For most chemical reactions, the rate of reaction increases
in a manner that conforms with Arrhenius law, which
mathematically is expressed as:-
1n k =1ln A —EA/RT N G £ D

where k is the rate constant at temp;rature T

4, the frequency factor

Ep, the activaiion energy

7

y
and R, the general gas constant. i '

The Arrhenius rate law may be obeyed over the whole tempera-
ture range or in some restricted intervals. Major departure
of data from the law is usually the sign of a complex

reaction mechanism or changes in the dominant mechanism

over the temperature range studied ”.
Equation (11) shows that at a particular temperature, the
rate of reaction is obtained by z knowledge of two indepe-~

ndent terms, namely
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(a) the frequency factor, A, and

(b) the energy of activation, .

One view, the collision theory, suggests that "A" is equal to
the frequency of collisions between reacting molecules. With
some modifications this approach has been used to Predict values

of the frequency factor with some measure of success 20

Another theoretical approach which hes ziven good agreement

with actual determined values of the freguency factor is the
transition state theory. 1In this theoxy, "AM is expressed as

& product of parameters among which arc partition functions.

The partition function of a molecule per unit volume is a measure

of the probability of occurrence of that molecule in the specified

volume,

From both theories it can be seen that the frequency factor depends
on the particular reaction in question and the experimental assembly

used to effect the reaction.

The activation energy is on the other hand readily determined 18,
either graphically or by calculation from a kﬂowledge of rate constant
data at/two or pref€rably more values of temperature in the range
vhere the Arrhenius law is obeyed. Strictly speaking the activa-

tion energy can only be computed for a well defined reaction step.

For more complex phenomena it is still used, though only as a rough
indication of the minimum average kinetic energy that molecules

require to initiate a reaction and to show the possible type of rate

determining step.

Adctivation energiem for procesmen controlled by physical phenomena
are generally less than about 20 kilocalories per mole while those

for processes controlled by chemical reactions are of ihe order 10-100

kilocalories per mole.



CHAPTER TWO: REDUCTION OF CASSITERTI:L CONCENTRATE BY

(4)

CHARCOAL

4. Theory

Obtaining kinetic data

Many methods exist for measuring the rate at which a
reaction proceeds 20. The suitebility of any particular
method depends on the nature of the reaction being
investigated.

For a solid-solid type of reaction yielding a condensed
phase and some gaseous product, the weight loss method
provides a convenient measure of the extent to which a
reaction has occurred. If the reduction of a metal oxide

MeO by carbon is represented by:
2

MeO, + C = Me + COp wvvnivniinnnnennnnn., (4)
MeO, + 2C = Me + 200 sevnnnriinnen v oeene (5)
and given (Me02) and (Me) are not volatile in the
ternperature range of interest, the weight loss in the
reaction mixture would correspond to the weight of 002
and CO evolved. The oxygen c¢omponent of the evolved
002 and CO would be that derived fxom Meozb ag it is
reduced to (Me). A knowledge of the rate of O, and
CO evolution would therefore facilitate a study of the

rate of (Me) formation from (Meoz).

Equations (4) and (5) do not indicate the mechanism by
which the reduction of metal oxide (Meoz) occurs, tut for

the purposes of thermodynamic analysis which only depends

on the initial and final states of the system under consi-

- 14 -
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deration, the two equations may b used to obtain the

amount of tin produced and that of carbon reacted.

Considering an SnO2 and carbon renction mixture, both
SnO2 and Sn are not volatile and in particular, for Sn

-4 '
the vapour pressure is only 10 ' tn Hg at 1000°¢ 16.

It is therefore possible to utiliic the weight loss

method to determine the rate of Sn02 reduction.

4

Srinivasan and Lahiri followed the progress of hééﬁa—
tite ore reaction with graphite by means of sample weight
change and 00/002 gas analysis. The sample weight loss

was monitored continuously by a balonce to which the
haematite/graphite pellet was attached. Gas analysis was
done gravimetrically. The weight of 002 gas produced

in a particular time interval wes meesured as the increase
in weight of absorption tubes fillzd with soda asbestos and
magnesium perchlorate. At any instant, liberated CO was

evaluated as the difference betwco:n cample weight loss

and the corresponding CO2 absorption data.

Their determined values of COQ/CO ratio at 102200 are shown
in Figure 4 which has been reproduced from their paper.
Using constant pellet diameter and nitrogen flow, the

effect of carbon/haematite relative amounts on the gas
composition was also studied. The results are included on
the Same “iagram. Coupled with l-ray diffraction studies of
reduced pe’tets, the variation of UOQ/CO ratio was explained

in terms of the stepwise reduction of Fe_ 0 through bezo and

273 4
FeO, giving finally Fe metal,
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tThe lower CO?/CO ratios at higher rel..{ive amounts of carbon in

the pellet were attributed to the higher carbon gasification rate

Whilst studying the factors affecting the reduction of Zinc oxide
by carbon, Hopkins and Adlington ? alro oasured CO/COO ratios
¢iring the course of reduction. Usin, " timste mixtures of
vure zZn0 (2:.9%) and degassed carbon bl al: in silica retorts the
UU/802 profile was established. Witroc,n was used to transport
the produced gases. In given time intervals, they too, measured
002 evolved by observing the increase in weight of soda asbestos
aboorbers. The remaining off-gas contoining CO was mixed with
pure dry oxygen and passed over a platinised asbestos catalyser

Lept at 700°C before determination of 0O as 002 in a second soda

asbestos absorber,

Pigure 5 gummarises the results for thig vart of their research.
The dotted lines show the temperature ot which the charge reached
the operating temperature. At low temneratures, the limitation
of weighing minute amounts of gas was “ointed out, while at

high temperatures it was the difficulty of ensuring complete
absorption of the oxidised CO in the ecbsorber. It was found
apnarent nevertheless that the retort -i:iosphere quickly reached
o steady value of CO/CO2 ratio when tlie temperature became
constant.

An application of the Gibbs phase rule 4to the reduction of

metal oxide MeO2 by carbon can allow prcdiction of whether the

CO/COE ratio would vary or not in the course of the reaction.
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For example, for the reduction of pure NQOQ to Me in a single

step by carbon conducted at a constant Pregsure and temperature
the CO/CO2 ratio can be shown tc be onc that would be invariant,
For common metallurgical uses where terporature and pressure are

the only environmental factors that con bo independently varied,

oy
. 7

the phase rule can be written as

°
&

¥ = C-P+ 2
where F denotes the number of degrees of freedom of the systen

and C is the number of components presont in P phases.

With the restriction of isothermal and isobaric conditions

the phase rule takes the form

F =C-P ceiiinnnannnnn, e (6)
For the case being considered,

C

4; namely four out of Me02, Me, C, CG, 002.
P

4 Me02, Me, C and the gas phasc,

Substitution of these values into (6) chows the system to be

invariant.

In their paper1o on the reduction of stonnic oxide by carbon
Padilla and Sohn concluded that Sn02 was reduced directly to
tin. Aes is to be expected therefore, they reported only a

single value of 00/002 ratio at any particular temperature as

shown in Figure 6 which is reproduced from their paper.

They measured in a nitrogen flow the gas composition arising

from the reaction by gas chromatography. By measuring the co/
CO2 ratio they wanted to gain an insight into the rate of the
Boudouard reaction as compared to that of stannic oxide reduction

by carbon monoxide.
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In the present work, GO, and CO gas arnlyses and sample weight

loss data were used conjointly to deteriine the amount of metal

formed from stoichiometry considerationg

(5).

o7 squations (4) and



(B)
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Beaction of carbon with carbon dioxide

The gasification of carbon by 002 can be represented
by:
002 +C =200 .. Ll il e e (3)
2
Xao and Jalan 23 have presented a simplified picture of
troe successive steps involved in this weoctlion.  These

are listed below.

(2) External transport of 002 to the surface of carbon
(b) Pore diffusion of €0, into the carbon

(¢) Chemisorption of CO, on the carbon surface

(d) Surface reaction

(e) CO desorption from the reaction surface

(£f) Pore diffusion of CO outward

(g¢) External transport of CO from the carbon surface.

Clearly, step (a) is of no concern for present purposes.
It was necessary for the work of Rao and Jazlan since they

considered the oxidation of carbon in a 002 streamn.

Thus, only steps (b) and (f) are left as transport processes
while the others are chemical in nature. It has been
reported 24 that Duval demonstrated porc diffusion could
not be the rate limiting step. In one ceries of his
experiments, gasification of carbon filaments at different
temperatures followed by determination of roughness factors
of the filaments by the BET method revezled the roughness
factors remained invariant even when the rates of carbon

burn-off were different.
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Attention may thus be focused on the surface reaction
echanism, According to Ergun d5, the gasification
Sequence consists of initial CO2 - carbon interaction

represented by:

k
—1
Co, + C, == CO+ O evnveveennininies oo (7)
k
9
followed by transfer of carbon to the oo phase as
shown by:
ks
C, == CO+mnC. .. . L., . (8)
where Co is an active site occupicd by oxygen,
Cf is a site free of oxygen,
]
k1, k1 k3 are rate constants, which are
1
functions of temperature only,
and n is an integer equal to O, 1, or 2.

Statistically 0¢ng 2. For nsi1, the number of reaction
sites increases with gasification. When n = 1 the number of
reaction centres remains constant while for n £ 1 the carben

gets less active with burn-off.

Reaction (7) is saia® to be extremely fost so that (8) forms

the rate controlling step.

The instantaneous rate of gasification of carbon at a constant

temperature surrounded by a gas of uniform composition may be

expressed as 23, 25, 26:

A S e € P R N )
dt >
or -ggg = kg (c,) at

where (Co) is the concentration of oxygen occupied sites

per gram of carbon.

and WS ig the instantar .s weight of carbon
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Integration of equation (9) requires a knowledge of the variation
of (Co) with reaction time. However, during the early stages
of the reaction (Co) can be considered constant.,

e -aw® = R a4t
WC ¢

where R_is a rate ccnstant that incorporates the condition

s

of active sites on the carbon surface,

Integrating between we = wg at ¢t = 0
and we = W, at t o=t
e - c
gives n wem Rt weennn o oo U CT+)
WS
o

In their paper on the rate of carbon oxidation in a carbon dioxide
strean, Rao and Jalan23 found the above equation to adequately fit
the experimental data up to the stage of 25¢i carbon burn-off. Work
by Padilla and Sohn10 demonstrated that the »aote of carbon
oxidation by carbon dioxide determines the overall kinetics of
stannic oxide reduction by carbon. Therefore, it was found

fitting to attempt the analysis of kinetic data obtainead in the

present work with the aid of equation (10).



(¢)
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Tin smelting slags

Different opinions have been expressed as to how the best
slag for tin smelting can be obtained.

Some authc. . 21 have reported that sleg caleulations can
be best made based on a slag »E valae of 1.2% 1o 1.5
and a molar ratio of FeO to Cal in the clag equal to unity,

e
Cthers 28 have used the expression:

%Ca0 + 9% FeO
%810, 4 % AL_0

2 3
&S a measure of the basicity of tin freo clags with typical
values being in the range 0.7 to 2.0. Slags chosen on the

basis of the low melting point (1093—110000) region of Levin

21

and McMurdie's CaO—-FeO—SiO2 system on the other hand,; have

a composition approximating 14%{Ca0, 50557e0 and 36%8109.

Consideration of the above views led to the addition of
small amounts of lime to some of the casciterite samples

to be reduced.
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5; Apparatus

The common experimental set-up for thermogravimetric analysis
shown in Figure 7 was used. An alumina sample crucible (4)
was enclosed in a platinum wire basket and suspended from a
balance (1) by means of a wire ol the same material. The
sarple hung in the centire of a silica reactor (3) well clear

of its sides.

Heating of the reactor was achievgd by means of a vertical iube
“furnace rated up to 12OOOC, which held the reactor centrally.

On the upper part of the silica tube, external to the furnace

was a side tube through which a low flow of nitrogen gas was intro-
duced to maintain an inert atmosphere in the reactor. The exit
gases proceeded to an orsat gas analyser (6). Depending on the
position of the stop-cock on the analyser, the gases could enter

the measuring burette or be vented into the air.

The temperature near the sample was measured by a thermocouple (7)
introduced through the bottom of the reactor with its hot Junction
positioned just beneath the sample cruciblé. The other end of

the thermocouple was connected to a potentiometer (8) which

Coigres
gave the temperature directly in degrees centigrade.

The orsat gas analyser was the usuzal three bulb type 29 in
which only two bulbs were filled. One bulb had 30% W/V KOH
for CO, absorption and the other 10% W/V acid cuprous chloride

solution for CO absorption. Oxygen gas analysis was unnecessary.

6. Experimental vrocedure

Bho iMsel espewimentsl sob-up £or work undertaker in this study

wculd have been that giving a continuous record of sample weight

loss and product gas analysis at a set temperatvre in a totally

inert atmosphere.
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With the apparatus available, an attempt to observe continuously
the sample weight loss meant accepting some gas leakage from the
silica reactor and probable air ingress. This was as a result
of the channel in the rubber stopper at the top of the reactor
through which the platinum wire had to transmit sample loads to

the balance.

In order to aéhieve some measure of accurwcy each experiment
was done twice. The first timesweight loss data was obtaincd
at fairly close time intervals. At a specified time in the
course of the reaction, gas leakage was gtopped by squeezing
some refractory wool around the platinum wire at the top of

the reactor. Exit gas was then directed into the gas analyser
burette and locked there. The wool was then removed and

welght loss measurements continued. Actual manipulation of

the Orsat to determine gas composition was done later when free

from the task of recording sample weights.

In a repeat of each experiment, the attainment of a totally
!?hgffugtmosphere was aimed at. An unholed rubber stopper
supported the sample crucible by wedging the platinum wire
against the side of the silica reactor. Consequently the
sample crucible was not attached to the balance. At selected
time periods the sample crucible was pulled to the top of the
reactor, allowed to cool, removed then weighed. Once per
’every time interval the sample was within the furnace, exit gas was
drawn into the Orsat burette. This was later analysed while
the sample cooled. Only a single determination of the gas
composition could be done in each time interval the sample
was within the furnace since CO absorption took a very long

time,
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At the conclusion of an experiment, the ohysical stnte of the
reactior product was noted. The product v .s then left under
concentrated hydrochloric acid attack for 46 hours before ivs
tin content was determined by iodimetric titration 30, 31.

Tin in unreacted cassiterite was not included in this determi-
nation due to the resistance of the latier io attack by
concentrated hydrochloric acid 32.
In isothermal experiments, the furnace teimperature regulator

was used in conjunction with the reactor ithermocouple tec establish
the required temperature. The sample was then very quickly
brought into position in the furnace. Preliminary experiments
showed it took two minutes for the sample temperature to reach

an isothermal temperature of 1000°C.

In experiments to investigate sample behaviour whilst being
heated, the sample was introduced into a cold furnace. The
furnace was then switched on and the current supply, of up to

8 amperes, to the heating coils controlled to achieve a definite

heating profile.

Experiments to investiigate the effect of sample porosity were
conducted by ensuring different weights of reactant accupied
the same crucible volume. That i3, bulk density was used as

a measure of porosity.
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7. Sample breparation and experimental gchedule

Preliminary experiments showed the cassiterite hed ro volatile

i LT
4

patter, It was prepeved into various sio fractions, dried,

and stored ir a deg: natgr, 2 portion fron waei, sire fra sion

wag removed angd anaiysed for tin, Table | siows +he tin content
of the sige rarzes ed. Decompos’tion ol ssiterito nrior

to iodimetriec tin analysis was achisve? by fugiop w

t

h a mix-sure

P

of scdiuvm carbonate und boraxB’.

Sable 4 Tin content of Prepared gize ir-motions
eV Le 4

vize range -63 =90 + 63 | -180 + 150 -355 4+ 200

(microns)

[S.AY

3n Content 6
%

.9 68,2 5745 65.8

N el - . .
Charcoal was devolatilized at 9259 S “Urs In a nitrogen
atmosphere, Screened into required 8ize venges and stors. i1 an oven

. . o \
maintained at about 105°C. The charconl ~0 prepared analyseds-

Ash 1.57

molstur L0

volatile matter 0.0 .

fix«d carbon 98.43 L (vy difference)

Lime used was of general purpose grade. TIig total chloride and
total sulphur content was low however, 0.002¢, and 0.02% respectively
while particle size analysis showed the 1ime wae ~53 microns,

DBefore use, it was heated to 800°C and cooleq, Final cooling

and storage was in a desiccator.



A sizeable amount of the yeactants was hand nix

required

composition.
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ixed to give the

Unless when the effeci of porosity was

to be studied, samples drawn from such a mixture and charged

into the alumina crucible weighed about 0.9 gram,.

The experiments carried out, all under a low fliow of nitrogen

gag, are listed in Table 5.
Table 5: Experimental schedule
Expt. Heating rate Sn02/C Charcoal size| Concentrate size
fo. (empere) (ratio) | (microns) {microns)
A1 8 1:1 ) -G
L2 4 RN -53 673
Bxpt Temperature SnOZ/C charcoal gsise concentrate size
No. (°c) (ratio) (microns) (pizrons)
B1 950 1:1 -53 -63
B2 1050 1:1 ~53% Y
B3 950 1:1.5 -53 ~-£3
B4 950 1:2 -53 -£3
B5 1050 1:2 -53 ~63
BE 950 1:4 =53 ~63
B7 1050 1:4 ~53 ~63
C1=B1 950 1:1 ~-53 -53
c2 350 1:1 -106 + 75 -63
C3 950 1:1 ~150 + 125 -63
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Expt Temperature Sn02/C charcoal size concentrate size
Ho. (°c) (ratio) (nicrons) (microns)
D1 50 131 -53 -90 + 63
D2 1050 1:1 -53 -90 + 63
D3 950 1:1 ~-53 -180 + 150
D4 1050 131 =53 ~1d0 + 150
D5 1050 1:1 -53 ~355 4+ 300
B1 850 11 ~106 + 75 -3 + 63
ne 900 1:1 106 + 75 -390 + 63%
53 950 111 ~106 4+ 75 =90 + 63
B4 1000 i1 -106 4+ 758 -90 + 63
B5 1050 1% -$06 + 75 -390 + 63
B6 110C 1:1 -106 + 75 -90 + 63
Bxpt. Tgmp. Sn02/C Bulk density jcharcoal size | concentrate
No. ("c) . y 3 . size
(ratio)| (glen”) (microns) (microns)
1 = E5] 1050 131 1.5 -106 + 7% -90 + 63
F2 1050 1:1 1.7 -106 + 75 -90 + 63%
F3 1050 1:1 1.9 -106 + 75 -90 + 63
Expt. Temp., Sn02/C Cal0 content Charcoal =mize | concenirate
size
No. (°c) ratio (%) (microns) (microns)
G1 950 1:1 2.5 -106 + 75 ~-30 + 63
G2 1050 1:1 2.5 ~106 + 75 -390 + 63
G3 1050 1:1 5.0 -106 + 75 -390 + 6%
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8. Results

(4) Rate and extent of reaction

Most resultis are presented as isothermal plots of relative

cumulative weight loss, z&%ﬂt/wo against time; where:-

[&wt = gpample weight loss up to time (t).

and WO = initial weight of the sample.

The extent of reaction as sample temperaztulre was raised is shown
in Figore 8 as a [LWT/WO versus temperzture vlot, £;NT being the
cumulative weight lc.s up to the tewperatire (7).
Data on which the plots of figures & to 15 wore based is
tabulated in the Appendices 1 to 7. A summory of the results
as deduced from the graphs follows.

(1) Extent of reaction as sample temperature was raised

The reduction of Masuku cassiterite concentrate with charcoal
commenced in the neighbourhocod of 85006 while the rate of
reduction was found to increase rapidly in the temperature
interval of 1000 to 1050°C. Figure & further shows that

if allowance was made for the sample to come to equilibrium
at each temperature, the figures quoted avcove would have
been somewhat lower.

(ii) Influence of relative amounts of reactants

Experiments were conducted with constant particle size of
reactants. The molar ratio of SnO2 to carbon was varied
from 1:1 to 1:4. It is clear from figure 9 that at the
same temperature, as the reductant content increased the
rate of reduction rose. In conjunction with data from

figure 10, the combined effect of Sn0, %o carbon ratio
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and temperature is assessed below.

Table 6: Effect of temperature and relative reactant amounts on

extent of reaction.

Sn02/C Time for & reaction completion
(min.)
(ratio) at 950°C av 1050°¢C
1:4 40 4
1:2 37 7
1:1 42 13

Table & shows that the rate of reduction increased markedly
under the combined influence of high temperature and high
reductant ratio in the reaction mixture,

(iii) Effect of charcoal particle size

Figure 11 revealed that, at a constant temperature, the
reaction rate was independent of the reductant particle
size within the size range investigated, of up to 150
microns. The molar ratio of the reactants and the

concentrate particle size were maintained constant.

(iv) Effect of concentrate particle size (Figure 12)

Using a constant Sn02: carbon ratio ol unity and the

same charcoal particle size, the resulis of this set of
experiments demonstrated that, at the same temperature,

high reaction rates were tavoured by fine sized cassiterite
cXncentraté particles.

Table 7, compiled with the further aid of figure 13 showed
that the additional effect of temperature increased the rate

of reduction :imilarly in the two size ranges.,



10

Temp. 950 C
T ° - 53 microns C1 294 %%

8- a —106+75 ., C2 324 % 4
o + —150+125 . C3 27.8% . .
. 61
2 -
=4 )
< ] +

N\. A

0 20 . 40 60 . 80 _ 100

Time , min.

Fig.11: Effect of charcoal particle size on reaction rate
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Table T: Combined effect of concentrate particle size ¢ 3
temperature.
‘,.,nO . > N FR o
2 Time for 4 zzoction completion
Particle size R
{minutesq)
(microns) _
at 950°C at 1050%¢
-20 + €3 £ 17
-130 + 150 54 25
-355 + 300 - 33

(v) Influence of temperature

Wit! the other parameters constant, samples were reacted
isothermally at six differenct temperatures between 850
and 1100°C. Figure 14 shows the progress of the reaction
with time. At the high temperatures of 1050 and 1100°¢
the rate of reduction was not significantly increasecd by
the further elevation of temverature. Examination of

the physical state of the produvcts showed that samples
reacted at 850 and 90000 were not fused and only partially
80 at 950°C, but zppeared completely fused at the higher
temperatures of 1050 and 110000.

(vi) Dependence of reaction rate on charge porosity

Experiments were carried out under identical conditions save

for bulk density of the charge. Three bulk densities of 1.5,

1.7 and 1.9 grams per cm3

were considered, The results as
shown in figure 15 indicate 2 small increase in the rate

of reduction when the void volume of the charge increased.
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Effect of linme addition on
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reaction rate

Figure 16 shows that the a

16 -

E6 63.4%

ddition of lime led to a
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(vii)  EBffect of lime addition or reaction rate

(8)

Figure 16 shows that the addition of lime led to g
reduction in the reaction Tate. Whereas a 2.5% lime
addition diminished the weaction rate only slightly, a

higher Ca0 content ¢ 5,0° chowed a more severe effect.

Degree of cassiterite reducivion

Chemical analyses of the reacted samples enabled the degres
cf SnO2 reduction achieved in ey rarticular experiment
te be determined. The degrec of reduction is reporied in

Table 8 ag;

% Sn0, reduced = (Metzllic tin in the product) x 100

Total tin of the charge
The degree of reduction data is also shown along~side the
corresponding zxwt/wo (%) versus time plots of figure 9
to 16 for ease of comparison. To a fair extent, the degree
of SnO2 reduction exhibiied behaviour akin to that portrayed
by the isothermal plots with the possible exception of the

results for the addition of line,



Table 84

Degree of reduction of Sno0

2
Zxpt. Xo.| concentrate concenirate| Tin weight] volume of tin weight| % S
weight % tin in cons Iodine in product| red
in charge (gram) titragt (gram)
(&) (em”) (*)

B1 0.85% 66.9 0.571 27.8 0.168 29.
B2 0.853 6649 0.571 69.6 0.420 73.
B3 0.831 6649 0.556 28.4 0.171 30.
B4 0.810 66.9 0.542 39.9 0.241 50.
BS 0.810 65,9 G542 52.2 0.556 102.
B6 0.737 £6.9 0.493 45.6 0.27% 55,
B7 0.737 66.9 Ued93 103.8 0,626 127.
C1 = B1 0.853 66.9 0.571 27.8 0.168 29..
C2 0.853 66.9 0.571 30.6 0.185 32..
C5 0.853 66.9 0.571 26.3 0.159 27,
D1 0.853 68,2 0.532 22.7 0.137 23,
D2 0.853 68,2 0.582 56.6 0.341 58.¢
D3 0.853 67.5 C.576 19.2 0.116 20,1
b4 0.853 67.5 0.576 44.6 0.269 46,
D5 0.853 €5.8 0561 18.5 C.112 20, ¢
E1. 0.853 68,2 0.582 12,2 0.080 13.7
E2 0.853 68,2 0.582 23.2 0.140 24.1
E3 0.853% 68,2 C.5832 31.5 0.190 32.€
E4 0.853% 68,2 U502 - 53.1 0.320 55.0
ES 0.853 68,2 0.582 60.0 0.362 62,2
E6 0.853 68,2 0.582 61.2 0.369 63.4
F1=E5 0.853 68,2 0.582 60.0 0.362 62.2
F2 0.967 68.2 0,699 65.7 0.396 5647
F3 1.080 68,2 0.737 69.3 0.415 5647
G1 0.832 68.2 0.567 18.2 0.110 19.4
G2 0.832 68,2 0.567 63.3 0.382 67.4
G3 0.810 68,2 0.55¢2 5543 0.333 60,3

Tin equivalent of 0.1N lodine used was 6.03%8/on3,

- 45 -
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(C) Composition of exit gas

Data of measured 002 and CO conlc. ¢ of evolved gases ig

summarized in Table 2y in the fo: 1w of partial pressure

ratios PCO to PCO' For each “oxiicular experiment, the
s’

2
PCO /P figure given is an avenee of megsured values,
2'7¢C
details of which appear in Apped

Table 9: 002/00 analysis of produci ;o

Expt. Nol. Temp Snoz/C char§oal concgntrate Average
(°c) (ratio) (miiig;f) (;;zions PCO?/PCO =aé
B3 950 1:1.5 ~53 -63 2.33
B4 950 1:2 -53 -63 2.19
B5 1050 1:2 -53 -63 1.78
B6 950 1:4 =5Z -63 1.68
BY 1050 1:4 -55 -63 1.18
04| 850 121 =105 4+ 74 -90 + 63 2.71
E2 900 1:1 -106 4+ 71 -90 + 63 2.64
E3 950 1:1 -106 + 73 -90 + 63 2.42
E4 1000 1:1 =106 + 7% -90 + 63 2.37
E5 1050 121 =106 + 77 ~-90 + 63 2,28
E6 1100 1:1 =106 + 74 -90 + 63 2.25

It is evident from the tabulated dota that higher temperature
and increased reductant content o~ ©he reaction mixture leads

to a lower POOZ/Poo ratio.
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9. Discussion

Sources of error

]

Preceeding the discussion of results is & brief mention
of the possible sources of exvzrimental error. An
idea of these may be helpful ir the interpretation of

results.

(a) Balance sensitivity: Th: bolance used for weighi loss

measuﬁements weighed to the nearest 0.01 gram while
reaction samples used were ouly about 0.90 gram.

Thus, even though the wei l: loss may have occurred
continuously this could only be revealed by the
balance at a time when t¢ loss had cumulated to =
multiple of 0.01 gram. 0.01 gram represents a fairly
large fraction of 0.90 grem and it is consequently felt
the smoothness of the reported isothermal weight loss
data could have been improved had a balance of greater
gsensitivity been used.

(b) Iodimetric titration in tic presence of much carbon:

The black colour of the unrecacted carbon had the
effect of masking the blue starch-icdine titration
end point. The tin content of samples reacted with
high carbon ratios were ithcrefore liable tu
overestimation.

(e) Gas analysis for carbon monoxide

Whereas CO2 absorption was fast and complete, that

of CO was laborious and reguired long times. It has

Qg
been suggested ~° that CO absorption by acid cuprous

chloride solution is never quite complete.
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(d) Dissolution of the reaction vroduct

As stated in the experimental procedure, to avoid
product loss, the reacted samples were left whilst

5t111l in the crucibles to stand for 486 hours in
concentrated hydrochloric ucid te enable the contents

to leach out., Thereafter 2ry material still remaining
in the crucible was Scraped with an iron wire and

added to the beaker which had the dissolved fraction.
Determination for tin was then done. Though the
scraped material was fine, if any tin was locked within,
it could not have been included in the assayed value,

(e) Non-uniformity of samples

The usual uncertainty surrounding sampling has to be
mentioned as a possible source of error, Despite
corrective steps taken the portion drawn for analysis
from a larger bulk may not be quite representative of

the latter.

£ Decomposition of cassiterite rior to tin determination
D

The decomposition of cassiiorite concentrate samples

before tin determination weos done, as stated garlier, by
fusion with a flux mixture of sodium carbonate and bhorax.
By this method, cassiterite decomposition is said 35 to,
at best, only approach 995t  The better and more commonly
used flux sodium peroxide was unavailable at the time the

work was being performed., The tin content of the samples

could therefore have been under~stated.



(i1)

Temperature effect

Figure 14 revealed that at the high temperatures of 1050 and
1100°C, the rates of reduction were virtually the same,

This would seem to suggest that by about 1OSO°C the average
kinetic energy of reacting molecules has become so high

as to have overcome nearly alil energy barriers to reaction,

The weight loes monitored in the experiments corresponds
to the weight of 002 and CO evolved by the reaction of

charcoal with cassiterite. Thus at any time, t,

co, * Vo

total weight loss, AXW£ =V ,

where: WCOﬁ = weight of CO2 lost
[

and wCO = weight of CO evolved

3 .o pets)
with tl.> further knowledge that Pcoz/PCO = K,

where o< ig g known quantity from gas analysis, it can be
shown that the weight of carbon reacted at time, t, io yield

002 and CO gases is given by:

AWy = AW, (0,275 4 0,.20) (14)

1 + &
Derivation of equation (14) ie set-out in Appendix 10.
Assuming the rate determinin:- step of the carbothermsa
reduction of stannic oxide is‘the reaction represented by:
Co -—-—k3 —* CO + nCy ettt (3)

equation (10) would be expected to describe the kinetics

of the reduction,

Viz, - 1n W]
- = RE .o, (10)
(o]
(o]
1
or log do - g
we - .

2,303
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Data obtained in the present work while investigating the influence
of temperature on reaction rate has been used in the preparation

of Table 10 which shows values of log W at different values

c
-2

. .C

of time, t. %

=,

The coumputation of wi is shown in Appendix 9.

Table 10: Temperature and time dependence data of carbon

consumed by reaction with cassiterite.

reaztion log (wg/wz )
time
(min) E E A E E E
1 2 5 4 5 6
0 0.000 0.000 0.600 0.000 0.000 0.000
1 " " " " 0.0%00 0.030C
2 L n u 0.0300 0.0630 0.099¢
3 " " n 0.0300 0.0950 0.138
4 " " " 0.0%00 0.138 0.138
5 " " n 0.0300 0.180 0.182
7.5 " o 0.0%06 | 0.0630 0.237 0.229
10 " " 0.0306 0.0630 0.280 0.282
15 " 0.0302 0.0306 0.0950 0.341 0.413
20 " 0.0302 0.03086 0.138 0.413 0.497
25 " 0.0302 0.0633 0.180 0.497 0.601
30 " 0.0302 0.0633 0.180 0.601 0.601
45 " 0.0622 0.0990 0.280 0.73%9 0.941
60 " 0.0622 0.136 0.339 1.331 1.331
15 0.0302 0.0979 0.1356 0.408 1.331 oo
90 0.0302 0.097¢9 0.17¢ 0.491 o= o
105 0.0302 0.1348 0.17¢ 0.491 o oo
120 0.0302 0.1348 0.17¢9 0.729 oo Co
150 0.0302 0.1775 0.226
180 0.0302 0.224% 0.279
210 0.0302 0.2203 0.27
240 | 0.0622] 0.2243 |  0.275
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The data of Table 10 was used as thce basis of the construction

of a log (Wg/Wi) versus time plot zhown in figure 17.
The plot shows a remarkable linear nzture in the early stages of
the reaction. This conforms with the expected behaviocur of carbon
whilst it is oxidised by carbon dioxide. That this should be
sc in the course of cassiterite reduction lends support to the
generally held view that the reaction

Cd~———0-CO + nCy ettt et aena (2)
determines the overall kinetics of mctal oxide (MeOz)

reduction by carbon.

Simplification of the equation

(o]
=AW = kW () el N €3
3t 3 °

to obtain equation (10) was based on the assumption thet the
concentration of occupied gites on tie carbon surlace remained
constant in the early stages of tie reaction.

: . ,(X,C/,C . . Y ot
Departure from linearity of the 1Ggi¢o/wt) against time zlot
can therefore be explained in terms of chamges occuring to the

active sites on the carbon surface.

For each temperature the slope of the linear portion of
figure 17 was used to determine thc rate cc stant, Rc, of equation

10. These values are tabulated in Table 11.
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Table 11:

Rate constant, RC, for the consumption of

- 5% -

carbon by reaction with cassiterite.

Temp. Temp. T. 10_4/T Zlope of Figl. Re ~log R,
~ r ‘ —.1 17
(% (x) KOO L »
“e/2.30% | (min” ')
850 1123 5,50 D.00030 0.0069 3 1€
00 1173 8.53 U.0013 0.003%0 2.52
950 1223 8.18 U.0022 0.0081 2.29
1000 1273 7.86 V.O073% 0.017 1.77
1050 1303 7.56 0.036 0,057 1,06
1100 13773 7.28 U.045% 0.0 1,00

The rate constant data obtained is
Arrhenius plot of -~ log RC against
Arrhenius curve, an activation encry

5y of 60.8 kilocalories per

mole has been calculated for the consumption of carbon by

reaction with cassiterite.

shown in Figure 18 as

1/T. Using the slope of the

an

Since the type of carbon and {the catalyst action of metals and

metal oxides are known to affect

reaction, there is no generally accepied value of the

activation energy.

thie rate of the Boudowrd

However, the vzluz obtained in the present

work is quite typical of those found in the literature.

Padilla and Sohn1o obtained a values of 52.8 kilocalories per

mole for the reduction of stannic oxide with coconut chaxcoal in

the temperature range 1073 - 1173 %,

Rao and Jalan

23

reported

a value of 79.6 kilocalories per mole for the uncatalysed 002 +

C = 2C0 reaction using porous carbon nellets and pure carbon

e
dioxide while Ergunz) found a value of 59 kilocalories per mole,

for work of a similar nature.
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Indeed, many other values have been found by different
researchers. These generally lie in the range 40-97
kilocalories per mole carbon consuned, with the lower

values being for catalysed reactionc.

Two groups of theories have been ueed to explain the catalytic

action of metals and metal oxides cn e Boudonard reaction

.

One group centres on a cyclical o¥idaiion - reduction
mechanism in which a metal and its oxide participate. Thus,

considering a metal Me, such a mechianism can be depicted as :

Me + CO, = MeD + (O Beoen o

2 L R (1&)

MeO + C Me +CO ...ooiiiiiiiiiaiil. (16)

Alternatively, the catalyst action is explained in terms of an
oxygen transfer mechanism inveolving an oxidation-reduction cycle
and electron transfer between /U - electrons of graphite and

vacant orbitals of the metallic catalyst.

(ii1) Effect of porosity

The method of bulk density ciiange used to study the
effect of porosity on the reaction rate did not afford
much variation of this paramcier.

When the reaction product iz not molten, compressiocn

of reaction mixtures into diccs or rellets znables better
study of the porosity effect. 4is the tin produced by

the carbothermal reducticn o7 cazsiterite is always
molten (melting point, 232°C) the use of th's method
could not be adopted. An atcempt could have been
made to study pellets held within crucibles had the

latter been suitably large.
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(v)
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In the method used, porosity is linked to bulk density

by the relation:-

_?k = n (17)

VT + VC + VO

where: }i, is the bulk density of the charge
m, the moss of the charge
VT, the irue volume of the charge
Vc, the volume of closed voids in the charge

and Vo’ the open-pore volume of the charge.

Considering the experimental procedure used, it is a
reasonable assumption that when the bulk density was
changed it was the volume of the open pores of the
charge that varied accordingly.

The results therefore chow that an increase in the open
pore volume of the charge caused an increase in the
rate of reaction. This follows from the improved

CO2 and CO transport witiiin the charge.

Concentrate particle gize

The decrease in the rotc of reaction with increased
particle size of the conceutrate can be explained in
terms of the reduced surface area of SnO2 avallable
for reaction with the ovroduced CO.

Charcoal particle sizc

The assumption that the reaction on the carbon surface
is rate controlling also explains the influence of
charcoal particle sizc on the cassiterite - charcoal

reaction.



(vi)

(vii)
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Due to the porous nature of carbon, even inner regions
are readily available for reaction with carbon dioxide
tc form carbon monoxide., The reaction rate is
therefore not dependent on external surface area

as represented by the vorticle size.

The size range investisated was up to 15C microns
because of the crucible angd reactor size limitation.
It is possible however, that this behaviour may hav
held even up to lar_er charcoal particle sizes,
Erg‘un25 found that the oxidation of carbon particles
in a CO2 stream was independent of the particle size

in the range 0,08 mm <o 1.5 mm.

Relative amounts of ciiarcoal and cassiterite

The increase in reduction rate caused by larger contents

of carbon in the reaction mixture can be attriduted to
the increase in the velocity of the rate conirolling
reaction

C — GO0 + nC B 5
. . ()
whose rate, as was stated before, depends on the
concentration (Co) in the charge.

Effect of lime addition

The weight loss data showed that addition of lime led
to a reduction in the reaction rate, slightly at low
Ca0 contents and more strongly for higher amounts.

It seems this behaviour could have been caused by
charge porosity diminution, in view of the fineness

of the lime used.



- 58 -
When the degree of Sn02 reduction achieved in tne
experiments is considered, the overall effect of
lime addition is not =o straight forward at high
temperature,
At low temperature a clear decrease in the degree
of Sn02 reduction sunsorits the view that the reaction
rate was minimised by lime addition,
At high temperature o 50 rise in the degree of Snoz
reduction was noted with an addition of 2.%% Ca0.
It appears, whereas the reaction rate was minimised,
the time allowed was iong enough for the sample to
have reached the sanc exient of reaction completion
as the equivalent ordinary cassiterite plus charcoal
mixture, This being the case, unless Cal interfered
with iodimetric titration of tin, which is considered
highly unlikely as ro wention is found in the literature,
the lime content mus<: have acted to produce a product
which had tin in a noro readily assayable form. [hisg could,
for instance, arise if the molten non-metallic par: of
the product and the tin drope formed were renaered

immiscible.

(viii)  Gas composition

The gas composition determined in the various experiments

is presented in Table 12 as log (PCO /PCO). That the rate
2

of carbon dioxide reaction on the carbon surface is faster

at higher temperatures and higher charcoal contents of

the samples, can be seen from the consequent reduction in

the P002 to PCO ratios,



Table 12: Composition of exit gas
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Expt. Temp., T. T 1000/T

No. (°c) (k) (x™ "y P002/Pco 1°g(Puoz/Pco)
E1 850 1123 0.89 2.71 0.4%
E2 900 1173 0.65 2.64 0.47
E3 950 1223 0.62 2.42 0.3
E4 1000 1273 0.79 2.37 0.37
ES 1050 1323 0.76 2.28 0.36
E6 1100 373 0.7% 2.25 0.25
B3 950 1223 0.82 2,%3 0.37
B4 950 1223 0.82 1.38 0.34
BS 1050 1323 0.76 1.78 0.25
B6 950 1223 0.82 1.68 0.23
BT 1050 1323 0.76 1.18 0.07

The measured gas compositions are plotted with (x) marks on

Figure 2. All are in the region of Sn(l) and FeO(S) stability,

regardless of whether the activities of Sn and Fe0Q decrease

from unity to lower wvalues.

It would have been of interest

to have examined in what form the iron occurred in the

reacted samples by XRD analysis had facilities permitted.

(ix)

Degree of Sno

2

r

eduction

and

As discussed earlier, the reactions

Sn0, + C

Sno

2

2

+

2C

Sn  + 002 .o

Sn + 2C0 v




do rot indicate the mechanism by which

accurs.

on the initial and final states of the
equations can be used to compute the

any particular experiment.

1% can be shown (Appendix 10) that the

is given by:

antnrria

3

i

+ <

total weight loss o %4l

Nevertheless, for thermodynamic

PCO /PCO.

2
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v-¢ reduction of cassiterite
enalysis which only depends

sysoem under study, the two

amowils of tin produced in

vl

(2,697 + 2,119)

Tin contents calculated with the aid ¢! cquaet

compared with those obtained by iodimetric ti

of tin produced

ion (18) are

tration in Table 13.

Table 13: Comparison of calculated ard chremically determined
amounts of tin produced.

Tixpt of AW ’ wsn Arzlysed Sn % Dif?erence
No. (gram‘ (gran) (sram) zziiigzz to
B3 2.33 0.07 0.177 0.171 +3.5
B4 2.19 0.09 0.226 Je 241 -6.2
B 1.78 0.22 0.548 0.556 ~1.4
B6 1.68 0.11 0.273 0.275 -0.7
B7 1.18 0.26 1.378 0.626 +351.6
E1 2.7 0.02 0,051 0.0380 - 36.3
E2 2.64 0.06 0.152 0.140 + 8.6
B3 2.42 0.07 0.177 0.120 - 6.8
B4 2.37 .12 0.30% Ce520 - 5.3
55 2.28 0.15 0.378 0,362 + 4.4
E6 2,25 0.15 0.378 0,369 + 2.4
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Reasonable agreement can be seen in all crooes except two.

No explanation can be offered as to the couse of the smaller

of the anomalies, other than %o suggest tlhat the sample welght
loss was much too small s¢ hat the efivet of any errors would
appear magnified. The sample with the cxvrnordinary difference
was with a very high carbon content (o;u?/g = 1/4) ard was
reacted at a high temperature (105000). L5 would be reasonsble
to believe that g large part of the dii ercnce between the
calculated tin content oi the product and that analysed
originated from reduced iron oxides. Txe effect of such
reduction would be to give a higher weisnt: loss value

than would have been obtained otherwise.



CHAPTER THREE: REDUCTION BY CARBON MO.ONIDE

Aol iy

10, Theory: Obtaining kinetic date

In the absence of carbon, SnO2 iz reduced O¥ carben monoxide

according to the equations

SnOQ(S) + 200(@) = Sn(l) + r_COz(b) M R R T

Pt
29
S

Vnen pure carbon monoxide is used as th- reductant, tle cffegas
-~ 3 D

irom the reaction vessel would consigt or carbon dioxide and

vnutilised carbon monoxide.

The solubility of carbon monoxide in XKOH =solution at room
temperature is negligible whereas that o carbon dioxide is
congiderable,

If the off-gas from the reaction vessel wng therefore bubbled
through a XKORE solution, it would be poscible to determine the
rate of the reaction represented by equation (2). This would be
achieved by considering the increment in weight of the soluticn,
caused by 002 absorption, as a function o time. A version of
tils method was cited earlier as having been used by Srinivasan

and Lahiri4 and Hopkins ang Adlington3 in ietermining PCO + Due
2
to the minute weight changes deglt with in the Present study,

this method could net be adopted.

Absorption of CO2 in KOH solution could still however be used

as the basis for determining the rate or cassiterite reduction

by carbon monoxide. Dissolution of the carbon dioxide leads to
8 consumption of hydroxyl anions and consequently causes a
decreass in the pH of the KOH solution., The dissolution

can be represented by:-

OH + Co, = HCOE

..0votnonon-.-n-l'o-.ucoo (19)
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The pH of a solution is defined as, pd = - log ap. . In

aqueous solutions, the product of U+ ang O ion concentrations
iz o constant at a particular temperaturc. This means thrat though

it is OH anions that are depleted in a I

(ST XY

solution by reaction

vish 002 the discussion can still be madc ~n terms of E+ ions,

Tiie pH can be further expressed ac:-

.

PH = - long Cy - ‘x'H+ N 159

where: CH+ = concentration of .4 ions
and >(H+ = activity coefficivo. .t of H+ ions

In aqueous solutiocns of low ionic strenstia, the value of

the activity coefficient )%“_can be ob.ained by use of the

Debye~Huckel equation

...].Og YH = }222 ﬁ R (21)
i+
1+ 3B a AVAS

where: (i) 2z is the ionic charge; for H+, 2 = 1

(ii) I is the ionic strength and is given by the

2

relation I = %-jic;\ Z% , the summation

P

being extended over all the ions in sclution.

(iii) A and B are Debye-Huckel constants, and are
functions of temperaturc and dielectric
constant of the solvent. Values of A and B
for the aqueous medium can be read from table834'
and (iv) a is the ion size parameter for which 5

13
Angstrom can bs taken as an average3“.

For a known value of pH, it is therefore sossible to compute
the hydrogen ion concentration by use of the relation.

5 —
- log CH+ = pH - AZ Fit \/ I

1 + Ba xﬁi

veeessseaaaas (22)
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I7 the pH changed to another value, inc corresponding Bt
concentration would again be similarly evaluated. With the
further knowledge of the volume of the zbsorbing solution the

arount of 002 needed to cause the pHE change could be calculated.

By observing the rate of change in pH ol cemstic potash
sclution caused by the dissolutionof CG,., ©ie progress of

the reaction represented by equation (3) could be monitored.
In the present work this method was used to study the kinetics

ol the SnO2 + CO reaction.

An obvious drawback of this method is tial, with time,
dissolution of CO2 occurs in KOH solution of dimimishing
strength. On the other hand too high concentrations of KOH
colution would not permit detection of concentration changes

~

caused by dissolution of small amounts oI T o*

Thege problems could be alleviated by conducting the
cxveriment with KOH solution of moderatc concentration and
arranging that the experiment ends before 0O concentration
ig solution is too low. In the experiﬁcnts performed,
0.005 M KOH was used and the end was sigaified by the fall

in pH to a value of 10,
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11. ADbparatus

The apparatus used for the reduction of cassiterite concentrate

by carbon mcnoxide is shown in figure 19.

It comprised of a hot-plate (1) on which was placed a 500 ml

erlenmeyer flask (2) fitted with a three holed rubber stopper.

One hole of the stopper facilitaied the provision of nitrogen

gas to the flask while another was for gas removal. A burette (3)
clamped vertically above the flaslk, had ite tip inserted into
the third hole.

During the course of the experiment, the flask contained not

concentrated sulphuric acid while the burette was filled with

formic acid.

Exit gas from the erlemmeyer ~iculk was dried in a silica gel

column (4) before being introduced into a silica tube (5) which
was centrally positioned in z horizontal tube furnace (6).

The silica tube also had a facillity of being fluszhed with'
nitrogen gas.

An alumina boat (7) contained the cassiterite sample for

reduction and it was placed inside the gilica tube at the centre

of the furnace.

Gases emerging from the silica tube were bubbled through a
magnetically stirred KOH solution (8) of known concentration
and temperature. Dipping inio the KOH solution was an
electrode of a pH meter (9) which was used to monitor the

acidity of the solution.

The wWhole experimental asserbly was installed in a fume

cup-board.



3 Burette with formic acid
4 Silica gel column
5 Silica tube

~ Nitrogen supply
w J

J

6 Tube furnace
7 Sample boat

8 Magnetically stirred KOH soln.

9 pH meter

1 Hot plate
2 Flask with conc. Hy SO,
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12. (a) Experimental procedure

0.5000 gram of -90 to + 63 micron cassiterite concentrate was
weighed into an alumina boat o7 inown weight. The concentrate
was spread out to form a very Lhin layer before the boat was

pushed into position inside tie¢ gilica tube.

150 millisetres of concenira-od sulphuric acid, a volume well in
excess of requirement, was put into the erlenmeyer flask whils
the burette was rfilled witlh 20 cn” of tormic acid., The HQSD‘ Was

heated to atout 10000 and mai:

vained at this temperature.

The apparatus was then lirked v as shown in figure 19. 4ll
fittings were gas tight., Rubbeo tubing clips were loosened and a
low nitrogen flow was made %o displace air from the erlenmeyer
fiask and silica tube. Following this, the furnace was switched
on and allowed to heat up to tle working temperature. Once this
was attained and a further 1% minutes had elapsed, the nitrogen
flow was stopped and the clipr on the nitrogen supply tubing

screwed tight,

Formic acid was then allowed %c %rickle onto the hot concentrated
sulphuric acid at a rate of aboul one drop every 5 secondc.

Contact belween the two acids

iediately produced bubbles orf
36

carbon monoxide according to lic reaction

. = H,S0,. Ii, R ¢~
H.COOH + 32304(1) sto‘,‘i -0 (1) * co () (23)

After being dried in the silica gel column, this gas then passed
over the alumina crucible containing the cassiterite sample. The
exit gas from this section was bubbled through 150 cm3 of
potassium hydroxide solution wliogce rE and temperature were

periodically monitored.
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At the end of the experiment, +tlni ig, when the PE had
decreased fryom 11.9 to 10.0, the furnace was switched off
and the flow of nitrogen throush the reactor was resumed,
Carbon monoxigde flow was at the Same time stoyrped by use of
a2 c¢lip on the supply tubing bolowe remnoving tre erlenmeyer
{lask from the experimernial ausemely The zample Loat was
then allowed to cool to aezr rpon Gemperature, After tnis,
the nitrogen flow was stopped and +the alumina boat raroved,

The boat was later weighed to cstablisn the weight logs

sustained by the sample,

The next gtep was the ilodimetric vitretion for metallic tin
contained in the reacted product, Preparation for, and actusl
analysis were done in a mannes gimilar to that used for the

carbothemally reduced producto,

(v) Experimental schedule

The experiments done, whose only variable was the reaction

temperature, are listed in Table 14.

Table 14: Experimental schedule

Expt. Temp, Ccncentrate sige
No. (°c) (microns)

H1 900 ~90 + 63

H2 950 "

H3 1000 "

H4 1050 n

H5 1100 n
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13. Results

(i)  Variation of PH with reaction time

The pH values recorded in tie experiments rerformed are
shown in Table 15. In all coses the KOH solution

, . N
temperature was between 16 end 207 ¢

e

Tfable 15: pH of KOH as a functiol o:i reaction time

Time PH values
(mins)
n H2 5] H4 H5

0 1.9 1.9 1.0 11.9 11.9
1 1.9 11.9 11.07 11.8 11.8
2 1.9 11.05 11.. 1.7 11,65
3 11.9 11.8 11.795 11.55 11.5
4 1.9 1.0 11.7 11.45 1.4
5 11.85 11.75 11,6 11.4 1.3
7.5 11.8 11.55 11,45 11.2 10.9
10 11.75 11,05 1.5 10.8 10.0
12.5 1.7 11.45 f1.1§ 10.0
15 11.65 11.35 10.°
19 10.0
20 11.6 11.1
25 11.5 10.6
27 10.0
30 11.25
35 10.85
38 10.0
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(i1) Sample weight loss data

The initial and final weights oi the a2lumina boat pius
contained sample for each experiment are presented in
Table 16. The table also shows tiie weight of tin formed

calculated on the basis of sampnle weight loss and

stoichiometry of the 5n0., + CO wooction,

5 Details of

t
&3
@

caleculation appear in appendix 1Z.

Toble 163 Weight of tin formed as calculated from sample

weight loss data

Expt. Total Total Welgzght wWeight
No. initial final loas tin
weight weight formed
(mg) (mg) (z65) (mg)
H1 950,0 973,83 11.2 £1.5
a2 769.3 7573 1.0 L2,
H3 604.7 £93.4 11e2 41,
H4 T65.4 1737 11,7 43.4
H5 768, 2 756.6 11,6 i 4%.0

(ii1)

Jodimetric titration

The HC1l dissclved reaction products were titrated against

iodine for contained tin. Standardisation of the titrant

b

showed its tin equivalent was 6.C3 ng Sn per cm Results

7

of the titration appear in Table 17.



Table 17: Weight of metallic tin in r2zocted samples (by

chemical analysis)

Experiment Volume fodin: Hin Content
No. (cm3) {(ng)

H1 7.5 15.2
H? 7.3 AT U
H3 £.Y £1.6
H4 7.0 42,7

q= 6.7 £0.4
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Expt. No. Temp.
°C

H1 900
H2 850 ,,
H3 1000 ..
H4 1050
H5 1100

Fig.20: Cumulative weight of tin
formed as a fraction of
total tin contained
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vigure 20 further shows thot the 077 | stewges o1 tl
o Al . P . . LA 3. : F

;202 - L0 reaction occurred at « cc ©0 % reaction rato.
Yhle phenowenon may be Low rpeotod o eo widerin, +ho

wroecesses that could be reoardsd wo oo Ltituting She

rcaction,  Under the experiumerntal o 7 5 one uged, theae
IPOCES0S Ao

fa) transport of CC ©e i zoacy!

(L)  the Sno? -~ CO inteoxrface veanoticn, wilich in Lueelf

aigo consists of adsorption brne Sn0, - QU

z

I
<
[
a

pt

rcaction proper, as well as v Joruvwption of CGL.

(¢} diffusion of CO. away from 57 o ool
<

Lt the very beginning of the sxperi ., steps (&) and (c¢)
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rate. Hence step (b) would gov:orre ¢ = course or reduction
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addition rate of formic acid to conz sulphuric acid

vas, despite id4e intermittent marrcr, o ficient to at all
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cxcess of reaction reguirement,

The duration of constant reaction rzvte was about 2 minutes

0o . -
at 1100 C and progressively lownyg

temperatures., It is possible Lo =.l 22003 that such tiunes

could have becen longer but, az st tcd orlier, absorvtion

of CO2 occurred into a KOH sol:

§

-
4
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&Vl uate d
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Experiments C1 to C3:

APPENDIX %

Weight logs data

Reactiony C1=B1 c? C3
time “’Z&wt : _
(Min) v (%) | w, (&) (AW (e) _Ei(%) W, (&) 43wt(g‘4§z£(%‘
wo Wo |
0 0.0 0.90 0.00 0.0 0.90 | 0,00 0.0
1 0.0 0.90 0,00 0.0 0,90 | 0.00 0.0
2 0.0 0.90 0400 0,0 0.90 | 0.00 0.0
3 0.0 0.90 0.00 0,0 0.90 | 0.00 0.0
4 0.0 6.89 0,01 1.1 0.90 | 0.00 0.0
5 0.0 0.89 0,01 1.1 0.90 | 0.00 0.0
Te5 1.1 0.89 0,01 1.1 0.89 | 0.01 1.1
10 1.1 0.89 0,01 1.1 0.88 | 0.02 2.2
15 2.2 0.89 0.01 1e1 0.88 | 0,02 2.2
20 2.2 0.88 0,02 2,2 0.86 | 0,02 2.2
25 2,2 0.88 0.02 2.2 0.87 | 0.03 3.3
30 3.3 0.87 0,03 3.3 0.87 | 0.03 3.3
45 4.4 0.87 0.03 3e3 0.86 | 0.04 4.4
60 4.4 0.86 0,04 Aot 0.86 | 0.04 4.4
(3] 5e6 0.85 0,05 56 0.85 | 0.05 5.6
90 5.6 0.84 0,06 6o 0.85 | 0.05 5.6
105 6.7 0.84 0.06 6e7 0.85 | 0.05 5.6
120 6.7 0.83 0.07 7.8 0.84 | 0.06 6.7

- |




APPENDIX 4:

(a) Experiments D1 to D5

Variation of weight with time

Sample weight (gram)
time D1 D2 D3 D4 Ds
(min)
0] 0.90 0.90 0.90 0.90 0.90
1 0.90 0.89 0.90 0.90 0.90
2 0.90 0.88 0.90 0.89 0.90
3 0.90 0.87 0.9Q 0.89 0.90
4 0.90 0.85 0.90 0.88 0.90
5 0.90 0.85 0,90 0.88 0.90
Te5 0.90 0.84 0.90 0,87 0.90
10 0.89 0.83 0.90 0.87 0.89
15 0.89 0.81 0.89 0.87 0.89
20 0.88 0.81 .89 0.84 0.89
25 0.88 0.79 0.89 0.84 0.88
30 0.88 0.79 0.89 0.83 0.88
45 0.87 0.77 0.88 0.81 0.88
60 0.86 0.77 0.88 0.80 0.87
75 0.86 0.76 0.87 0.80 0.87
90 0.86 0.76 0.87 0.79 0.87
105 0.86 0.76 0.86 0.79 0.86
120 0.85 0.76 0.86 0.79 0.86
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(b) Experiments D1 to D5: Relative cumulative weight loss data

Time Relative cunulative weight loss AX%% \%)
(Min) D1 D2 D3 D4 D5
0 0.0 0.0 0.0 0.0 0.0
1 0.0 1.1 0,0 0.0 0.0
2 0.0 2,2 0.0 1.1 0.0
3 0.0 343 0.0 1.1 0,0
4 0.0 4.4 0.0 2.2 0.0
5 0.0 5.6 0.0 2.2 0.0
7.5 0.0 6.7 0.0 3.3 0.0
10 1.1 7.8 0.0 3,3 1.1
15 1.1 10,0 1.1 3.3 1.1
20 2.2 10.0 141 6.7 1.1
25 2.2 12,2 141 6.7 2.2
30 2.2 12,2 11 7.8 2.2
45 3.3 14.4 2.2 10.0 2.2
60 4.4 14.4 2.2 11.1 3.3
75 4.4 15.6 3¢3 11.1 3.3
90 4.4 1546 33 12,2 3.3
105 4.4 15.6 4o4 12,2 4.4
120 5.6 15.6 | 44 12,2 4.4
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(a)

APPENDIX 23

Experiments E1 to E6: Sample weight change with time

Time Sample weight (gram)

(Min)] =1 E2 w3 E4 ES E6
0 0,90 0.90 0.90 0.90 0.90 0.50
1 0.90 0.90 0.90 0.90 0.89 0.89
2 0.90 0.90 0.90 0.90 0.88 0.87
3 0.90 0.90 0.90 0.89 0.87 0.86
4 0.90 0.90 0.90 0.89 0.86 G.86
5 0.90 0.90 0.90 0.89 0.85 0.8%5
Te5 0.90 0.99Q 0.89 0.88 0.84 0.84
10 0.90 0.90 C.89 0.88 0.83 0.83
15 0.90 0.89 0.89 0.87 0.82 0.8
20 0.90 0.89 0.89 0.86 0.81 0.80
25 0.90 0.89 0.88 0.85 0.80 0.79
30 0.90 0.89 0.88 0.85 0.79 0.79
45 0.90 0.88 0.87 0.83 0.78 0.77
60 0.90 0.88 0.86 0.82 0.76 0.76
75 0,89 0.87 0.86 0.81 0.76 0.75
90 0.89 0.87 0.85 0.80 0.75 0.75

105 0.89 0.86 0.85 0.80 0.75 0.75

120 0.89 0,86 0.85 0.78 0.75 075

150 0.89 0.85 0.84

180 0.89 0.84 0.83

210 0.89 0.84 0.8%

240 Jo.88 0,84 | o83 1




(b) _Experiments B1 to E6:

BRelative cumulative weight logs data

Time | Relative cumulative weight loss, ZEE% (%)
(Min)| ™ E1 E2 E3 E4 55 E6
0 0.0 0.0 0.0 0.0 0.0 0.0
1 0.0 0.0 0.0 0.0 1.1 1.1
2 0.0 0.0 0.0 0. 2.2 3.3
3 0.0 0.0 0.0 1.1 5363 4.4
4 0.0 0.0 0.0 1.1 de4 4.4
5 0.0 0.0 0.0 1.1 5.6 5.6
Te5 0. 0. 1.1 2.2 6e7 6.7
10 O. 0. 1.1 2.2 TeB 7.8
15 0. 1.1 1.1 363 3.9 10.0
20 0. 1.1 1.1 4e4 10.0 1.1
25 0. 1.1 22 5.6 11.1 12.2
30 o. 1.1 . 56 12.2 12,2
45 . 2.2 3.3 Te8 133 14.4
60 ) 2.2 4.4 849 1546 15.6
75 1.1 3.3 4.4 10,0 15.6 16.7
20 1.1 3.3 5¢6 i1e1 16.7 16.7
105 1.1 4.4 5.6 11.1 1647 16.7
120 1.1 4.4 5.6 13.3 16.7 16.7
150 1.1 5.6 6.7
180 1.1 6.7 6.7
210 1.1 6.7 6.7
240 2.2 6.7 6.7
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APPENDIX 6
M__—

Data on Porosity experiments

F1 = E5 F2 F3
Time
(un) | v ¥ T v, () | BT sy | Vs (@) | A% ()
o] w0 W’0
0 0.90 0.0 1.02 0.0 1.14 0.0
1 0.89 1.1 1.01 1.0 1.13 0.9
2 0.88 2,2 1.00 2.0 1.12 1.8
3 0.87 3¢3 1.00 2.0 1.11 2.6
4 0.86 4.4 0.99 2.9 1.10 3.5
5 0.85 5.6 0.97 4.9 1.09 4.4
75 | 0.84| 6.7 0.97 4.9 1.09 | 4.4
10 0.83 7.8 0.96 569 1.08 53
15 0.82 8.9 0.94 Te8 1.06 7.0
20 0.81 10.0 0.93 848 1.05 7.9
25 0.80 11.1 0.92 9.8 1.04 8.8
30 0.79 | 12,2 0.91 10.8 1.C3 9.6
45 0.78 13.3 0.88 1347 1.00 12,3
60 0,76 15.6 0.87 14.7 0.99 13.2
75 0.76 } 15.6 0.86 15.7 0.98 14.0
20 0.75 16,7 0.86 1547 0.98 14.0
105 0.75 16.7 0.86 15.7 0.98 14.0
120 0.75 16.7
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APPENDIX 7

Effect of lime addition

Reaction ¢ G2 G3
time wio(g) | Aw, Al W) | avy w.(g) (At (%)
(Min) v 7 & Yo
(o] o]

0 0.90 0.0 0.90 | 0.0 0.90 | 0.0
1 0.90 0.0 0.89 | 1.1 0.89 | 1.1
2 0.90 0.0 0.88 | 2.2 0.89 | 1.1
3 0.90 0.0 0.88 [ 2.2 0.89 | 1.1
4 0.90 0.0 0.87 | 3.3 0.88 | 2.2
5 0.90 0.0 0.86 | 4.4 0.88 | 2.2
7.5 0.89 1.1 0.86 | 4.4 0.87 | 3.3
10 0.89 1.1 0.85 | 5.6 0.86 | 4.4
15 0.89 1.1 0.83 | 7.8 0.85 | 5.6
20 0.89 1.1 0.82 | 8,9 6.84 1 6.7
25 0.88 2.2 0.81 { 10,0 0.83] 7.8
30 0.88 2.2 0.80 | 11.1 0.82] 8.9
45 0.87 3.3 0.78 | 13.3 0.80 ) 11.1
60 0.87 3.3 0.77 | 14.4 0.79] 12.2
75 0.87 3.3 0.76 | 15.6 0.78| 13.3
90 0.86 4.4 0.75 | 16.7 0.77] 14.4
105 0.86 4.4 0.75 | 16.7 0.77| 14.4
120 0.86 4.4
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APPENDIX 8

C0,/CO content of exit gas

Expt, Reading| Volume C02 Volume (0 VCO Average Lverage
2
‘v s
No. No., V002 co v Voo /VCO PCOQ/PCO
; (cm3) Cco 2
(ca)
A 1.2 0.8 1.50
B 1.9 1.3 1.46 1.47 2.33
B3 C 3.5 2.4 1446
D 2.8 1.9 1.47
A 3.1 2.4 1429
B 2.5 1.9 1432
B4 C 5e1 3.6 1442 1.38 2.19
D 2.1 1.4 1.50
A 2.0 1.7 1.18
B5 B 1.7 1.5 1.13 1.13 1.78
C 1.2 1.1 1.09
A 2.4 2.2 1.09
B 0.9 0.9 1.00
B6 C 1.4 1.3 1.08 1.06 1.68
D 2.9 2.7 1.07
A 2’3 302 0072
B7 B 1.8 2.3 0.78 0.75 1.18
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Expt Reading
Volume COQ Volume CO \') Average Average
No. No. VCO v C02 v /v P /P
2 Cco v CO2 Co CO2 co
3 co
(cm ) (cma)
®1 E 7.0 4.1 1.71 1.71 2.71
C 3.3 2‘0 1165
B2 D 2.1 1.3 1.62 1,67 2.54
E 1.4 008 1'75
c 1.7 1e1 155
E3 D 2.5 1.7 1.47 153 2.42
E 1.9 1.3 1.46
A 1.5 1.1 1.36
B4 B 2.4 1.6 1.50 1.50 2.37
c 1.8 o1 1.64
D 1.2 0.8 1.50
A 31 ol 1.48
B 2,0 1.4 1.43
E5 C 2.4 1.7 1.41 1.44 2.28
D 1.7 1.2 1.42
A 1.3 0.9 1.44
E6 B 1.9 1.4 1.36
C 1.6 1.1 1.45 1.42 2.25
D 1.7 1.8 1.43
(1) Conversion of volume ratios to P effected by the

reldtion

»
002

—— s r——

Pgo

=

Veo

V.

Coz/PCo was

density 002 at temperature, 7

co

density CO at the same temp,
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(i1)
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The readings were taken as follow::
Reading (A) was taken 10 minutes fron commencement of the
reaction in experiments to monitor sontinuous weight loas
Readings (3), (¢), (D) ana (E) weretaken 5, 20, €0 and 180
minutes respectively from comunencent of the rerfectly sealed
hive

experiments. Time of commencent in thig case, is rels

to that of the very first intervai



Data for the kinetic analysis of tem

APPENDIX 9

perature efrect

(a) Sample weight loss with time

Reaction Sample weight loss, AW, (grans)
time
 (min) | ®y E2 E3 24 15 E6
0 0.00 0.00 0.00 0.00 0,00 C.00
1 " " " L 0e01 0.01
2 " " " n 0,02 0.03
3 " " " 0,01 0.03 0.04
4 " " " 0,01 0.04 0.04
5 " " " 0.01 0.05 0.05
745 " " 0.01 0,02 0,06 0.06
10 " " 0.01 0.02 0.07 0,07
15 " 0.01 0.01 0,03 0,08 0.09
20 " 0.01 0.01 0,04 0409 0.10
25 " 0.01 0.02 0,05 0.10 0.11
30 " 0.01 0.02 0.05 0.11 0.11
45 " 0,02 0.03 0,07 0412 0.13
60 " 0.02 0.04 0,08 0.14 0.14
75 0.01§ 0,03 0.04 0.09 0.14 0.15
90 0.01| 0,03 0.05 0.10 015 0.15
105 0.01] 0.04 0.05 0.10 0e15 0.15
120 0.01] 0.04 0.05 0.12 | 0,15 0.15
150 0.01}! 0,05 0.06
180 0.01 | 0,06 [ 0.07] | |
210 [o.r+ | 5. 0¢ PO

™ A o~




()

Carbon loss as a function of time and temperature

TimJ Weight of carbon reacted,

wg (grams)
(minf)
E1 E2 £3 24 E5 16
0 0.00 0.00 0.00 0.00 5,00 0,00
1 " " " t 0.0032] 0,00%2
2 " n i " 0.,0064| 0,0096
3 n " " 0.0032 0.0096§ 0.0128
4 n n " 0.00%2 0.0128] 0.,0128
5 " " " 0.0032 0.,0160} 0,0161
75 " " 0.0032 C.0064 0.0192} 0,0193
10 " n 0.003%2 0.0064 0.0224] 0,0225
15 " 0.0032 0.0032 0.0096 0.0256f 0,0289
20 n 0.0032 0,0032 0.0128 0.0289} 0.0321
25 " 0.003%2 0.0064 0.0160 0.03%3221 0,0353
30 n 0.0032 | 0.0064 | 0.0160| 0.0353{ 0.0353
45 n 0.0063 0.0096 0.0224 0.0385{ 0,0417
60 " 0.0063 0.0127 0.0255 0.0449} 0,0449
T5 0.00315} 0,0095 0.0127 0.0287 0.0479{ 0.,0471
90 0.00315( 0,0095 0.0159 0.0%19 0.0471{ 0.,0471
105 0.00315] 0,0126 0.0159 0.0319 0.0471] 0.,0471
120 0.00315( 0,0126 0.0159 0.0383 0.0471] 0.,0471
150 0.,00315f 0.0158 0.0191
180 0.00315| 0.0190 0.0223
210 0.,00315| 0.0190 0.0223%
240 0.,00630[ 0,0190 0,0223%
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(c) Unreacted carbon in the sample as 2 function of time and

temperature
Reactiop w:, Weight of unreacted carbon (zram)

time

(min) E1 E2 E3 B4 E5 E6
0 0.0471 0.0471 0.0471 040471 0.047T1 0.0471
1 " " L 0a0471 0.0439 0.0439
2 n " n 0.0471 0.0407 0.0375
3 " " " 0.0439 0.0375 0.0343
4 " " " 0.0439 0.0343 0.0343
5 " " " 0.,0432 0.03%11 0.0310
TeH W " 0.0439 0.0407 0.0273 0.0278
10 n " 0,043%9 04,0407 0.0247 0.0246
15 " 0.0439 0.0439 0.0375 0.0215 0.0182
20 " 0.0439 0.04%9 C.034% 0.,0182 0.0150
25 " 0.043%9 0.0407 Ce0311 0.0150 0.0118
30 " 0.043%9 0.0407 0.0%11 0.0118 0.0118
45 " 0.0408 0.0375 0.0247 0.0086 0.0054
60 " 0.0408 0.0344 0.0216 0.0022 0.0022
75 0.04395 0.0376 0.0344 00,0184 0.,0022 00,0000
90 0.04395 0.0376 0.0312 0.0152 0.0000 0.0000
105 0.04395 0.0345 0,0312 0.0152 0.,0000 0.,0000
120 0.04395 0.03%45 0.0312 0.0038 0.0000 0.0000
150 0.04395 0.0313% 0.0280

180 0.04395 00,0281 0.0248

210 0.04395 00,0281 0.0248

240 0.0408 0.0281 0.0248

wz = w§ - Aw: = 0.0471 -Awf;
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(d) Initial carbon amcunt as a fraction of

unreacted carben.

Time-temperature dependence

Reactior wg/wi as a percentage
time
(min)
w1 E2 E3 E4 35 Eb
0 1.000 1.000 1.000 1.000f{ 1.000 1.000
1 " " L 1,000 1,074 1.072
2 n " " 1.000] 1.1570 1.256
3 " " n 1.072| 1.25¢ 1.373
4 " " " 10721 1.37H  1.373
5 n " " 1,072 1.514 1.519
745 n n 1.073 11571 1.7250 1.694
10 n " 1.073 1.1571 1.9071 1.915
15 " 1,072 1.073 1.256 | 2.191] 2.588
20 " 1.072 1.075% 13731 2.588] 3,140
25 " 1.072 1.157 1514 | 3,140 3.992
30 " 1,072 12157 {1514 3.992] 3,992
45 " 1.154 1.256 1907 | 5.4771 8.722
60 " 1.154 1.369 2.181 | 21,41 | 21,41
75 1.072 1.253 1.369 2.560 | 21.41 b
90 1,072 1.253 1.510 3,099 | ©o o
105 1.072 1.365 1.510 3.099 o oo
120 1.072 1.365 1.510 56352 | o oo
150 1.072 1.505 1.682
180 1,072 1.676 1.899
210 1,072 1.676 1.899
240 1.154 1.676 1.899
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APPENDIX 10

(a) Derivation of equation 14: _ Bxternt of carbon burn-off

Pcop/?co = A

the weights of C02 and CO ~nses evolved are

(1) 1If from gas analysis,

related by:

— YT ‘!
wcoz - KWCO Qcio.loooo.Qooﬁntfcn (8,,

(ii) If the total weight lose ~% “ime (t) is zxwt
14

v _ 1.4
Avit = wcog + hCO
ioe Awt ::KVICO + X"‘ICO
or WCO = Awt LU I I I IR A S S R S S (b)
1 + X

(iii) From the stoichiometry o {he equation

Q - \
-Jn02+C°Sn+C02 0..1?“05'.‘8.!*"...'.'6 (4})_’

per gram 002 evolved, carbor —zacted =12 &
44
= 0,273 ¢
ot If at time (t) carbon dioxide evolved = W
002 &
carbon reacted = 0273 W
002

i

0.273 O(Wco (From (a))

(iv)  Similarly, from the equation
Sn02+20 =Sn+2CO LA I A AN I AP (Sb)

when at time (t) carbon monoxide evolved = wCO o

carbon reacted = 24 W

56 Co = 0.429 W

Co
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(v) i.e At time (t),

total carbon reucted Azfg = 0.273 & Wyq + 0.429W

AT W {0,275+ 0.429)

-
AN
t

or from (b},

—i (0,273 + 0.429)
T 4+ &
(b) Derivation of equation (18): crleuloted amount of tin

produced,
(i) ¥rom the stoichimetry of cquation (4b) as shown in
appendix, 10 g ,

the reaction of 12g carbon would Produce 115,69 g Sn

For 0,273 o WCO of carbon roncted,

amount tin produced = 2.697;X_WCO

(i)  Similarly from equation (5b) of the previous appendix,
When 0.429 WCO g carbon hos reacted,

3 = D440
amount tim produced = 22110 UCO g

(iii) . At time (t), amount o7 %in produced

= 2697 X Wg + 2119 W,

it

Wao (2,697 + 2,119)

AV (2,697 + 2.119)
1+

(iv) At the end of the experiment,

Awt =AW
e Weight of tin produced
w “ Ay

Sn — (2'697“*' 2"1'9 ?e€seerosvecvae 18
—— ) (18)

0
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APPENDIX 11

Reduction of cassiterite concentrate b carbon monoxide:

Sample calculations

(a) Conversion of pH to H* concent iion (Cu.)

2 \jff“
- log CE+ = pH - A ZH+ T

1 +B:,\;I

<

lpy =1
a =5 2%

For 0.005 molar XOH solutior, % .e ionic

]

strength I 3 (0.005(+1>2 + 0,005 ('1)2)

= 0,005
At 20°C,
A = 0,5070, fox =z i angstromn
B = 0,3282
- ; 51N 0,005
. o - ].Og CH“" = PLI - O‘ .‘1 U ¢ ,5 —
1 + 1064\“ 0.00S
- log C = pH - 0,03"

H+

(b) cCalculation of 0H- concentration (COH-)

from corresponding CH+ values

o] s e ~ ‘
At 207°C, the ionic product of veter

C.. xGC = 151417

H+
. log C0

OB~

i

=14.17 - log C

H- H+

COH— = antiloeg (—14.17 - =05 CH+)
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(e) Evaluation of g-moles OH" contained in the KOH solution

at any time, t,

g-moles OH = Cop (g=mol ) x v (1itre)

litre

where: A volume of the ¥OT solution

i

6.150 litre,

(a) Calculation of g-moles OF— reacted, the corresponding Sn

amount formed and Snt/Snf ratio.,

(i) At the start of the experiments the PH of the KOH solution
was 11.9, By using the calculations shown above,

g-moles OH contained = 0.79 == 10—3.

If at time (t) in the course o” +the experiment the pn
decreased to |, foﬁ example, 11.5 the g~moles OR™
contained in the XKOI solutior vould be calculated in a
similar manner as 0.30 x 10”7,

i.e OH reacted in time interval (t),

o

(0.75 - 0.30) x 107 @-mole

]

0445 x 1077 gemoie.

(i1) From the stoichiometry of the reactions

% Sn0, + CO = 4sSn + co,,

O + 002 = HCO3

For every g-mole OH- reacted, % a g~mole Sn is formed
assuming complete co,, absorpiion and HCOE stability,

+*s For the above example, at time (‘b‘),

p

g-moles Sn formed = 0,45 x 107~
2

Weight of Sn formed Sn. = 0.45 x 1077 x 118.69 ¢
>

= 26,71 mg



(iii) At the ¢nd of the cxperimciuts,

XS]
AV

NH seolution ;¥ = J
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By caleulation, Cop = 0.0 10T g-moie/litre
contzined OH = Ul i 10—3 g-mole
reacted  OB- = 071 % 1077 gemole
Sn formed = O 00 @ 10-3 g--mole
Weight Sn formed Sng= 0,741 x 10-3 x 118.69

= 45697 mg
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APPENDIX 12

Calculation of tin content of reacted samples from

gample weight loss data

Considering the reaction

S + 2C0 = Sy + 2C0
%204 (g) =) * 2% (g)
and in the absence of volatile matter in the

cassiterite concentrate, the weight loss of the

reacted sample corresponds to the oxygen lost,

Loss of 32g oxygen leads to formation of 118.69g Sn
+’« For a loss of (y) mg oxygen,

Amount of tin formed = 118069 v ng.
32



