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ACTIVITIES OF SnS IN TIN - IRON MATTES,

——— eaGumpms  w——

By

Juan E, Joffre.

ABSTRACT

The vapor pressure of SnS above pure SnS(c,1), and above tin -
iron mattes was determined by means of the transnortation method.
It was confirmed that - anart from the other well known factors, such as a
uniform temperature in the reaction zone, and a uniform flourate - the in-
fluence of the geometry of the reaction chamber is very important for accu-
rate determinations usinn this method,
The carrier nas utilized for these determinations on tin and iron sulfides,
should be able to control the sulfur potential to nrevent errors due to

decomposition and/or senarenation,

The results obtained for SnS vanor above pure SnS(c,1) anree
very well with the most reliable data in the literature, There are no avail-
able data on the tin-iron mattes,

It was found that the SnS-FeS liquid solution behaves almost reqularlv, and
can be renresented bhyv:
260,83 2

L"(’X5n5= - Neas ’
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and,

260.8 2

Log XFeS = T N .

SnS

Thermodvnamic relations were derived from this reaular solution model and
a nractical apnlication to an SnS - fumina oneration is presented,
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I, THNTRODUCTION,

Tin ores are invariably associated with iron minerals. Con-
centration processes in aeneral never lead to a clean senaration of SnO2
(Cassiterite, the most commercial tin ore) from the iron minerals (Fe203

1]

Fe304. FeSz, CuFeSz,etc.). Removal of iron from concentrates prior to smel-
ting by maanetic separation is not nossible in all cases because cassiterite
is often firmly attached to, or coated with iron oxides,

Leaching the concentrates with HC1 dissolves iron oxides and amounts of As,
Sb, Bi, Pb, Cu are also removed bv this process, But when the concentrates
contain much sulfur and arsenic as sulfides and arsenides, the effectiveness

of leaching is reduced,.

During smelting sulfur may form FeS - CuZS - SnS mattes which render diffi-
cult the recoverv of tin, Furthermore, sulfur increases the loss of tin by
volatilization as SnS, Every 1%S may cause volatilization of 3.72%Sn.
Therefore, to prevent the nenative action of sulfur and arsenic during smel-

ting, the concentrates should be roasted,

Tin Smelting Practice

Fiqure 1 fqives a neneral flowsheet of the tin smeltina pro-
cess. Tin concentrates - which may have been roasted and/or leached - are
mixed with coke (or coal) and limestone and fed to a reduction furnace (blast,
reverberatory, or rotary),

Basically, tin smelting is practiced in two stanes:
a) Smelting of concentrates to produce crude tin (hiah arade tin) and a tin-
rich slag vhich may contain from 10 to 25 % Sn,

b) Smelting of the tin-rich slan under stronqer reducing conditions to pro-
duce a tin-iron alloy or "hardhead" which contains about 80%Sn and 20%Fe
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(miscibility qap comnosition) and a final slan to discard.

This second slaa is frequently not lov enounh in tin to discard and mayv be
treated anain bhefore heing sent to waste.

The crude tin from the first stame is drossed to produce pure metal and an
iron-bearing dross, Iron drosses and hardheads from the second stane are re-
cycled to the concentrate smelting stane where their iron content acts to
reduce tin, A1l fumes (recovered as SnOz) are also recycled to the first sta-

ge.

Distribution of Tin and Iron Between 'letal and Slag

The free enerqies of formation of the lower oxides of iron
and tin are very similar:

1808 to 20000k (1)

[
m o
[}

1
(&) ]
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-
(o) ]
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(o]
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w
—_

-
—h
Q
-3
—

i

Sy %) = S0

AGe = . 69,336 + 25,77 , for T = 1143 to 1873°K(2)

F

Therefore, a complete reduction of tin as fairly nure metal from the slan is
impossible because reduction of iron occurs at the sarme time, so that an iron-
tin alloy results,

The equilibrium distribution of tin and iron betueen metal and slaa phases

may be exnressed by the followinn reaction:

Fe(meta]) * Sno(s1aq) Sn(meta]) * Fe()(slan) '

for which the equilibrium constant K is aiven by:
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a a
K = Sn . FeO .
a a
Fe  |eraL Sn0 g ag
and,
K = wt%Sn . wt%Fe (ref. 3)
o g0
wt%Fe METAL wt%Sn SLAG

where k is the distribution coefficient,
Practical experience (Refs, 2,3,4) indicates that k varies from about 50 for

a hardhead of about miscibility nap composition to about 300 for crude tin.

To summarize; comnlete removal of tin metal from the waste slag,and the pro-
duction of a metal with a low content of iron constitute a most difficult

problem in tin metallurqy,

Tin is lost in slan not onlv by incomnlete reduction from it, but there are
also mechanical and phvsical losses,

Mechanical losses are caused by incomplete settlina of tin droplets from slaa
to molten metal,

Physical losses can be caused by dispersion and formation of very fine suspen-

(5)

sions of tin in the slaq, Accordinn to !Murach'~’/, tin solubility in slans is
not admitted as a true fact as vet.

The losses of tin in slan are influenced by the chemical composition of slan
since it determines the deqree of reduction of Sn0 to metal, the specific

gravity, viscosity, melting point, and surface properties of slans,
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Recovery of Tin from Slans

Tin contents in slaas from first-staace smeltinn varvy from

3.5 to 25%Sn. This wide ranae denends on the methods and temperatures of smel-
tinqg, composition of concentrates and slans, and on many other factors, This
primary slaa is re-smelted to produce a hardhead and a final slaq, as was men=
tioned above,
Considering the hiqgh price of tin (around $ 1,70/fine npound in the last five
years), a loss of 3%Sn in slaq is a considerable loss and the final tin con-
centration in waste slaqs is in manvy cases areater than in the ore from which
it was extracted. Therefore, anv effort towards the reduction of tin losses
in slags is extremelv important for tin-producina countries,
Tin can be recovered from slans by:

a) resmelting the slan to produce hardhead and a slaa lower in tin,

b) mineral dressinn methods,

¢) hydrometalluraical methods, and

d) volatilization processes,
The first three methods are explained in detail by Wurach(s), Hriqht(6), Bel-
yayev(7), and others, They all have some drawbacks or limitations as far as
efficiency and cost are concerned. The fourth, recovery of tin from slans by
volatilization, is assuming increasinn importance and is based on the volati-

1ity of SnO and SnS.
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Purpose of this Investination

Formation of SnS from stannous oxide contained in sltans can
be effected by exchanqge reactions with sulfides of the other metals, usuallv
pyrites. The reaction nresentinn the final result is aiven belou:

SnS + Fe

SnO( ) + FeS ——=

slaq (volatile) (slan)

Along with the tin sulfide formation from Sn0 in the slan, an iron-tin matte
is formed, princinallv when the FeS is in excess (as is usually the case).
SnS solution in this matte is accompanied by a decrease in its activity, and
there is a drop in vapor pressure of stannous sulfide which would reduce its
volatility.

To what extent is this volatility reduced?

What would be the activity of tin sulfide in this liquid matte?

There is not a specific answer to these questions so far and only estimates
can be made based on certain properties of the systenm,

The phase diaaram of the SnS-FeS svstem is knoun(g), but no information exists
about the thermodvnamic pronerties of SnS in tin-iron mattes,

Therefore, the purpose of this investination was to obtain the ansuers to the
above questions under the simplest assumntions and conditions possible, as a

preliminary step toward more sophisticated studies for a better understandinn

of the thermodvnamics of tin fumina from slaas and mattes,
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I, LITERATURE SURVEY

Tin - Sulfur Svstem

(9)

The Sn - S system was studied by Albers and collaborators

and by 5. toh(1?),

Their results are summarized in table I,

Table 1

Phase Relations in the Sn - S Systen

PHASE SYIMIETRY CHARACTERISTICS

SnS Orthorhombic Occurs in nature as Herzenbernuite(Potosi,

Bolivia). learlv stoichiometric phase. ‘lelts

at 8700C,

Sn253 " Melts at 7580C to liquid Sn283 and C&SnSZ.
Possibla existence of a hiah temperature
nolvmorph,

/3SnS2 Hexaaqonal On heating inverts to 0<Sn52 at 6920cC,

O(SnS2 Cubic Melts at about 8600C,

Sn,S ? Reported bv Albers (?)

374
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Since stannous sulfide (SnS) is the compound of interest to this investination,
a literature survey was conducted on the thermodvnamic nropnerties of this
snecies, Table II aives the heat and standard entropies for the Sn-S species

as aiven by Ke11ey(11’12).

(15)

Their result is aqiven in the followina enuation:

Hsiao and Schlechten studied the volatility of SnS in a vacuum furnace,

Log Psps » (mm Hq) = -8380/T +6,728

Temperature ranne: 503° - 7040C (could be extended un to 8700C)

Pressure ranne, log Psns ,(rm HA): =4,00 to 1.91 ,

A, U, Richards(16)

zation of stannous sulfide usina the entrainment method, Based on this study ,

studied the heat and free eneravy of formation and vapori-

he made a new estimate of the entropy of SnS, His data are surmarized as fo-

11ows:
SnS(c) = SnS(q)
Log pSnS , atm = -10,470/T + 7,088 (x 0.02)
<0
‘298(SnS(C)) = 19,4 +.1 e,u.
compared to 18.2 +1.5 e.u.  (Kireev(17)y,
) _ , 4
AHf298(SnS(C)) = -24,34 £+ 1,1 Kcal/mole,

compared to - 24,7 Kcal/mole (Sudo(lg)).

St. Clair, Shibler,and So]et(lg) obtained the vanpor nressure of SnS by means
of the transpiration method, and calculated the heat and free enerqy of vapo-
rization above and below the meltinn point:
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For sns(c) = SnS(q)
Z&Cp = -1,06 - 3.6°10-3T ,
0 = 5 -3.2
AHgypy, = 51,355 - 1.06T - 1.8+107°7 (cal/mole)
AG 1 = 51,355 + 2,44T Log T+ 1.8+107°T% - 46,02T (cal/mole),

Log p g » atm = - 11,225 533100 T - 3.93.1077T + 10.059 .
T

For
SnS(]) = SnS(q)

Ac) = -0.02

AHSap = 50,590 - 9,02T , (cal/mole)
AGSap = 50,500 + 20,777 Loq T - 99,41  (cal/mole)

Log pg ¢ o atm = - L0454 Log T + 21,729
T .

The vapor pressure of SnS in equilibrium with molten SnS is, accordint to
Klushin and Chernykh(zo) (quoted by G, J. Janz(215, expressed as follows:

The existence of other naseous species than SnS was uncertain until P, Colin

(22) made a thermodvynamic study of SnS in 1964 usina a mass

and J. Drowart
spectrometer,
They found that the major comnonents of the tin-sulfur vapor are gaseous SnS
and Sn282 , the latter in a very low proportion. Possible trimer Sn3S3 and
tetramer Sn4S4 molecules, whose intensity relative to SnS was equal to, or

smaller than 5-10'4 , could not be detected, Their summarized data are niven

as follows:
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Holecule Temp, Ranqe 1O n0 = Dissoc, eneraies
sub].zq 0
Ok 8
Ycal/mole
SnS 815 - 1005 52.6 £ 1.6 110,1 *+ 3 Kcal/ nole
SnZS2 815 - 1Nn5 56,5 = 5 -

(16)0 St. Clair S_t_a_]_glg)’ and

are not referred to the partial pressures of SnS(q)

Thus, the thermodvnamic data aiven hv Richards

(20)

but to the total vanor nressure of tin as a sulfide; i,e,

Klushin and Chernikh

pT(SnS) = Pon(a) ¥ PSns(q) v pSnZS2 (n)

It can be assumed, without introducing a sianificant error, that:

Pons(q) = pT(SnS) ’

as will be shoun later.

Theoretical thermodvnamic considerations, hased mostlv on Colin and Drouart's

(22)

The standard free enerqgies ‘or vanorization and related equilibria for the

investiaqations , vere qiven by H, H, Ke]]oﬂq(23) in 1966,
Sn - S system, are niven in table III, These equations were calculated by a
least-squares fit to the data tabulated in Kelloqqg's paper.

gsence of SnS,, in SnS samnles i harmf o SnS cause SnS, de-
The presence of S “2 n SnS samnles is not ! ful to SnS because ‘n%z le

comnposes at Tou temneratures to SnS and a comnlex mixture of polvatonic sul-
fur molecules, If, in turn, samnies contain also Snﬂ?, these are simultaneous-
1v reduced to SnS as shown by effusion of QOZ molecules, These nrocesses were

(22)

observed in the mass snectrometer at about 5709 by Colin and Drouvart
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Table III

Sn - S System, Standard Free Enerqy for Vaporization and

Related Cauilibrial®d),

AG] = A.T + B  (cal/mole)

REACTION )
A B Temp, Rance, 9K+ x(cal)
Sn(1) = Sn(n) -23,83 +70,190 505 - 1500 6.05
Sn(1) + % 2(q) = SnS(c) +24,7927  -43,704 493 - 1143 32.41
Sn(1) + %52(0) = SnS(1) +14,6092 -32,042 1143 - 1500 22,43
SnS(c) = SnS(n) -35.357 +50,671 493 - 1143 10,396
SnS{1) = SnS(na) -26,1126 +40,102 1143 - 1500 6,117
25nS(q) = SHZSZ(Q) +37.96 -46,888 1190 - 1500 34,33

Iron - Sulfur System

Rosenqvist(24) studied the iron - sulfur system based on

25) (26)

data surveyed by Hansen( and the work on thermal analysis by Jensen .

The free eneray of formation of FeS is qiven belou:

2 Fe(c) + SZ(q) = 2 FeS(C)

AGY = - 71,500 + 25,25 T (cal) (500 - 988°C).

Wlhich anrees very vell with data obtained by Sudo(27):

AGZ = - 71,250 + 24,62 T (cal)
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(28),

and by Alcock and Richardson
AGE = - 71,820 + 25,12 T (cal) .

More accurate exnressions, which take into consideration the specific heats,
the latent heats of the phases, and the maanetic transformations of iron and

(1)

iron sulfide are niven by Kubaschewski, Evans, and Alcock . These are re-

nproduced in table 1V,

Table 1V

(1)

Free Enernies of Formation of Iron Sulfide Species

Z&Gg = A.T + B (cal/mole)

REACTTION
A B Temp, Ranae, 9K

2Fe§£c) = 2ﬁ£fc) + SZ(q) -31.18 +74,320 298 - 412
2FeS(c) = 2Fe(c) + SZ(q) -25.12 +71,820 412 - 1179

/3 73
2FeS = 2F + S -25.4 +72 N 9 - 126
2Fe52(c) = 2FeS(c) + 52(0) =90.n +86,700 600 - 1100

(15)

Hsiao and Schlechten qgive the follovina apnroximate expression for the FeS

vapor pressure:
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it

Log Prog (mm Ha) = - 10,85n0/T + 4,162 .,

Temperature ranne: 804 - 10N60C,

Pressure ranne, Log Prag (mm Ha) = =5,84 to -4,26

6 +5 5,40.107°

Pres » (mm Ha) = 1,44.107

which showus the extremelv low nressure of this sulfide, To corroborate this,

(24) states that the vapor pressure of FeS is too low to be measu-

Rosenqvist
red directly, Advantane of this fact is taken to study the vaporization of

SnS in Fe=Sn mattes.

Iron = Tin - Sulfur Svstem

The ternary svstem was investinated by '"urach and Likhniz-

(29) in 1938, Accordina to these authors, the iron-tin matte contains less

kaya
sulfur than could be exnected in solutions of FeS and SnS. Therefore, they he=
lieved that tin in mattes is nresent also as dissolved metal, Thev showed a
miscibility nan between 0%Fe and 50%Fe which, accordinn to the nouv vell esta-
blished 1limits of the miscibilitvy aap reqion in the iron-tin svstem, is wronn,
The correct limits of that miscibility qap are 20%Fe and SO%Sn(3’4'3O).

ton (10)

silica tube method and found that the stable nhases at this temperature are:

investinated the phase relations in this system at 6000C hy the riaid

pyrrhotite (Fel_xS) and nvrite (FeSz) on the Fe-S join; herzenberaquite(SnS),
Sn233, and SnS2 on the Sn-S join; and =Fe solid solution with up to 6at%sSnS,
hexaqgonal FeSn and linuid on the Fe-Sn join, !lo ternarv cormnounds exist at
6000cC, _
Solid solutions between phases such as FeS2 and SnS, SnSZ, Sn253, and FeS

are restricted to less than 1%, whereas the mutual solubilities between SnS

and FeS exceed 1%, The solubility of sulfur in either Fe or FeSn as well as

that of the metals in liquid sulfur was reported too small to he detectcd(lo).

There is no other account on this svstem in the Titerature,
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Iron Sulfide - Tin Sulfide Svstem

The literature nives only one reference on this svstem,
The phase diaaram was studied bv Haan(g) in Germany (1913). The qraph obtained
by Haan is qiven in Phase Diaarams for Ceramists(31)(1964) and there are no
other data available,
Tha following data can be obtained from the phase diaaram:

SnS -meltina point at 8700C,

FeS meltinn point at 11880C ,

Eutectic temperature at 7850C

at 15%FeS (85 wt%SnS),

No solid solubility has been detected,

Later, J.P, Couqh]in(32) determined the meltinn point of FeS as 11950C, This
value is qiven by Kubaschewski gg_glfl), and will be taken for calculations
in this work since it is believed to be the most reliable,

Davey and F]osshach(33) made an estimation of the vapor pressure of SnS over
tin-iron mattes based on this phase dianram and on data aiven by Ke]]oqn(23).
They qive the followinn expression for the vapor pressures of SnS over Sn-Fe
mattes:

Loq pSnS = -8650/T + 5,62 + Log ! +.230.,0 . ”FeS /T

sSnS

for a temperature ranqe of 1090 - 15000K,
The value 230.0 corresnonds to a constant (B) when assuming reaular solution

behavior of the liquid phase:

FeS T * 'SnS .

Loq X
and to an eutectic composition of 18ut%FeS,

The following chapter will present some calculations based on Davevy's estima-

tes.
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Hvdronen - Sulfur Svstenm

Thermodvynamic data on this system werce required to calcu-
late the HZS/H2 ratios for the mixtures of these two nases actina as a carrier
nas in the transpiration method, and in this manner maintain a controlled
sulfur notential so as to nrevent anv decomposition of the sulfide mixtures

durinn the »nrocess.

—

Kubascheuski EE.il-l) list the follouinn data for the formation of HZS 0as

2”2(q) + SZ(q) _ ZHZS(G)

AGE = -40,210 + 7,27T Loq T - 1,21T (% 700 cal)

for T = 298 to 17500K
or:
AG? = =43,160 + 23,61T (& 1000 cal)

for T = 293 to 1800°K ,

Elliott and G]eiser(la) aive for the same equation a table of values, from

which a least-squares fit calculation nives:
AGP = -43,006 +23,407T (# 21.2 cal)

for T = 900 to 16NN0K,

Haner(34) made a careful survev of the literature on the hvdroncn-sulfur svs-

] £ 0 £ HS i
tem and calculated enquations of AAGF 0 st(ﬂ)’ J.(”), and S(q snecies at

(35) and

from Richardson and Jeffes(36).

high temneratures based on values of ASGF aiven in the JAUAF tables

gives the enuations for ASG? of S (o) and S

6 8(n)
These equations, along uvith above niven data are listed in Tabhle V,

The reference states for sulfur and hvdronen are the ideal Sz(q) and ideal
Hz(q) respectively in all the enuations qiven in Table VY,

It can he seen that for the formation of HZS(q) , the anreement in all cases

is nood., The values qiven by Kubascheuski gﬁ_gl:( ) viere taken for calculations
in this work since they are based on most recent data,
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Table V

Thermodvnamic Pronerties of Hvdronen Sulfide and

Sulfur fases

SOURCE

SPECIES AGe , calories Tern, Range, °K perppence,
1S () -20,105 + 3,635T LoqT - ,6O5T 293 - 1750 1, 12
(£ 350 cal)
-21,580 + 11.805T (3 500 cal) 298 - 1870 1, 36
-21,580 + 11,80 T (& 500 cal) 298 - 1723 14, 37
-21,570 + 11,70 T (& 200 cal) 900 - 1700 34, 35
1S o) 420,070 = 3,707 (£ 300 cal) 900 - 1700 34, 35
S () +51,170 - 14,44T (£ 1000 cal) 900 - 1700 34, 35
Se () -66,450 + 73,74T (& 3000 cal) 208 - 1300 34, 35
S 299,200 + 113.16T(+ 4000 cal) 208 - 1300 34, 35
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Irr, THC FUNMNIHNAN OF TIHN FROMN

SLAGS ANLD MATTES

Apart from tin, slaas from tin smeltina contain considerable
quantities of Pb, Zn, Cu; as well as rare metals which are valuable to the
economy of the tin-producina countries,

As stated above (Ch. 1), and as nractical exnerience has shoun, amonn all the
existina processes to recover tin from second-stane slans, the most effective
and economicallv advantaneous is the slaa fuminn nrocess,

Description of the Process

The essence of the process consists in the conversion of Sn0
in slans into the more volatile comnound Sns; which is then recovered as a
dust in the form of SnOZ.
Studies on the volatility of SnS are not scarce; some of them (the imnortant
ones) were alrecadv cited in Chanter II,
Some of the uvorks at a nilot plant or at industrial level aiven in the lite-
rature are mentioned below:
A development of a nrocess of tin fumina annlicable to the enrichrent of low-

arade Bolivian and ferman tin concentrates bv Lanae and Rarthe1(38).

(7) L (5) (30)
Hriqht(G) also quotes these authors in his hook,

Hright himsel® conducted a nilot-nlant investination, usinn a rmodification of
the Kolodin-tvne furnace, huilt bv the Institute of !'linina and !'etallurnical

Investinations at Oruro, Bolivia. There is no nublished account of this,

Belyavev s lurac , Kolodin describe the fumina nrocess in detail,
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Formation of SnS from stannous oxide in slaa can he effected bv exchan-

ne reactions with sulfides of other metals:

Snf} + MS =—= SnS + 10

where 1S could he A]ZS3, CaS, ZnS, or FeS, the most effective and most ex-
pensive beinn A1253.

Since nvrite, FeSZ, transforms easilv to FeS at temneratures above 60NNOC, and
as it is the cheapest, it is most cormmonly used for tin sulfidization,

Stlaa from second-stane tin smeltina is melted, or kent in the molten state,
in a reverberatorv or rotarv furrace, and vhen in the molten state it is ca-
rried in steel ladles (batches of 6 - 8 tons) and poured into the fuminn
furnace vhere it is blown by a mixture of coal dust, or oil, air, and nvrite,
The nyrite mixes vith the slaa and decormnoses with formation of ferrous sul-
fide which extracts the tin from its silicates in the slaa:

2FeS, =—= 2FeS + S

2 2

0 + F = F + 5n°
Sn (s1an) eS(C']) FeO( SnS (1)

slaq)

Zinc oxide in slan reacts vith CO according to:

+3% 0, == C0

coal or 0il)

Ind + CO —=1Zn + CO2
This reduced Zn vanorizes and is tranned as Zn0 in the electrostatic preci-
nitators vhen the exhaust furnace gases are cleaned,

Lead is removed from slan as Mh0O, PhS, and Ph vapor,

Rare elements that form volatile species are also removed as vapors from the

slag and tranpped as dust,
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The furnace used in tin fumina is basicallv the same as for
the zinc fuming process, It is a water-jacketed rectannular shaft-furnace, as
shown in Fiq, 2, with 12 converter-tvyne tuveres (6 on each short side of the
furnace) throuah which the coal, or oil and pyrites are bloun into the furna-
ce by comnressed air, The hearth of the furnace is a cast iron plate with 12
water-cooled steel nines cast into it, It is installed on 6 cast-iron sunnorts,
Blowinn benins at the time the slan is beinq poured into the furnace and con-
tinues for about 2 to 3 hours,

The process, accordinag to Be1yayev(7), can be divided into three periods:

a) lleatinn-un of the slan,
b) Reduction and sulfidization,
c) Reheating of the slan hefore tanping,

Slaa temneratures are from 1150 to 13000C,
The operatinn conditions, as summarized by Urinht(6), are:

Furnace charne approx, 8.5 ton,
Duration of cvcle 2 - 3 hours,

Coal consumption 18wt% of slan treated
(When oil is not used)

Pyrite consumntion 4,1wt% of slan.,

Air supply 67% of theoretical for

complete combustion,

Typical charne and nroduct comnositions are niven in Table VI,
. . . 40 . O .
Private commun1cat1on( ) qives the follouinn recent data from a Russian and

a Bolivian nlant resnectivelv:

Russian plant; charne avae, 1%Sn
waste slan n.1 - 0,129%Sn,
Bolivian nlant: charnae avie, 6%Sn

waste slan 0.,5%Sn.,
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Table VI,

Chemical Composition of Slans Treated at the Podols'k

(6)

Smelter in Russia‘"}

% ELEMENT IN CHARGE  DUST PRODUCT (%) YASTE SLAN (%)  RECOVERY (%)

Sn 1.5 - 1.8 15 - 18 <0.2 90 -95
Pb 0.8 - 1.0 10 - 12 <0.1 90 -95
In 3.5 - 4,5 27 - 32 <2.5 60 -65
Cu 0.8 - 1.0 - - -
S 1.5 - 2.0 4 -6 - -
Fe 20,0 - 25.0 - - -
As - 1.5 -2,0 - -

Matte Formation

The use of excess pyrite or sulfur blown into the molten
slan reduces the recoverv of tin as the volatile Sn sulfide, because of the
formation of an iron-tin matte due to undecomposed ferrous sulfide, This ma=-
tte consists not only of FeS and SnS but also of the sulfides of the other
metals present in slan (Pb, Cu, ZIn, etc.).

Matte, beinag heavier than slaa, collects under the latter in the hearth of
the fuming furnace and is neriodically tanned as it accumulates.

It is eventuallv treated anain to volatilize the SnS, either separatelv, or
mixed with new batches of slaa,

It is of qgreat interest to the tin metallurqist to know the extent to which
SnS volatility is hamnered by the solution of stannous sulfide in this matte,

so as to determine the optimum conditions for this nrocess.
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It is advisable at this point to analvse in more detail the data available

on the tin - sulfur svstem,

Thermodynamic Evaluations

Fiaqures 3 and 4 were obtained by calculations from data
given in Table IV, Chanter II, Comnlete calculations are niven in Anpendix I,
The stability renions, denendinn on the nartial nressure of 52, are indicated
at the top of the two finures. It can he seen that, as the temnerature increa-
ses, the nartial pressures of Sn232 naseous snecies also increase in impor-
tance as do those of SnS(q) , but the paercentane of SnzSZ(q) relative to that
of SnS(q) decreases.

The effective total nressure of Sn - S aaseous species is plotted arainst
sulfur pressure in Fia, 5, and anainst 1/T in Fin, 6. The partial pressures
of SnS(q) and Snzsz(q) versus 1/T are also niven in Fiq, 6, to show the im-
portance of Pgng OVer the total pressure and the verv small contributions of

anSZ(q) and of Sn(q) to the effective total pressure, aiven as:

*2 pSnZS '

p = +
Tisns)  'SM(a)  "S"S(n) 2(a)

Therefore, p.. and p can be nealected without introducina any sinnifi-
Sn Sn252
cant error to the thermodvnamic properties of:

SnS = SnS
> ¢

c,1) 1)

The stability zones of interest to this investination are the zones to the
right of the Sn(1) - SnS(c,1) line, that is; the zones at which the vapor

272
no decormmosition of SnS.(C ) is desirad,
9

pressures of SnS(q) and Sn,S (n) are independent of sulfur aas pressures since
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The percentane of PSS over the effective total pressure ranaes betieen

2°2(q)
2.4 to 4% (in the flat zones) at termneratures between 1500 to 1000°K in that

order. In all cases »p is less than 1% of the total pressure when it
Snzsz(q)
is dependent on the sulfur nressure (Fias. 3,4, and 5).

Calculations are qiven in Apnendix I,

Therefore, for the present work, the total vapor pressure of SnS species will
be considered as beina the vanor pressure of SnS(q) only, nenlectina the other

gaseous species,

Crude estimations based on the thermodynamic pronerties of
FeS and SnS, and on the FeS-SnS phase diagram are presented beloiu,
The pressure of SnS vapor over the matte is nroportional to its activity there-

in, say:

= ¢c.a (2)
IATTE SnS

P
Sn§ MATTE
where c = constant at each temperature = pgns .

Referring anain to the sulfidizinn reaction of SnS from slaqs, and applyina

it to the matte formation:

SnOrsiac) * FeSparre) = SnSematTe) * Fe0(siag) (1)

for which:

A5ns Aran . (3)

K =

Aras )

MATTE SLAG

Substituting (2) into (3):

p

o SMSparre 350

3505 = =K., :
SUATTE ¢ MATTE | a

SLAG
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Therefore:

= K'. a aSnO

MATTE

pSnS

MATTE Fes

a
Fed | ¢ ag

Hence, the vapor nressure of nure SnS is hiagher, the hianher the activity of
Sn0 in the slan, and the lower the FeO content therein,

Now the vapor pressure of pure SnS can be calculated from data qiven in Tahle
I1T (Ch, II), and the activity of SnS in iron-tin mattes can be obtained from

(8) and the enthalpy of fusion of FeS(l). Thus,

the phase dianram niven by Haan
the partial pressure of SnS vapor over Sn-Fe mattes is estimated to be repre-

sented by the following equations:

AGS
_ v 338,225 2 -
Log pSnS = - - + Log NSnS + -—1F-——— . NFes (8)
0
Log Pe o = - 46 + Lon No o + 338.225 . N2 (5)
9 Psps - ) Ngpg *+ 338.225 o Np .o .
T

Where ZSGS and ZXGS are the free eneray of vaporization and sublimation res-
pectively. Their expressions are aiven in Table III (Ch,II).

The complete derivation of these two equations is qiven in Appendix II, alona
with the calculation of the phase diaaram knowing the temneratures of fusion,
the eutectic temperature and composition, and the enthalpy of fusion of FeS
assuming a reqular solution behavior of the liquid phase and that there is no
solid solubility in the svstem. The aqreement of these results with the dia-
gram in the literature appears to be nood, Fiqure 7 shows the phase dianram
as obtained by Haan(g), and as calculated assuming the reqular solution model
for the liquid phase,

Figure 8 shows the variation of the partial pressure of SnS as a function of
SnS content in the mattes for different temperatures as calculated from equa-
tions (4), and (5).
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The accuracy of these estimates is dependent upon the accuracy to which the
phase dianram was determined in 1913, and the validity of the renular solution
assumption for the liquid phase, Therefore, the determination of the vapor
pressures of SnS over Fe-Sn mattes in the laboratory is not only justified but
necessary for a better control of the tin fuminqg process.
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IV, EXPERIMENTAL APPARATUS

AND PROCEDURE

Choice of Nethod

The transportation (transpiration) method vas selected be-
cause it requires a relatively simple desian of apparatus and because it has
proved to he successful in measuring vapor pressures of a number of elements,
their halides, oxides, and sulfides, over a vide ranne of vapor pressures
(between 1074 to 10° m Ha)., It has also been extensivelv used to determine
the partial pressures of volatile components of an alloy over the liquid, or
solid alloy.

The Titerature aives numerous accounts of investinations using this method,
There are very many, and only the classical and most important to this study
are listed here,

It is a dynamic method,by which a measured volume of an inert aas over the
solid or liquid matte becomes saturated with tin sulfide vapors, This carrier
gas is passed at a constant velocitv over the substance in the saturation chame
ber, at a constant temperature, and carries away the volatile components,

The vapor pressure is then determined from the loss in weinht of the sample

per unit volume of carrier nas,
The important conditions of the transportation method are:
(i) A uniform temperature zone in the furnace, and

(ii) the neometry of the reaction or saturation chamber.

These and other features are discussed in detail in Chanter YI,
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Apparatus

The transportation method to determine the vapor pressures
of tin sulfide required an anparatus suitable to:
a) determine the loss in weinht of a sample in contact with a movina gas pha-
se at constant flowrate, at a uniform, elevated temnerature, and
b) channe flowrates and temneratures for different sets of experiments,

The apparatus utilized for this purpose is shown schematically in Fin, 9,

and a photoaraph is aiven in Fin, 10, It consisted of two aas nurification
systems, a qas mixing system, a saturation, and a condensation system,
Nitroaen wias used at a hiqh flowrate to purge the furnace F3 and the aas trains.
It was also used as a carrier nas for measurements of SnS vapor pressures
over pure SnS{c) to nrove the reliability of the apparatus, Surface oxidation
took place in the first experiments, Therefore nitronen was passed over pure
copper turninas at 5000C (furnace F1) and then throuah two drying chambers
containing silica aqel and anhydrone (Hq(C104)2) respectively (D1, D2) to re-
move the water vapor, This procedure proved to he sufficient to prevent oxi-
dation at the temperatures mentioned.

Nitrogen could be flushed from the opposite side of the reaction tube in fur-
nace F3 by means of two stoncocks (T2 and S4 in Fiq, 9) so as to make sure
that air was evacuated as comnletely as nossible,

The second nqas purification svstem was used for the hvdronen, This aas was
also passed over conner turninas at 5000C in furnace F2 to remove oxyaen if
present, From there, it passed throungh a conduit containinn silica qel to
remove moisture if still present, Since H2 nas had to he mixed with HZS aas
to act as the carrier qas at different HZS/H2 ratios, and in order to pre-
vent nossible seqrenation due to differences in temperature and molecular
weights during the mixing operation, hvdrogen was passed throunh a pyrex
glass spiral (SP) after leavina the purification furnace F2 and the drvina
tube, This allowed the hvdroaen to cool doun to room temperature before en-

tering floumeter Fi12,
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Hydrogen sulfide qas was passed throunh a conduit containing maanesium per-
chlorate (Hq(C]O4)2) before enterinn floumeter FM1 to remove moisture (if
present).

From their respective flowmeters, HZS(q) and Hz(q) entered into the mixina
chamber M which consisted of a 10-in. pyrex tube filled with qlass beads.
From the mixina chamber the nas mixture was pnassed throunh two drying cham=-
bers containing anhvdrone (Wq(c104)2) and connected in series to remove any
moisture still present, and finally, through stopcock Tl into furnace F3

at different flowrates for each set of experiments,

Temperatures in furnaces F1 and F2 were measured by means of Chromel-Alumel
thermocouples and controlled by a Leeds& Morthrup 8686-2 notentiometer,

Most of the nas trains consisted of pvrex glass tubing and around joints,

The purification chambers in furnaces F1 and F2 were made of Vycor tubes,
since they'withstand temperatures of up to 1000°C,

Tygon tubing (TY in Fiq,9) was used for some small connections in the purifi-
cation systems and for all the exhaust trains.

It was scen that no constant-head tanks were needed for controlling the cons-
tant flow of H2 and ”25 nases because the qas tanks were nrovided with low
pressure renulators and with an auxiliary needle valve each. Furthermore,

the calibration of the two flowmeters was effected takinaq the inlet nases to
the flowmeter calibrator after the aases passed throuah all the desiccators,
right before entering the furnace, so as to eliminate the so-called "back
pressure" effect,

The power for furnaces F1 and F2 was supplied by means of type 116 and type
2PF2368 powerstats respectively, operating on 11Y AC,

The saturation (reaction) system, shown schematicallvy in Fin, 11, consisted
of a three-zone nradient Lidbern/Hevi-Duty horizontal-tube furnace, model
no. 54357, This is shoun pictorially in Fiq, 10a, All three zones were con-
trolled by the automatic control system in the 59744 Lindhern/llevi-Duty con-
trol console operatina on 220Y AC, The furnace was eauinned with a platinel
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thermocounle, and '7as canable of nroducint a flat zone of * 20F gver a 12 in,
of tube lenqth at maxinum oneratina temnerature(2200°F), but a 4-in. flat zo-
ne in the center of the tube at exnerinental conditions (considerina the tem-
nerature dron in the condensinn zone), for vhich the maximum ternerature nrad-
jent was + 1,3°C at 700°C, and the minimum temnerature aradient was + .15°C

at 1000°C,

A controllinn Pt-Pt/10%Rh thermocounle was nlaced inside tube A in the center,
riqght beside reaction chamber 2, and connected to a Leeds & !orthrun 8636-2
notentiometer,

Radial temnerature qradient betueen sarnle and measurina thermocounle as de-

termined and found to be less than 2°C.

The sunnort tube used was a 2-% bv 2=} by 42 in, Coors/"ullite tube, A, Inside
this tube vere nlaced the condensinn chamber C, and the saturation chamber 7,
inside which the samnle boat B was nlaced, The left side of the sunnort tube
was nermanentlv sealed bv means of a rubber stonmer Z1, and Silicone-Seal
super nlue fabricated by the General E]éctric Comnanv.

The nvrex alass condenser uvas inserted and rermoved as necessarv bv means of
rubber stooner Z3. '“hen this wvas in nlace, silicone-seal nlue was also used
there.

Transite discs were used as radiation shields, D (%-in, thick), inside tube A,
Both ends of this tube were externallv refrinerated ('!) to nrevent overheatin-
of the rubber stooners Z1 and 72,

The mullite reaction tube R, having a total lenath of 7 in., and a diarmeter

of 9/16 in. (1.D.), had one end reduced to an inside diameter nf 1/32 in,
(canillar’) as shom in Fia, 11, This reduced end, in a 2-in, lenath, 'as fit-
ted to the condensina svstem so as to alln the varors to hit the condenser

as soon as they left the reaction chamber,

The oriqinal interior diameter of the reaction chamber vas 7/8-in,, and its
total lenath was 8-% in, This was used for the neasurerients of the vanor nres-
sure of SnS over nure solid SnS, vhen »assing nitreosen as the carrier nas, Its
dimensions were  reduced afteriuards to irnrove the results Ly decreasinn the

dead volurme inside the chamber, This will be discussed later,
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The sample was placed in a 5/16-in, wide by 3-5/16-in, lonn bv 3/16-in, deep
Leco combustion boat, The rinht end of the reaction tube R was tiqhtlv closed
with an Aremcolox no, 502-13N0-'tachinable~Ceramic plua, P, vhich uvas construc-
ted to fit exactlv with the inside walls of the mullite reaction tube, and a
thin hole (canillary) was onened in the plua to allow the carrier nas into

the chamber, This plua was connected to a 5/32-in, N,D, bv 26-in, lona Coors/
AD-998 Alumina tube (AL) which, in turn, was connected to the nas-train svs-

tem by means of qround joints and a short lenath of tvgon tubing, TVY,

Experimental

1, Materials, Samnles, and 'latte Preparation

1.1 Gases, Pure nitrogen nas, tvne £ (apnrox, 99%) for labora-
tory use, and hiagh-purity hydroaen nas (QO.OO%HZ) were supnlied bv the Hatio-
nal Cylinder Commany, Both nases were passed throuah copper turninns at 5000C
temperature for further purification., 'loisture and/or oxraen in the hydronen
qas was practically undetectable, whereas the nitroaen anpeared to contain
oxyaen, as the conner turninas absorbed this element at considerable rates,
Hydronen sulfide nas, C.,”., nrade (Puritv: 99,6% min.) was sunplied by the
Matheson company, The main impurity in this qas was(apnarentlv)rmoisture,
which was removed bv use of dryina chambers containina mannesium nerchlorate
(Hq(C104)2). It was nlanned to use silica nel, as recommended bv the litera-
ture (41) but it was found, and confirmed bv chemists, that silica nel ab-
sorhs HZS as well as Hzo.

Dibutyl Phthalate (densitvy 1,04 am/cc) was used as manometer fluid for the
flovmeters and as the asas bleeder's fluid,

1.2 Samnles, Stannous sulfide (SnS), 99,99% min,, was supplied
by A.D., 'lackay, Inc¢, and b the Research Ornanic/Inoraanic Chemical Corp,
The compound was obtained by vacuurm distillation and did not need further

treatment,
Ferrous sulfide (FeS), C.M, nrade, was supplied bv the Saraent llelch Companv,
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This material was aqround and subjected to mannetic senaration for further nu-
rification,

Samples for the determination of SnS vapor nressures over pure solid SnS were
prepared direclty from the stannous sulfide material,

1.3 Matte Mrenaration, "lattes of the different comnositions

studied wvere prepared by weidhinn the required amounts of SnS and FeS separa-
tely, mixina, and then thoroushly arinding them tonether before placing in
sample boats (the same boats used for the experiments on transniration tech-
nique). These were veighed anain and the mattes were melted at temperatures
varving accordinn to their composition, After beinn melted, the samples were
allowed to attain room temnerature, then thev were weianhed. The weiaht losses
were in all cases attributed to the vaporization of SnS, and since the mel-
ting operations were nerformed in a closed svstem under neutral conditions
(loadina and unloadinn onerations are exnlained in noint 5, Operating Proce-
dure), these losses were in all cases very small (from 0% to 0.8% of the
sample weiqht). The differences in weinht were made up bv addition of nroper
quantities of pure SnS to the samples, Then, the solidified mattes were around
and mixed properly, and stored in a desiccator, ready to be used,

The four mattes prepared were chemically anaiyzed bv the Analytical labora-
tory of the Colorado School of "Mines Research Institute, The calculated results
are as follous:

Matte S1 - 5.81%FeS , balance SnS,
Matte S2 - 14,59228%Fes , " SnS.,
Matte S3 - 18,1026%FeS , " SnS,
Matte S4 - 25,029%FeS , " SnS,

The analvses showed lov values in SnS, but this is alwavs the case due to the
difficulty encountered in the chemical determination of tin, This was proved

by the excess sulfur in all four cases after calculatina for FeS and SnS ta-
king the Sn values. !/hereas when takinn the sulfur values, calculatina for FeS,
and then for SnS, the balance nave very reasonable results uithin the limits

of experimental error, The analysis report and the calculations are aiven in
Appendix III1,
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Since the analyses of mattes of known composition were so imprecise, analy-
tical results on mattes after a run could not be used to check on the final

composition,

2. Sulfur Potential Control

Hixtures of hydronen sulfide and hvdronen were used as
the carrier aas in order to control the sulfur potential in the svstem so as
to prevent anv decomposition of the sulfide samples at the temperatures stu-
died.

The possible reactions considered within the temperature ranae of 7000 to
12000C are listed helow:

2.1 Stannous Sulfide, Zng expressions from Ref, 23 (Kellong),

+ H,S

SnS 2(q)::: Sn(]) 25(q) ’ (6)

+ H

(c)

z;gg = +22,124 - 12,988T (2980 - 11430K)
+ H prm——

z&ag = +10,460 - 2.804T (11430 - 15000K)

zsag = -20,640 + 23,300T  ( 2980 - 15000K)

Sn,S () + 2”2(0) = 2Sn(]) + ZHZS( ’ (9)

27 2(q 1)

zssg = ~12,392 + 8,657T ( 2980 - 15000K) .

All ZSGE exnressions are in cal/mole,
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2.2 Ferrous Sulfide,

ki et al.). Free eneraics are expressed in calories per mole,

FeS(c) + HZ(q) —_ Fe(c) +_H28(q) .

zsag = 415,580 - 3,785T (2980 - 4120K)

FeS, \ + H., \==F + 1S
®(c) T M2(n) ®lc) T T2 (n)
zsag = +14,330 - 0,755T (4120 - 11799K)
b ——
FeSieyagg) = (o) * MS(q)

zssg = +14,490 - 0,035T (11790 - 12619K)

zxcg = -11,770 + 33,195T (6000 - 110N0K) .

as:

e ) T e TP

for which the equilibrium constant is:

since pure metal and nure sulfide are considered,

44

Zng expressions from Ref, 1 (Kubaschews-

(10)

(11)

(12)

(13)

A11 these equations ( but 8 and 9 ) can be expressed in a qeneralized form
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Therefore,
P
H,S
A = -RTIn —2 (1)
Py
2(n)
and ) - .
H,S - AG
— 209 - o R (18)
RT
Py -
2{q)
In case of equations (8) and (d) :
1 Py 5
K = T ——— . 2 ”)
PSn.S.
RERTC) PHZ(q)
i o
P25 (o) 25 )
——-—ﬁ_rl_ = {exn - psn‘s. (15
p | RT ivi(n)
"2(9)

where i = 1 for (8), and i = 2 for (9).

Therefore, to prevent reactions (6) throuah (13) from proceeding to the

rinht, the experimental values of the Py S/pH ratics should be hinher than,
2 2
or equal to the calculated enuilibrium ratios; that is:

p | p
S () HyS ()
Py

puz(n)

2(9) | EexprL, ENUIL,
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Temperature , %K , — =

Fig, 12 SnS - FeS mattes., pHZS / sz ratio versus temperature for

the SnS and FeS dissociation reactions.
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Fiqure 12 shows a plot of Ph_s / Py VS, temperature obtained from the above
2 2

values of ZSGS for the most important reactions, wvhich are also indicated in

the finure, The other reactions are not indicated because they lie belou the

FeS line, and therefore are nealected,

The ratios which fulfil the required condition for different temneratures; i.
e., to prevent FeS as well as SnS decomposition, are the highest of hoth equi-

librium lines,

So then:
p S p
2% () ~ "2%(n) (16)
Pty () = | Py
L _TEXPTL, EOUIL'(QHS(C))

A complete derivation of the ahove equations, and the Pis / Py calculations
2 2

are given in Apnendix IV,

3. Flowmeter Calibration

The two floumeters used uere calibrated by measurinag the
velocity of disnlacement of a soap bubhle in a calibrated volumetric-nlass
tube, They were calibrated using both nitrogen and hvdronen, Since a stable
soap bubble could not be formed durinn the direct calibration of floumeter
FM1 usina hydronen sulfide, this was theoreticallv calibrated based on the
careful calibrations with nitroaen and hydronen as follous;

Considerinn a laminar flow of nas in cvlindrical tubes (canilaries), the
volume rate of flou Q is the nroduct of the cross-sectional area and the

averaae velocity; thus:

4
Q= LAPR (Pef. 42) (17)
8/»@1
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where 0 = flowrate, vV/T (L3/T)
AP = pressure drop, M/LT2
R = D/2 = radius of capillary, L
M = viscosity of the fluid, M/LT
1 = 1lennath of canillary, L

Equation (17), expression of the Haqen-Poiseuille law, can also be represen-
ted by:

K h
R (18)
where K is a constant dependina on the dimensions of each capillary and on
the density of the fluid in the manometers; and h is the heiqght in the mano-
meters (nronortional to the nressure drop).
Dibutyvl Phthalate (density = 1,04 am/cc) was used as manometer fluid,
The values of K1 and K, for the two flowmeters, F'11 and F!2 resnectively we-

2
. \ . . . £ Vo 111 =
re determined by direct calibrations of the flowmeters with ”2(q) (/14”2

0 NE = 0 . .
0.0177 cp at 2590C) and with Hz(q) Q/Z'Hz 0.008853 ¢p at 250C), giving J

double check for the constants, for which the averane values are:

K

1 0.0058073 (for Fi11)

K 0.00205428 (for FM2) .

2

Floumeter F!11 was then arbitrarily chosen for the HZS(q) (/abHZS = 0,0128 ¢p

at 259C) and theoretically calibrated from equation (18), for which the fo-
1lowinag units were chosen:
Q in ml/sec 3m
h in cm (L)
A+ in centinoises {(1cp= am/cm sec -102)
K1 constant,

Once the flowmeters were satisfactorilv calibrated, the HZS / H2 mixtures
were adjusted as follows:

Consider 1 mole of HZS(q) and 1 mole of Hz(q) , and that the ideal-nas law is

obeyed, thus:
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P is proportional to VY and
HZS st(q)
PH is proportional to VH .
2 2(q)
Then:
Py s v
p v '
Ha H2(q)
At the same time t, it follows that:
Phs 0 s K, h Sy
= 27(a) 11 2 (from (18)).
p Q K, h
Ho Hz(q) 2 2 /“st
Let Kl/“HZ
—_—— = where C = constant = 1,955 ,
K2u,s
then
p
HpS hy
—_— = 1,955 — (19)
p h

where h1 and h2 are expressed in cm,
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4, Temperature Control

Temperature in the reaction furnace F3 was controlled by
a platinel thermocouple placed above the supporting tube in the furnace and
connected to the control console,
Temperature in the saturation (reaction) chamber was measured with a Pt-Pt/
10%Rh thermocouple insulated in a 7/64-in.0,D., R.D,B,, Alumina tube in the
position shoun in Fiq, 11,
This thermocouple was calibrated anainst [BS Pt 27 by the Ennelhard Company,
The results are aiven in Tabhle VII,

Table VII

Pt-Pt/10%Rh T, C, vs, NBS Pt27-Pt/10%Rh T, C.

TEMPERATURE HNBS T, C. e.m.f, vs, Pt27 DIFFERENCE TOLERANCE

oF oc my (R/J 320F) mV ya. P

1000 537.24 4,596 4,594 -2 +14 to -12
1600 870.24 8,110 8.118 +8 +21 to -18
2400 1314,24 13,325 13.333 +38 +35 to =29

Temperatures in the vanor pressure measurements ranned from 7500C to 9303C,
Hence, from Table VII, the maximum difference in this ranqe was + 8 wl.
Therefore, because of the nenliqible difference, the temperature of the con-
trolling thermocouple (Pt-Pt/10%Ph) was determined directly from the standard
conversion tables for thermocounles issued hv the Leeds & Horthrun Company
(taken from the flational Bureau of Standards - [BS - Circular 561),

The difference between the reaction chamber temperature and the furnace con-
trollinn temnerature can be observed in Fiq., 13, The points in this fiqure

were determined from the difference betucen the temperature measured bv the
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Pt-Pt/10%Rh thermocouple element nlaced in the middle and at about 10 mm
from the center of the sample and the temperature measured by the platinel
thermocouple element placed at about 40 mm above the center of the sample,

The standard error of estimate for the temperature in the correction taken
from the straight line in Fin, 13 was of + 2,270C,

Temperature was measured several times during the period of a test (15 to 40
min). A control of + ,819C was obtained as an averane durina this period.
The hinhest standard deviation in the emf readina durina the course of a test

was 1.91-10'2 and the lowest was 7.974-10'4.

5. Operating Procedure

The expnerimental procedure for the vapor pressure determi-
nations on npure stannous sulfide and on stannous sulfide in iron-tin mattes

was as follouws:

5.1 Carrier nas: Nitronen. Pure SnS Samnles, Valves T1, T2,
and T3 (Fiq, 9) were opened to nermit passage of nitroanen nas from cvlinder O
into furnace F3 at relativelv hinh flowrates to nrevent contamination of the
system with air. !leanwhile, the combustion boat containing the sample whose

vapor pressure was to be determined was nlaced into the cold reaction cham-
ber, outside of the supporting tube A, and the nlug P was placed in position
while nitronen passed throunh it into the chamber, The later was then placed
into the cold end of the sunporting tube A, the rubber stopper Z2 fitted tinht-
ly, and the system scaled.,

The reaction chamber was kept in this position for from 5 to 8 minutes, de-
pending on how hinh the temperature was, !litroaen was still passina from the
opposite side of the furnace, but at a much lower flowrate. Then the reaction
tube was slid into the furnace throuah an "0" rina placed in the rubber stop-
per, to fit exactly in the onening of the condensin chamber inside the suppor-
ting tube as shown in Fin, 11,
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At this moment the nitronen flow was stonped and the closed system alloued to
attain thermal cenuilibrium uith the furnace, 'hen this eauilibrium vas reached,
valve T1 vas onened and the nitroaen carrier nas was allouved to enter the re-
action chamber at the desired flourate, This was the starting tire for the ex-
periment, 'lhen the experiment was ended, the nitronen flou was turned off, the
reaction chamber uvas slid back to the cold part of the furnace, then removed
from it and allowed to conl doun,

After 3 to 5 minutes the sarmnle boat was rermoved from the reaction chamber

and nlaced inside a desiccator to reach room temnerature,

Yhen room termmerature was reached, the samnle boat was weinhed and the total
weinht lost durinn the exnerimént was determined, A 'lettler tvpe 15 analvti-

cal balance, with an accuracv of £0,00N3 nm, was used for weinhinn nurnoses,

5.2 Carrier nas: HZS/H2 mixtures, Pure SnS samples and latte Sam-

ples. The oneration in this case was in neneral the same as vhen usina ni-
tronen as the carrier nas, The onlv difference was that one end of the three-
wiay stoncock T1 was connected to the suction of the fume hood fan, the second
end to the nas mixina system, and the third one, as before, to the reaction
chamber, ’

Nitroagen was flushed from the opposite side as hefore, hut the HZS/H2 mix-
tures nassed from the riaht side during the loadinn operation,

lthen the reaction chamber was nlaced in the cold nart of the sunnortinn tube,
and the system was sealed, valve Tl was connected to the suction of the fure
hood fan, so as to nive a slinhtlvy nenative pressure to the svstem vhile ni-
tronen vas still flowinn from the onposite side,

After 5 to 8 minutes the reaction chamber was s1id to the center of the fur-
nace, as before, and all valves were closed until thermal equilibrium inside
the tube was reached,

Meanuwhile, the prorer ratio of the tuo nases was adjusted in the mixinn system
by means of floumeters F'11 and F!12, and the aas bleeder €B1, 'Yhen equilibrium
was attained in the furnace, valve T1 was opened and valve S3 closed to allow
the mixture into the furnace at a determined flowrate, This was renistercd

as the startinn time. The withdraval operation vas performed as exnlained in

point 5.1 of this chanter,
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The period betueen the end of the loadina oneration and the attainment of
thermal equilibrium, which from now on will be referred to as the "heatinm-un
time", and the weinht lost durina this time, varied as the temperature in-
creased, and as the samnles channed from pure SnS to the various comnositions
of the mattes studied, Heatina-up times varied from 17 to 30 minutes, and
were determined for each set of samples and temneratures, usina a Pt-Pt/19%Rh
thermocounle, in a blanck samnle,

"Heatinn-un" weinht losses vere determined by runnina several hlanck samnles
at the temnerature considered until thermal equilibrium was reached, At this
time, the samnle was withdrawn, alloved to cool down and weinhed to determine
the "heatinn-un" loss. An averane of the various weinht losses for each set

was calculated ., The actual weinht loss vas therefore:

A, = AV, - Awuup'
where Z&HA = Actual veinht loss for each run, (am)
The weinht losses were in all cases attributed
only to SnS as the onlv volatile snecies.
ZSNT = Total weiaqht loss, (am) '
A&HHUD.= "Heatinq-up" weiaht loss, (am) ,

The loadinn and vithdrawal operations were svstematically performed in each
case, as explained ahove, so as to avoid errors due to mechanical handlinn,
Heinqht losses durinn heatina-un times were in all cases less than 1% of the
total weinht of the sample,

Yeight losses due to the heatinn of the sample hoats themselves were complete-
ly eliminated bv heating the empty boats for 6 to 8 hours at temneratures
higher than 700°C, 'lhen cooled, thev were kept inside a desiccator,
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Ve EXPERTIITEHTAL RESULTS

The exparimental results in this investination are divided
into tuo sets, accordina to the dimensions of the reaction chamber and the
inert nas used to carrv the vanor aav from it,

The first set of exneriments 7as made on nure solid stannous sulfide samles
in order to nrove the reliabilitv of the annaratus constructed for this inves-

tigation, and to comnare the results with the values aqiven in the literature,

As exnlained above, the dimensions of the reaction chamber tere reduced after
measuring the vanor nressure of nure SnS(q) over nure solid SnS, usinn nitro-
gen as the carrier nas,

The unmodified reaction tube (7/8-in. 1.D. bv 8<%=in, lona) uill he called from
now on: Reaction chamber no. 1; and the modified tube (9/16-in. I.D. bv 7-in,

lonn): Reaction chamber no, 2.

The equilibrium value of samnle uveijqht loss ner liter of carrier nas 'as found
by drawing the best horizontal line through the exrerimental noints in the
flat zone of the wt. loss/liter vs. flourate nlots. That is, throunh the nean
of the best noints in this zero-slone zone. These nlots for all the exneri-

ments on nure SnS(C
*
An estimation ':as nade of the random errors in cach series of exneriments bv

1 and on the four mattes are shom in Fins, 14 throunh 29,

calculatinn the standard deviation from the mean noint.
The louwrer standard deviation vas found to he eaual to 0,22893 (corresnonding
to a mean of 100,3A5), and the hinher standard deviation vas enual to 4,022n7

(corresnondinn to a mean valuz of ut. lnss/liter enual to 85.52N1),
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The relation:

Lon Popg = - A/T + B

was chosen to represent the vanor nressure of SnS as a function of temperature
because the latent heat of evaporation was assumed to he independent of tem-
perature within the ranqe studied., This expression is derived from the Clau-
sius-Clapeyron enuation (20) assumina that in the equilibrium:

MS(cond) - ”s(vapor) '

the vapor is a perfect gas and the specific volume of the aas is larne compa-
red to the volume of the condensed nhase,

v(vapor) = V(cond.)'

The Clausius-Claneyron equation may be represented as:

dp AH
= (Ref, 43) (20)
dT TAV g

where dP/dT is the nressure channe with temperature, AH is the enthalpv

chanqe of the transition, and AV is the channe in volume defined as:

vanor) = '(eend.) T v(vapor) .

nealected cf.—=Ve .00

Since the pressures of the vapors of interest here are low (which means that
little interaction occurs between the nas molecules because they are suffi-
ciently far anart from one another) the perfect nas law can be applied and
the molar volume of the vapor is aiven bv;

- RT (21)

v
(varor) D

where p is the. partial nressure of the vapor,
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Substitutina (21) into (20) vields

dp p AH
dT R T

Separating variables,

dp AH
= dT
D R T2
or,
d(In p) o AH (22)
d(1/7) R

Inteqratina this, keening AH constant;

Inp = - AH/RT +38

where B is the inteaqration constant.
Hence,
Loaqp = - A/T+B

The two sets of results are aiven in tables IIX and IX resnectivelv,

The exnerimental data for all these results are tabulated in Appendix V. A
sample calculation for the vanor pressure of SnS, and the least-squares fit,
and standard deviation results are also aiven in Anpendix Y.

The standard deviation in the Lon Pens calculations was found to lie between
0.1326 and 0,4777. The standard error of estimate for Lon Psns (atm) expre-
ssions lies betueen 0,003462 and 0,0441,
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Table ITX

Vapor Pressure of SnS(q) Over Pure Solid SnS as a

Function of Temperature

Reaction chamber: no, 1 - Carrier nas: N2
Y ’ 0 o]
SAMPLE TEIPERATURE, OC Pepg » atm Log Pepe (atm)
SnS(C) 751,52 0.001095 - 2,96N58
" 801,40 0.003167 - 2.49935
" 848,NN 0.009877 - 2,0N537

Least-squares fit equation:
Lon pg ¢ = - 11,336.5/ T + 8.0881 (+ 0,044)  (atn)

for a temnerature ranne of ~975 to 1143%% where

Loq pgns = -3,53908 to -1.83N1 (atm)

65
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Table IX
n 5 P ;
Vapor Pressure of JnS(g) Over Pure SnS(c’1), and Qver
Sn - Fe Linuid Mattes as a Function of Ternerature,
Reaction chambher: no, 2 - Carrier nas: HOS/H? Mixtures
MPLE “PED 0 0 0
SANMPLE TEIPERATURE, ©OC Pgng » atm Lon Psns (atm)
SnS(C) 803.5 0,002745 - 2.56150
" 856.8 0.008334 - 2,07915

Least-squares fit ecuation:

Loq pg, ¢ = = 11,002,5/ T + 7.65915 (atm)

Temperature ranqe: ~975 - 1143%

SAMPLE TENPERATURE, OC Pons » atm Log pg, s (atm)
SnS () 884.6 0.013201 - 1.87943

" 900,0 0.01740 - 1.75945

" 925,5 0.02428 - 1,61470

Least-squares fit equation:

Loq pgns = - 8876.3/ T + 5.79595  (+0.0145) (atm)

for a temperature ranne of 1143 - 15009K here

Lon pd o = - 1.76784 to - 0,12158 (atm)




T-1501

Table IX - Continued

SAMPLE TEMPERATURE, ©C Pgrg » atm Log pe o (atm)
SnS-5,810N%FeS 866,0 0,0091876 - 2.03680

" - " 870.0 0,0096698 - 2,01460

"= " 891.6 0.0137850 - 1.86059

" " 916.6 0,0205600 - 1,68698 *

"o " 916,5 0,0192560 - 1.71543

Least-squares fit equation excludinn value correspondina to * :

Loq Pgpg = - 8686.,69/ T + 5,58911

Temperature ranqe:

~1100 - 15000K

(atm)

SAMPLE TEMPERATURE, ©OC Pgpg o atm Log Pgps (atm) |
SnS-14,592%FeS 823.6 0.0039924 - 2.39900

"o " 851.3 0.0066790 - 2,17347

"oa " 903,0 0.0141485 - 1,84930

Least-squares fit equation:

Log R 8845,89/ T + 5,67853

Temperature ranne:

~1080 - 15000K

(atm)




Temperature ranae:

~1130 - 15000K
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Table IX - Continued
SAMPLE TEMPERATURE, ©C Pgpg » atm Log pg, o (atm)
SnS-18.103%FeS 803.0 0,0026456 - 2.,57727
"o . 854.4 0,0068805 - 2.16273
"oa " 901,0 0,.0129400 - 1.88807
Least-squares fit equation:
Log Peps = -8964,39/ T + 5,7622 (atm)
Temperature ranae: ~1070 - 15000K
SAMPLE TEMPERATURE, OC Pops s atm Log P« (atm)
SnS-25,029%FeS 862,4 0,006370 - 2,19586
"o " 884.4 0,009342 - 2,02956
"o- " 921.,0 0.016205 - 1,79035
‘Least-squares fit equation:
Log Peps = = 9340,54/ T + 6.03485 (atm)
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VI, DISCUSSION

1. The Transportation ilethod

There are many examples of the application of this method
to vapor pressure measurements, But critical works, by which the reliability
of the apparatus (the construction of which varies considerablv as amona dif-
ferent investinators) can be estimated, are relatively feu,
Apparently, H, von Hartenberﬂ(44) (1913) was the first one to use this method
when he determined the silver vanor pressure,
Other investinators usinn this method have calculated an apparent vapor pres-
sure from several flourates of the transportina aas, and then obtained by
extrapolation the vapor nressure at zero flourate. These investinmators have
assumed that the carrier qas would become saturated only when the nas uas
stationarv, The extranolated nressure was assurmed to he the eauilibrium vanor
pressure, N typical example of this, 'hich is of interest to this investina-
tion, is the work of H,'t, St. Clair and co11aborators(1q). This will be dis-
cussed later,
A mathematical analyvsis of the transportation method by Lepore and Yan Uazer(45)
has shown that extranolation to zero flourate is not alwavs reasonable, Thev
showed that the annarent vanor nressure plotted anainst the flourate of the
gas (Fiq, 21) can be represented bv curve 1 for a suhstance of hinh vapor
pressure and by curve 2 for a substance of verv lou vanor nressure. Fiaure 21
is only illustrative, The actual, exnerimental €fiaures are shoun in Chanter V
(Fiqs. 14 to 20),
Accordinn to curve 2 (Fin, 21) - low vapor pressure - the annarent vapor pres-

sure is inversely proportional to the flourate, a consequence of the fact that
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(WETGHT LOSS PER UNIT VOLUME)

APPARENT VAPOR PRESSURE

CURVE 1

CURVE 2

FIG, 21

CARRIER GAS FLOWRATE ————=

THE APPARENT VAPOR PRESSURE PLOTTED AS A FUNCTION OF THE INERT
( CARRIER ) GAS FLOWRATE,
( SCHEMATIC ) .
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the rate of diffusion throunh the inert qas is arcater than the rate of eva-
poration, They have nronosed for such cases (unsaturation) that, when plot-
ting the weiaht loss per unit of time versus flowrate, the true vapor pres-
sure could he obtained, The curve of such a plot should pass throunh the oriqg-
in, because there should be no weinht loss ner unit time at zero flowrate,
and the slope of this curve would be equal to the true vapor pressure, These
authors have assumed that the errors due to thermal diffusion and senreqa-
tion were dependent only on time and were not a function of flourate; thus,
they would he constant,

However, Alcock and Hooper(46) showed that it is not alvays possible to draw
a straiaht line nassinqg throuah the orinin for this curve, The aqraph of
weinht loss ner unit time is a straiacht line which can be extrapolated throunn
the origin, onlv if the plot of weinht loss per unit volure anainst flou-
rate contains a flat zone,

The vapor pressure calculated from both curves is exactly the same, which
clearly indicates that the plot of weiqht loss per unit time versus flowrate
would in this case be unnecessarv,

Conscquently, the transnortation method should onlv he used in cases where
the apparent vapor pressure is indenendent of flowrate,

Referring anain to Fin, 21, curve 1 shows two other reaions, A and C, besides
the flat zone B,

Reqion A shows that at Tow flowrates the apparent vapor pressures are hinh,
This is the renion in which the so-called "back diffusion" occurs (diffusion
of the vapors backward throuqgh the unsaturated inert nas)., This can be called
the "oversaturation zone",

According to Alcock and Hooper(46), there can be two causes of these high

weiqght losses:

a) A difference in molecular weinht between the carrier nas and the vapor
species could cause them to searenate ( It should be added that a difference
in molecular weinht between the components of the carrier nas - vhen a mixtu-
re of gases is used - and hence amonq the components of carrier agas and vanor

species could cause the same phenomenon),
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b) The existence of concentration qradients in the vicinitv of the sample,
particularly at the inlet and outlet of the reaction chamber, miqht cause
" the vapor molecules to diffuse from the reaction zone,

Another reason, as HcC]incy(47) points out, could be the existence of ther-
mal aradients on either side of the sample, vhich mav cause mass fluxes of
one species relative to the other as a result of thermal diffusjon, But con-
siderable thermal aqradients are not likely to occur, narticularly if the ap=-
paratus is well desiqgned and the temperature can be controlled in this reqion.
McClincy also qgives illustrative calculations on this matter and shows that,
in fact, the abnormally hiah weiaht losses observed at low flowrates cannot

be attributed to thermal diffusion,

Cause a) will be considered later, when discussina the use of nitronen and

HZS/H2 mixtures as carrier aases.

Reqion B (curve 1, Fia, 21) is the reqion where the rate of evaporation is
rapid enouah to saturate the carrier gas so that the apparent vapor pres-
sure is independent cf the flowrate of the carrier qas., This reqion corres=-
ponds to the true vapor pressufe of the sample. ,
Finally, there is a reqgion C, where the flourate of carrier gas is qreater
than the rate of evaporation. The carrier gas moves at too high a flowrate
to be able to become saturated with vapor from the sample. Therefore, the
weiqght Toss per liter decrzases as the velocity of the carrier nas is in-
creased, This can be called the "unsaturated zone",

The desinn of the reaction chamber plavs a very important
role in achievinag a series of values in which the weiqht loss of sample per
unit volume is independent of flowrate, The existence of a larne "dead vol-
ume" in this chamber should be avoided, and both the inlet and outlet should
be as small as possible to minimize errors due to diffusion,

The chamber should be constructed in such a wav as to provide maximum tur-
bulence in the nas phase, to insure saturation of the nases hefore leavina
it.
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The reaction chamber desinned for this studv was different from the one
used by Alcock and Hooner(46). It was different in shape, but the main fea-
tures were the same; i.e, the shape of the tube was chosen to provide turbu=-
lence, and the Aremcolox Machinable-ceramic plua was constructed so as to ni-
ve as tinht a seal as possible when inserted into the reaction chambher, A
very small hole was opened in this plun to allow the entrance of the carrier
nas into the chamber passing over the sample surface and not below it,
Before leavinn the reaction tube, the nases had to acquire more turbulence
because the chamber vas aradually reduced in the outlet direction (which
gave it the shape of a funnel) and the outlet was also a very narrou hole
(capillary). The shape of the reduced end of the reaction chamber conformed
to the outside contours of the sample boat, and when the interior diarmeter
was modified, the interior walls of the chamber vere in actual contact with
the outside walls of the reaction boat when this was nositioned,
Furthermore, the length of the sample boat was seven times its width, This
insured enounh "contact time" of the carrier aqas with the sample (which cor-
pletely filled the sample boat) by expdssinq a sufficiently areat surface

area of sample to the carrier aas,

It was hoped that these nrecautions would ensure a zero-slope zone in the
wt, loss per unit volume vs., flowrate plots, from which the true vanor pres-
sure of SnS could be calculated, The results have nroved the merit of this.
The existence of relatively larae reaions where the apparent pressure is in-
dependent of flowrate in almost all the cases studied confirmed that the de-
sian of the apparatus was satisfactory, in ensurina that the carrier nas was
saturated with vapor, This is shoun in Fiqs, 14 to 20 in Chapter VY, It

can be seen in most of these curves, by comparison, that the temperature is
not the prime factor influencinn the shape of the curve(esnecially uhen the
slope chanqes at hinher flowrates), Rather, the ahsolute marnitude of the
vapor pressure is the main factor causing unsaturation to beain at lower
flowrates, the hiaher the temperature,

This occurs because, when the vanor pressure is hiah, the carrier nas is
forced to remove a areater concentration of volatile species than at lower
pressures, for the same time of contact in the reaction chamber,



T-1501 74

2. Internretation of Results

2.1 Vapor Pressure of SnS 0Over Pure SnS(C 1) *  The results of the
3

vapor pressure measurements on pure solid SnS using nitroagen as the carrier
nas and Peaction chamber no. 1 (unreduced diameter) are shown araphically in
Figs. 14 (wt loss/liter vs, flowrate) and 22 (Loa p vs. 1/7). The latter shous

(16) used the "entrainment

also the values obtained hv other authors. Richards
method", which is the same as the transniration technique, but usinn the reac-
tion tube in a vertical nosition, These values are considered to be lov, al-
thounh they are quoted by Kubaschewski, Evans, and A]cock(l). Richards used
nitroaen as the carrier nas, and the condensed stannous sulfide was dissol-
ved out in hydrochloric acid, and tin was estimated iodometricallv, This,
alonq with the possibility of an imnure SnS sample, miaht have been the reason
for the low values obtained. The neometry of his reaction apnaratus is not

given,

St. Clair and co]]aborators(lg) used the transnortation method, with helium

as the carricer cas, for their determinations, Their values were accented,
durina the decade of 1950-60, as the basis for develonment of a fuming process
by the U. S. Bureau of tines, The aqreerent of the nresent results (using
nitronen as carrier nas, and a larne reaction chambher) with St,Clair et al.

is fairly qood, but this will be discussed later,

Colin and Drowart(zz) (1962) made a mass spectrometric investiqation of the
vapor in equilibrium with solid SnS in the temperature ranne of approximate-
ly 540 to 7279C, Their results for SnS(q) are verv scattered but most points
lie betueen the Tines obtained by St, Clair et al, and bv Richards.

It is to be deplored that Colin and Drouar‘t(LL failed to nublish a data ta-
ble for the Psns values, which are vervy difficult to read from the small
fiqure published (See Fin, 23), However, it is obvious that the best-fit line
throunh all their experimental roints lies between the lines of the other
authors (Uhich are the Tines for total SnS vapor nressure, but it was shoun

in Chapter II1 that the main species is SnS(q) and the other naseous snecies
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wrr X

Fi1c. 1. Total and partial pressures above SnS. Total
(1) Hsiao and Schlechten!; (2) Richards?; (3) St Clair, thblcr
and Solet?; (4) Klushin and Chernykh. ¢ Parual pressures; thxs
work: (5) gascous SnS; (6) gascous Sn,S,.

(*)

FIG. 23 COLIN AND DROWART'S (REF, 22) PLOT OF
Log Pg,s VERSUS 1/T.

(*) FIGURE AND REFERENCE NUMBERS CORRESPOND TO COLIN AND
DROWART'S PAPER,
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can be neglected).

H.H. Kellogg(23)

sure of SnS(c N and polymerization of SnS(q) based on Colin and Drowart's
] .

calculated the thermodynamic relations for the vapor pres-

work. The SnS vapor pressure line obtained lies almost mid-way between the
Tines of St. Clair et al. and Richards,

The fairly good aqreement of the values obtained in the
present work with those of St. Clair gﬁjgl.(lg) drew the attention of the
author to the similarities and differences in experimental procedure and
apparatus.

1. Helium Q/AHe = 0,0195 cp at 250C) was used by St. Clair and collaborators
as a carrier gas, 'litrogen g/uuz = 00,0177 cp at 259C) was used in this work.

Both gases, because they are inert, did not control the sulfur potential in
the reaction chamber,

Since in both cases contamination with,Oxygen was prevented, no surface oxi-
dation occurred at the experimental temperatures (this wvould have vielded
lower values rather than higher). Therefore the high values are attributed

to the loss in weight of tha sample not only by SnS volatilization but also
by Toss of sulfur, which would probablv have been combined with sore remnants
of oxygen in the carrier gas. Or, as was evident in some cases when examining
the condenser, sulfur vapor would leave the chamber by diffusion without
oxidation., One possibility was the dissociation reaction:

S3ey T SNyt By(g)

AG® = + 43,704 - 24,793 T . (Ref. 23) (cal/mole)

At 8500C, the value for AG? is:

AGC

11230K + 15,861.6 cal/mole ,

Yy -4
and K= p§ = 8,18 - 10

2
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The free enernv of sublimation of SnS at that temncrature is:

AG°

S

"

+ 10,965 cal/mole

3

for which K < 7.976 + 10"

N pSnS

The sulfur pressure,
7

Pg = 7.00 « 107
"2
accounts onlv for 0,01% of the SnS vanor pressure,
This analysis shous that, althounh this decomposition will occur under the
conditions of the exneriments, the increase in the anparent vapor nressure

due to the dissociation reaction 1is not significant,

It should also be pointed out that in the present investication, when usinna
nitronen as carrier aas at temneratures hinher than 8500C, a tarnish of brown-
yellow oxide film (SnOZ) apnpeared on the samnle surfaces, and this was a fur-
ther reason for decidina to use HZS/H2 mixtures instead of nitroqgen,

The boats which showed the surface oxidation were, of course, discarded.

lhen there was douht ahbout whether or not a thin oxide film existed after a
run, the samnle was dissolved in concentrated hvdrochloric acid., If indeed
oxide existed, it would not dissolve in HC1, and the test would be discarded,

2, The qeometry of the apparatuses vas also compared. Fia, 24 shous the

(19) for their exneriments,

apparatus used by St. Clair et al,
A careful observation of this, and the descrintion niven by the authors, shou
that the samnle was nlaced inside tube 2, at the center of the furnace but no
plugs or seals vere nrovided, and the carrier nas entered the svstem throurh
inlet 3 at low flowrates (0,03 to 0,3 1t/min) and left the svstem throunh
outlet 9,

The "dead volume" existina around the sample was considerable and therefore
saturation must have been difficult to achieve. Therefore, the vapors left

the sample boat by other means than saturation,
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This diffusion throunh the carrier nas was probably caused bv concentration
qradients in the vicinity of the samnle, The nossibility of the existence of
a thermal aradient in that renion cannot be overlooked since the authors did
not mention the existence of a constant temnerature reaion in their annaratus.

The first reaction chamber used in the nresent investination alloued for a
"dead volume" comnarable to St.Clair et al's. annaratus, Althounh one minht
expect that saturation would be difficult to achieve, obviously saturation
was achieved dounstrean from the samnle boat as evidenced bv the flat zone
on the curves of weinht loss per unit volume vs, flourate,

The hinh values ohtained must be attributed to the same causes as those of
St, Clair and collaborators, i.,e. seareqation or back diffusion errors (as
well as the use of an inert aas which did not control the sulfur pressure),

3. Finally, as a difference rather than as a similarity, it can be said that
St. Clair gg.gl:(lg) calculated the vapor pressure of SnS(q) by extrapolatinn
the loss of weinht per Tliter to zero flowrate, This, as proved by Alcock and

(46)

Hooper , and others, vill alwavs vield a vapor pressure which is hinh

unless a zero-slone zone exists,

For all these reasons, althouah the values obtained in the first nart of this
investigation vere within the limits of the available data in the literature,
a check on the SnS vapor pressure measurements usina a carrier aas able to
control the sulfur atmosphere was desirable, hefore startina the measurements
of SnS vapor pressures above the mattes., A mixture of Hvdronen sulfide and
hydrogen was chosen as the carrier nas. Furthermore, as mentioned, the inside
diameter of the reaction chamber was reduced to keep a minimum dead volume
around the sample,

First, vapor pressure measurements were made above pure liquid SnS, to aive

a line (Loa p vs. 1/T plot) which rmust intersect the vapor pressure line for
pure solid SnS at its meltina point, If so, this would have proved that the
vapor pressure of solid SnS had been correctly determined and thus that the
old experimental technique was satisfactory,

It would then not have been necessary to run further experiments on pure solid
Sns,
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The results of these exneriments are shoun araphicallv in Fiqgs, 16 and 25,

It can readily be seen from Fin, 25 that it was worth while to make the mo-
difications, and necessarv to run a further series of tests on the pure solid
SnS,

Tests were carried out at about 80NOC and 360°C,

Figure 15 shows the weiaht loss per liter of carrier qas versus flourate plot,
and Fiq, 25 shous also the new line for pure solid SnS, The line through the
crosses showus the results obtained by Kushin and Chernikh(zn) quoted by P,
Hriﬂht(6) and Janz(ZI)
The discontinuous line shows the results of the present wvork under the new
conditions and the dotted line shous the results of this work under previous

. The method used by these authors was not stated,

conditions,

The aqreement of the discontinuous line with the line calculated from Kellonn's
data(23)
temperatures,

This demonstrates the important role nlayed hv the neometry of the reaction

(full Tine) can be considered extrermely nood, particularly at higher

chamber in the determination of vanor pressures by means of the transnortation
method. A sulfur pressure-controlling aas, in the case of SnS and Sn-Fe mattes,
prevents decormnosition or searenation at different temperatures,

The effect of SnS decomnosition is extremely low and the difference between
values ohtained by the old and the neu method, about 23% (18% at 9759 and

27% at 1143%¢), is due mainly to the effect of the qeometrv on back diffusion
and searenation errors, (The effect of the nature of the carrier nas on senre-
qation errors was not determined but it presumablv accounts for some 2/237%

of that difference),

Some of the curves in Fins, 16 throush 20 do not show a svstematic variation
(with the absolute mannitude of vapor pressure) of the point at which unsatu-
ration beqins, This is attributed to the different comnositions of the carrier
mixtures used.,

At higher temperatures, hinher HZS/H2 ratios vere used, therefore changinn in
a sense the "nature" of the carrier aas - not in its ability to prevent
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PURE SnS{c,1) BY MEANS OF THE TRANSPORTATION METHOD,
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decomposition, hut probably in its capability of saturation, increasinag it
at hiqgher temperatures,

Grjotheim, Herstad, and Tonuri(48) showed, for instance, that the apparent
pressure of maanesium was independent of the nas nature (Hvdronen and arnqon
were used as carrier nases) but that the flat zone started at lover flowra-
tes for araon than for hydroaen, This same phenomenon occurs when using dif=-
ferent HZS/H2 mixtures in the same set of experiments, keepinn the condition:

[ p (p
I N .
—
P
"2(q) EXPTL "2(q) EQUIL
L — ' — - '(SnS(c’]))

The only reason for doing this during the experiments was so as alwavs to
obtain a round even number (without decimal fractions) for h1 and h2, the
manometer altitudes in flowmeters F'11 and F12 respectively, and in such way
decrease the error due to aas volume measurements,

The composition of the HZS/H2 mixtures can vary as lona as it fulfils the
desired conditions,

The anreement betveen the vapor pressure of SnS over pure
SnS( 1 as obtained in this investiaation and the results found bv Colin
’

(22)

as the most reliable so far, aives an indication of the reliability of the

and Drowart by means of a mass spectrometric techniaque, taken by Kelloan

experimental apparatus and method used.
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2.2 Vanor Pressures of SnS Nver Tin - Iron "Mattes, There are no avail-

able data with which the values obtained in this investincation could be com-
pared,The results on the four mattes studied are tabulated in Chanter V and
are araphically renresented in Fia, 26. The apnarent nressure vs, flourate
plots are aiven in Fins, 17 throunh 20 (Chapter V),
It is noticeable in these nlots that there is scatterina of the results in
the zero-slone zone at hinher temneratures, esnecially for the mattes with
a hiagher content of SnS, as comnared vith the horizontal lines obtained for
the mattes with hiaher contents of FeS, and uith the lines at lower temnera-
tures, This is most probably due to the difference in maanitude of the vanor
pressure beina measured, “Mhen the vanor pressure is hiah, saturation hecomes
more difficult at comnarable flowrates,
Fiqure 26 shows each one of the noints as calculated from the horizontal lines
of the respective ut, loss/1t vs, flowrate plot, A simnle least-snuares fit
for each experimental aroun aave the lines as shoun in the fiaure,
Referrina anain to Fin, 17, the wt, loss/1t vs, flourate plot for the SnS-5,81%
FeS matte, and ohservina the results at 916,5°C - the exnerimental noints are
scattered, and the horizontal line can only be surmised, The mean point was
calculated, as for all the other naraphs, and throuan it the horizontal Tine
(discontinuous line in Fia, 17) was traced, The vanor nressure calculated from
this line is shoun (5n-5,81%FeS matte) in Fin, 26 as the broken-line circle
(&),
Upon observation of all the other results and the nath folloued by the three
other points in that narticular line, that noint ({3) is undoubtedlv hinh,
As was discussed earlier in this chapter, when saturation is difficult to
achieve and the horizontal line is not well defined, the lover values are rore
likelv to be correct., Therefore the full line at 916.5°C in Fia., 17 was traced
throunh the lower points, and the vanor nressure so calculated is niven in
Fia, 26 below the broken-1ine circle for that matte, 1t anrees well with the
other points for the SnS-5.81%FeS matte,

It can be seen that the five lines in Fiq, 26 are verv close to parallel, The
deviations of their slones from that of the line for nure linquid SnS are not
systematic (observe the slone values in table IX, Chanter V), Therefore, thev
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FIG, 26  VAPOR PRESSURE OF SnS(q) ABOVE IRON = TIN NATTES.

LINES CORRESPOND TO SIMPLE LEAST-SNUARES FITS FOR EACH GROUP
OF EXPERIMENTAL POINTS,



T-1501 86

were attributed to random experimental errors, The measurements made on pure
SnS, rather than those on the mattes, are undoubtedlv Tess liable to error,
The o¢-function:

RT Loq XSnS R T
o =

0
> {Loq Pons = L0a pe o = Loa ”SnS)

2
NFeS

NFeS

was calculated for all the exnerimental points except those clearly not in
harmony with the rest - en, the SnS$-14,59%FeS matte at 851,30C, or the SnS-
5.81%FeS matte at 916.5°C, The results are aiven in table X,

Fiqure 27 shows a nlot of the o«-function vs, temnerature, It can be scen that,
within the experimental scatter, the o~function is indenendent of termmerature,

The implications of this will be discussed later in this chanter,
Table X

Alpha = Function from Experimental 'leasurements of SnS
Yanor Pressure, '

f1ATTE | TE’WER/\TURE Loa pgc  (atm) Lon X{SnS o

COPOSITIO: oK 107/T  Exptl.

SnS-5,81%FeS 1139 8,780 - 2,0368 0.N0398 2266,412
1143  8.750 = 2.,0146 -0.00109 - 622,881

SnS-14.59%7eS  1096.6 9,120 - 2,3990 0.01102 1076.728
1176  8.503 - 1,8493 0.01421 1483,941

SnS-25,03%FeS  1135.3 8,808 - 2,19586 0.02324 910,664
1194 8,375 - 1,79035 0.04433 1823,955
1157.4 8,640 - 2.,02956 0.04025 1607.906

$n$-18.10%FeS 1076 9,294 - 2,57727 0.01571 123,635
1174 8,518 - 1,88307 0.01629 1158,099

MEAN o¢ = 1193,162
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Now, takinn the mean value of o¢, the correspondinn value for each exnerimen-
tal point was re-calculated and the corrected cquations found for cach of the
four mattes (See Appendix VI),

These corrected enuations, of the Log Pgng = - A/T + B forn, are shown in Ta-
ble XI alona with the equation for pure liquid SnS,

Fiaqure 28 shous the corrected lines and the intersections of three of these
Tines with the line for pure solid SnS, The fourth line (Sn-25.03%feS) should
not intersect it, because it definitely lies on the FeS-rich side of the

SnS - FeS phase diaaram,

These intersections occur where the SnS vanor pressure over each liquid matte
is at that particular point (the meltinn hoint of the matte in question) equal
to the SnS vanor nressure over nure solid SnS. Hence the activity of SnS in
the matte, at the liquidus (on the SnS-rich side of the diaaram), with resnect
to pure solid SnS, is equal to 1,

Table XI

Expressions for the Vapor Pressure of SnS Over Pure Liquid
SnS and Over Sn - fe Mattes.as Function of Temperature,

CONDE!NSED Log Pops = - AT +8 , (atm) TE"PERATURE PANCE,
PHASE oK

(liquid) A B

Pure SnS(]) 8876,3 5.796 1143 - 15090
SnS-5.81%FeS  8859,2 5.740 1070 -~ 1500
SnS-14,59%FeS 8846,4 5.670 1070 - 1500
SnS-18,1N%FeS 8843.N 5.646 1070 - 1500

SnS-25,03%FeS  8841,7 5.599 1070 - 1500
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3. Thermodvnamic Considerations

Some useful nroperties can be derived from the results on
the vanor pressure measurements on nure SnS(C 1 and on the mattes.
]

3.1 Pure SnS( Consider the equilibrium:

c,1)’

SnS(c) = SnS(q)

for which,

o 0
ZXGS = - R T Log PSS

Substitutina the expression derived for the pgng in this investigation (Table

IX), the free eneray of sublimation can be renresented by:

ZSG? = - 35,081 T + 50,336 (cal) .
This expression is in nood anreement with Kellonn's data (23):

zseg = - 35,357 T + 50,671 (cal)
within the temperature ranne: ~8N00 -~ 11439K,

The free enerqv of vaporization for the equilibrium:

SnS(1) = SnS( )

n

usina the Lon pgns expression obtained exnerimentallv (Table TX) is as fola
Tows:

ZSGS = - 26,52 T + 40,610 (cal)
as compared with Kellonqa's data(23):

zsss = - 26,113 T + 40,102 (cal)
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for temperatures betueen 11430 and 150N0K,
The latent heat of fusion of stannous sulfide can be estimated from the slones
of the Lon Pgpe VS 1/T plots in Fin, 25 as follous:

SnS(]) - SnS(q) line; slope = - 3876.3
-AHS
= - 8876,3 (from equation (22))
R
SnS(C) - SnS(q)A line; slope = - 11,002.5
AUN
= - 11,002,5 (from equation (22))
R

The difference in slopes, equal to - 2,126,2 aives -szS / R, Thus:

zxu? = 9,727 cal/mole .
SnS .

Similar estimates can be made from St, Clair Siuil's- and Colin and Drowart's
lines shoum in the same fiaure (25). The results are:

AHg = 16,092 cal/mole  (St, Clair et al.)
AHZ = 10,527 cal/mole (Kelloaq).

The Tlatter anrees fairly well with the estimate from the present vork,

The free eneray of fusion is zero at the meltina temnerature {eauilibrium),

Therefore;
AR = TASS

from which the entrony of fusion can be also estimated, Takina T = 11430K
(SnS melting point):
42552 = 0,727/1143 = 8,51 e.u.
SnS

This value is comparable to the first estimate by Davey(33) of 6,954 e.u,
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3.2  Liquid Tin - Tron "attes, The activity of SnS in liquid tin-iron

mattes is, hy definition, equal to the nartial pressure of SnS above the 1i-
quid mattes, divided by the partial pressure of SnS ahove pure liquid SnS:

P?iéte Psns
(9) ) (n)
aSnS(]) o - o
SnS(q) SnS(q)

Furthermore, for a qiven temnerature:

a = x c N ’
SnS(1) SnS 'SnS

where X‘SnS is the Raoultian activity coefficient of SnS and ”SnS is its mole
fraction,

It was seen that the experimental values of Pgps  ON the different mattes
Dgns
Fiqure 27 shows no dependence on temnerature for o¢, althouah there is
appreciable scatter., It can be shown also that T Loq BASnS varies linearly

. 42 A I . s X £
as a function of ”FeS . This 1is shown in Fia, 29 which is anlot of TLon xSnS

varied randomlyv ahout (pure SnS(])). There was no systematic variation,

versus Nies s the slone is eaual to o</ R, a constant:

o/ R = B =260,8 .

Therefore the liquid solution of SnS and FeS has heen showun to behave almost

reaularly, and the activitvy coefficients can he represented bhy:

2
Log & ¢.q = —3 Neas
B 2

where B is the "reaularitv" constant,
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LINES OF Logxi AT 10000C AS A FUNCTION OF NSnS .



T-1501 95

Figure 30 shows a plot of o¢ as a function of composition indicatina it to be
approximately constant, The same finure shous a nlot of Log J‘Sns as a function
of composition at 10000C calculated from the constant o¢ evaluated above it.

So, the lines are symmetrical with respect to:

Neps = Mepe = 0.5,

SnS Fe

and Log &, = &< for . = 0 .
T oRT !

These values are listed in table XII,

3.3 Thermodynamic Relations Derived from the Renular Solution !lodel, "A
reqular solution is defined as one for which the entronv of formation and hence
the partial molar entropies are the same as for an ideal solution" (Darken and
Gurry(49)).

The enthalpy of mixing of these solutions is different from zero:

A 20 (23)

The SnS-FeS 1iquid solution has been shown to approximate to reaular, It is
convenient therefore, to studvy how this reaular solution behaves as a step
away from ideality,
The entropy of mixing is given as follows:

As = - R

Log NSnS + NFeS Loq NFeS) (24)

SnS

It will be symmetrical about NSnS = NFeS = 0,5 .

The excess free eneray of mixing in a hinary solution is defined as:

XS _ M "
NG = A - Adl, . (25)

The free enerny of mixing for the binary system, Z&GM , is by definition:

Mo '
AG' = RT(Ng o Log ac ¢ + Npoo LOT ap.c) (26)
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And for an ideal solution:

"

ideal (27)

AG = RT(N

sns 107 Mg * Heeg Loa Meos)

Therefore, substituting (26) and (27) into (25) nives the excess free enernv

of mixinqg:
XS _ . ' l
DG = RT(H o Log X‘Sns + oo Loa § Fas) (28)
M M M
Also, AG = AH - TAS', (29)
Since Al =9 : AG = - TAST (30)
jideal ’ ideal ideal °

Substitutina (29) and (30) into (25):

NN T(W (31)

0
Therefore, < o
AGT = AN . (32)
Now, since
RT Log xSnS RTLquFeS
“ = = 9
2 2
NFeS NSnSf
e RT Log X sns = ¢ ”%es
(33)
RT Lon § pog = o< 1
Substituting (33) into (28):
XS _ - M
AG” = o Ng o Moo = AH . (34)
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For a reqular solution the excess free enerav of mixinag is equal to the enthal-
ny of mixinn, and is a paraholic function of comnosition,

These thermodvnamic functions were calculated at different temperatures for

the SnS - FeS svstem, The results are aiven in table XII, Fiaure 31 shous a
plot of the excess and mixinn functions for the formation of 1 rnole of Tinuid
SnS-FeS matte at various temneratures as a function of composition., The par-
tial molar quantities for FeS and SnS are obtained from these curves unon
intersection of a tannent to the desired curve at any point with the ordinates
at NSnS =} and at ”SnS = 1 respectivelv,

The relativelv small heat of mixina exnlains the absence of a sianificant

effect of temnerature on the nresent results,

Finure 32 is a nlot of activities of SnS and FeS as a function of comnosition
for different temmeratures, lotice that the variation of activitv at any com-
position as a function of temperature is in fact very little, The fiaure shous
positive denartures from ideality, These positive deviations are not larne

and they decrease with increasinn temperature,

Krivsky and Schuhmann, as quoted by Oriani and A]cock(SO), found that the

pseudobinary system CuZS - FeS could reasonably be described as ideal.

c
Rosennvist and Hastiq(Jl) showed that the activities of CUZS and FeS in the
system Cu-Fe-S-0 could he calculated to a nood approximation by enuations
based on random mixinn,

Davey(52) showed that the PbS-CuZS system is reqular,

These examples show that base metal mattes tend to be reqular solutions which

are not very far from ideal,
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3.4 Calculation of the SnS ~FeS Phase Dianram from Yanor Pressure

Measurcrments Assumina the Peaular Solution 'odel for the Liquid Phase and

that there are no Solid Solubilities in the Svstem, It vas shown that:

_ B 2
Log XSnS B -'l? ”FeS
where B = 260.8 is the reaularitv constant.

Therefore, the SnS - FeS phase diagram can be calculated from the vanor pres-
sure neasurements and €rom the latent heat of fusion of FeS and the estimated
latent heat of fusion of SnS.

The derivations of the equations for temperature as a function of composition
for both the FeS- and the SnS-rich side of the simnle eutectic phase diaaram
are aiven in Apnendix IT,

The derived equation (35) aives the temperature as a function of the fusion
pronerties of SnS and FeS, where i = FeS at the FeS-rich side and i = SnS at
SnS-rich side of the phase dianram,

+B-R-(1-.'11.)2

T = (35)

0
élei - R« Log Ni

where,
T = Temnerature at a particular comnosition . oK
Z&S? = Entronv of fusion of cormponent 1 , e.u,
i
Tf = Temnerature of fusion of component i , oK
i
= 260,8 = PRenularity Constant
= 4,575 = fGas Constant
Ni = "ole Fraction of Component 1 .,

The results are shoun in Table XIII,
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Fiqure 33 shows the calculated nhase diaaram, The exnerimental points of

(8)

The eutectic commosition was found hy intersection of the two liaquidus lines
at 18,4% FeS and 797°C,

Haan are also indicated (Haan's data are tabulated in Apnendix I1).

Table XIII

The SnS - FeS Phase Diagram Calculated from Yapor

Pressure 'leasurements,

Assumptions: Renular Solution 'lodel for Linuid Mattes, and Ho Solid Solu-
tion in Either Component,

Data SnS FeS
Te s OK 1143 1468 *
AHZ , cal/mole 0727 7730 *
zx$$ , e.u. 8.51 5.26

* Kubaschewski et al, (Ref, 1)

FeS-rich arm

wt% SnS Moo Temp. , %K Temp, , °C
10 0.06085 1434.85 1161.85
20 0.12724 1399,80 1126,80
30 0.19995 1362.40 1089,40
40 0,27993 1321.97 1048,97
50 0.36835 1277.36 1004,36
60 0.46659 1226.54 953,54
70 0.57639 1165.60 892.60
80 0,69993 1085,91 812,91

20 0.83996 962,55 689,55
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Table XIII - Continued

SnS-rich arm

wt% SnS s Temn, , oK Tern, , °C

100 1.0 1143,00 870,

95 0.91722 1121,34 348.34
90 0.88996 1101,74 828,74
85 0.76768 1083.69 810,69
80 0.61993 1066.79 793,79
75 0.63629 1050.67 777.67
70 0.57639 1035.05 762.05

The meltina points of the mattes used in the vanor pressure measurerments, ob-
tained from the calculated nhase dianram arae cormnared with the intersections
of the Log p vs. 1/T plots of the mattes and the pure SnS(C) - SnS(q) ling
(Fiq, 28) in table XIV,

Table X1V

Meltina Points of "attes

Matte Tf from liquidus Tf from intersec, ‘/ith
Composition line (Fia, 33) pure SnS(C) line Difference

2 oc og-1 o¢ o¢ %
SnS-5,81%FeS 844,00 8,97 841.83 - 2,17 =-0.26
SnS-14,59%FeS 310,69 9.23 810,42 - 0.27 -10,03
SnS-18.10%FeS 798.00 9,35 796.52 - 1,43 -0,19
SnS-25,03%FeS 856.,00* - - - -

* This composition lies on the other side of the phase diaqram (FeS-rich side).

The agreement is qood,
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Referring to Fing, 33, the experimental values of Haan for the 50%FeS matte
are definitely out of line with the rest of his experimental data,

The calculated line appears to be higher than Haan's experimental noints but
it must be considered that any impurity in the SnS and FeS used tends to lower
the melting point of a matte,

To obtain a pure samnle of SnS (99,99%) is rather difficult nowadays, and it
must have been even more difficult 59 years ano, Haan did not qive the com-
position of his "pure" compounds, .
With these considerations in mind, it can be said that the aqreement of the
present work with Haan's work is fairly qood, and there is no other work to
confirm either Haan's investination or the present work as vyet,

3,5 The Sub - PRenular Solution 'lodel Annlied to the SnS - FeS Svstem,
Since the renular solution, a one-parameter model, anpeared to he in fairly

good anrcement with the SnS-FeS nhase diaaram experimentallv chtained bv
Haan(B), it was assumed that the sub-rénular solution model, with four para-
meters allowing for temperature variation, would represent a better fit to

these experimental values,

This model can be represented by:

- 2 3
Loglpes = (A + By 18 o+ (A vmmnd (36)
and upon intearation of the fGibbs-Duhem equation:
X NSns N
Logdgys = - FeS d(Log § - o) ,
N FeS
NSnS =1 SnS

the followinn expression results:

- 2 3
Log 8¢ -[(/\1 +By/T) + 3/2(M, + BZ/T)-JNFOS - (A, + B,/T) NZ o + (37)
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To find the numerical values of constants Al’ AZ’ Bl’ and RZ' four noints of

the phase diaaram were chosen randomlv and Loq XFeS calculated therefrom,
The values are tabulated below (Table XV),

The activity uas calculated for each comnosition usina the following expres-
sion:

FeS
Loq aFeS s - ]
RT
where AKS? = 5,26 e,u, ,
FeS
and Tf = 14680K,
Table XY

SnS - FeS System. Sub-reaqular Solution Model

0 '

wt% FeS NFeS Temp, 4 K Log dFeS Lon Aas Loqg‘FeS
15 0.23235 1158 - 0,6339 - 0,44555 N,13835
25 0,36371 1119 -.0,4393 - 0,35358 n,N3N683
70 0,80005 1347 - 0,0%9 - 0,10328 -N,N0642
a0 0,93915 1423 - n,0273 - 0,03636 -N,0N108

- "2 3 2 3

wt% FeS JSnS NSns ”SnS /T ”SnS /T
15 0,.58929 0,45237 0.00N5570 0.,0004276
25 0.40437 0.,25761 n,7013613 0,00n2302
0 0.03990 0.00799 0.0070297 0.,NNnnnNsn

90 0.,0n37N N.00N23 0.0N90026 0.,0000012
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Therefore four equations of the form (36), with four unknowns, vere obtained,
These vere solved hv means of a computer proaram usina the Gaussian alqorithm
(See Apnendix V1),

The followinn results were obtained:

A1 = 527,245
Bl = - 773,589,000
A2 = 119,697
B, = 154,857.000
It was found that:
0
'szfi Teg, /R
! : (38)

Loq &, + Lo 11, - AS /R
i i fi
where i = FeS for the FeS-rich side, and i = SnS for the SnS-rich side of the
phase diagram,

Substitutina (36) for Log K into (38) vields,

FeS
0 2 3
ASfFeS TfFeg/ R+ ByNono * Bollgs
T = ‘ (39)
]
0 "l "3
ASfFeS/ R - Alxlsns - /\lesng - Lona NFGS
where zxs? = 5.26 and T.= 1468%K for the FeS- rich side.
FeS
Substitutina (37) for Log xSnS into (38) vields:
0 ?
zssfsns TfSn% J R+ (B +3/28, - By e INE o
T = ‘ (40)
= ]
o] 2
zssfgns / R = Log Ne o = (A1 +3/2 0y - Ay NFeS)NFeS
where zssg = 8,51 and Tf = 1143% for the SnS-rich side.

SnS
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Solving both (39) and (40) for T at different ”i’ the liquidus line could bhe
found. The results are listed in Table XVI,

Tahle XVI

SnS - FeS System , Sub-reqular Solution ''odel

FeS-rich side,

wt% SnS Nens Temn, , K Temp, , OC
10 0.06085 1423.16 1150.16
20 0.12724 1388.67 1115.67
30 0,19995 1346,95 1073.95
40 0,27993 1302.14 1029,14
50 0.36835 1254,22 981,22
60 0.46659 1202,97 929.97
70 0.57639 1148.05 875.05
80 0.69993 1n89.11 816,11
90 0.83996 1025,75 752,75

SnS-rich side.

95 0.91722 580,70 307.70
90 0.83996 789,28 516,28
85 0.76768 837,32 564,32
80 0.69993 869,95 596.95

75 0.63629 897.86 624,86
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Comnaring these with the exnerimental values of Haan, it can be seen that the
fit to the linuidus 1ine on the TeS-rich side is fairlv nood, but the values
obtained for the SnS-rich side are comnletelv urona, Lonicallv, this is not
nossible, A four-narameter enuation should aive a better fit than a one-nara-
meter model.

This error must be attributed to the round-off svstem of the comnuter a~nlied

to the calculation of the four constants Al’ Az, Ql’ and RZ.

The PD"-19 comnuter in use at C,S,'!, carries seven simnificant dinits, and

sorie coefficients (Table XY) in the four enuations of the form (36) are sianif-
icant onlv in the eiqhth nlace, As a consenuence thev are rounded-o0°¢ to zero
by the commuter and incorrect values of T are found,

white(53) encountered the same nrol:lems vhile fittina solution models w:ith

more than four narameters to some well knom svstems,

This a drauvback in the use of the comnuter, Cormmuter calculations ara annlied
to these models hecause thev renresent time savinas and avoid comnlications,

but in cases such as the nresent one the results can sometimes be in error,

3.6 Possihbilitv of Commlex Formation,  The nuestion arose whether iron

could form a volatile comnlex sith Sn and S, vhich wwould cause a nreater ieinht
loss than that due to SnS alone,

Analvses on tuo condensates uere made; the condensates were the nroduct of
tests run on the 18,03%%eS mattes, The results for the iron concentration in

the codensates are as follous:

Cond, 1 0.0117% Fe
Cond, 2 0.028% Fe

The ver' low Fe contents in the condensate indicate that anv veinht loss in
the residue frort iron volatilization can be nenlected rithout introducin- a
sinnificant error to the nresent results, It shors that "e-Sn-S comnlex for-

mation is imnrrobable,
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VIL. PRACTICAL APPLICATION

The SnS vanor pressure over Sn - Fe liquid mattes mav be
evaluated as a function of composition at various temperatures as follows:

_ N 0
Psns = (& sns Ysns) Psns (41)

It was found that the vapor pressure of SnS over pure liquid SnS is repre-
sented by:

8876,3
T

+ 5,80 atm (Table IX) , (42)

0
Log Psps = -

and the activity coefficient can be approximated by:

. 260.8 2
Log xSnS = "—T‘"‘NFes (43)

Therefore, anplying lonarithms to both sides in equation (41), and substitu-
ting (42) and (43) into it yields:

2
Fe$S

260.8
T

Log pgnc = - 8876:3 4+ 5,80 + Log g +

T

N . (44)

This equation can now be evaluated as a function of composition and tempera-

ture, The results of this evaluation are shoun in Fin, 34 (lumerical results

are tabulated in Appendix Y1II),

The results show a sharp increase in vanor pressure for SnS contents in dilu-
te mattes, increasing less sharply with SnS content,
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Since mattes contain up to about 20% SnS in practice, it is more anpropiate

to restrict the pressure vs., composition plots within, say 1% to 20% SnS.
Figure 35 shows these evaluations for the same ranne of temperatures as before
(Appendix VIII also contains these values tabulated),

Here, the dependence of vapor nressure upon composition and temperature is more
noticeable since the scale has been reduced five times., This type of plot is
useful because the quantity of carrier nas required to volatilize SnS from
mattes can be estimated therefrom, This can be done by intenrating the area
under a curve at a particular temperature within the required 1limits, assuminn
that the nas is saturated with the SnS vapofs.

Since a mathematical intenraticn would Tead to a complicated function, this
estimation can be effected hy intenrating small sections of this curve un-

der the assumption that Psns is constant over a small concentration ranne,
and the total carrier qas required will be the sum of all these intearations,

A simple computer proqram was developed to calculate the theoretical volume
of carrier qas required to fume tin from 1 ton of Fe - Sn matte containing
initially S% Sn to'a final matte containina J% Sn, The proaram calculates
also the volune of 0il required to he burnt to provide this carrier nas,

The complete development of the proqram, and the results for a 15% Sn- and

~a 10% Sn-matte are aiven in Appendix VIII. The overall results are aiven in
table XVII, Fiqure 36 shows aranhically the variation of the required carrier
qas as the temnerature is increased, for two different mattes, removing the
tin down to two different final comnositions in both cases,

Fiqure 37 shows the oil required to be burnt as for Fia, 36,

The higher the temperature, the faster the fumina operation because the volu-
me of qas required is less, '

The hinhest ternerature achieved durinn fuminn operations (2-3 hrs ner batch)
is about 130N%K in prdctice.

As a matter of comnarison, fumina onerations at Oruro, Bolivia, Had an oil
consumntion of 35 1t/hr vhen treatina 2,5 tons of matte with 15% SnS at about
13250K in 24 hours, to a final matte of about 0.7%Sn(54). This amnunts to
336 1t of o0il per ton of matte, The extranolated value from Fia, 37 aives for
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Table XVII

Fuminn SnS from Sn - Fe 'lattes.

INITIAL - FINAL  TENMPERATURE CARRIER RAS RENND, OIL REORD,
% SnS %5nS OK m 1t
10 1 1100 269,535.0 5411.97
1200 65,162,.0 1199,35
1300 19,679.1 334,34
1400 7,048,0 111,19.
1500 2,869.5 42,25
10 5 1100 86,766.4 1742,17
1200 20,915.5 384,96
1300 6,239.3 106.86
1400 2,233,4 35.23
1500 892.5 13,14
15 1 1100 325,023.0 6526,10
1200 78,475,2 1444,39
1300 23,654.8 401,89
1400 8,440.5 133.16
1500 3,408.9 50,19
15 5 1100 142,254,0 2856,31
1200 34,2287 630.00
1300 10,265.1 174,40
1400 3,625.9 57.20
1500 1,431,0 21,08
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the 15%5n - matte an oil consumption of 320 1t/ton vhen removina Sn to a final
content of 1% in matte; and 30 1t/ton vhen removinn only 10%5n , Teavina 5% Sn
in the matte,

The calculated value of 320 1t/ton comnares fairly well with the value of the
practice, 336 1t/ton, so it can be assumed that the flue cases are 95% satu-
rated with SnS vapor (320 1t/ton were calculated assuming complete saturation),

If the operating temnerature is increased in practice, sav to 1406%K, the re-
sidence time of the charne will decrease (vanorization will be faster), the
0il consumntion vould decrease (from about 320 1t/ton at 13259K) to about

133.2 1t/ton, This would correspond to:

133,2 » 2,5 ton
= 350,53 it,

0.95

Approximately 117 1t/hr in a 3-hr batch,

Therefore it would annear advantaneous to increase the fuming operatina tem-
peratures un to about 15000K (1227°C) provided maintenance costs do not in-

crease too much,
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VvIItT CONCLUSIONS

The conclusions derived from the present investianation are:

'Yfhen measuring the vapor nressure of sulfides, it is usuall’s advisable
to use a carrier gas canable of controllina the sulfur potential in the
reaction chamber, and so nrevent decomnposition of the sulfide, leadinn
to too high an annarent vanor pressure, In the case of SnS vanor over
solid or Tiquid tin sulfide or tin-iron mattes, the decomnosition that
would occur with an inert nas has been calculated to be nenliqibly small
at the temneratures of the experiments, althounh visible deposits of
sulfur appeared in the condenser,

The difference between the earlier (too hiah) determinations usinn H2

as the carrier nas, and the later determinations, with a modified reac-

tion chamber and HZS/H2 carrier nas, must he attributed entirely to the
change in the chamber aeometry,

This confirms the statement of Alcock and Hooper(46)
of the reaction chamber is extremelv important for an accurate deter-

that the neometry

mination of vapor pressure by means of the transportation method.

The equilibrium vanor pressure of SnS over pure SnS(c), in the temnera-
ture range ~970 - 1143% can be represented by the equation:

Loa pg.¢ = - 003 4 766 (atm),

T

and the eaquilibrium vapor pressure of SnS over nure SnS(]), in the tem-
perature range 1143 - 15009K can be renresented by the equation:
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Loq pgns = - 5—!3—.7}9-—3- + 5,80 (atm),

as determined by means of the transportation method,

3. The free enernies of sublimation and vaporization of SnS(C 1 can be
’ 9
represented by the followina enuations respectivelv:

AG;’ - 35,04 T + 50,336 (cal/mole)

n

AGS - 26,52 T + 40,610 (cal/mole)

4, The enthalnies of sublimation, vanorization, and fusion of nure SnS es-

timeted from vanor nressure measurements are resnectivelv:

AHS = 50,336 cal/mole

Z&Hg = 40,609 cal/mole
LsH? = 9,727 cal/mole

The entronv of fusion of SnS as estimated therefrom is:

As? = 8,51 e.u.

5. The Tiquid solution of SnS and FeS exhihits behavior close to reqularity,

It can be renresented by:

Log XSnS =

and Log x‘FeS N NSn“
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6, The excess free eneray of mixing in the binary system SnS - FeS can be
represented by

XS _ _ "
AG™ = 1193,2 NSnS NFeS = AH ,» cal/mole .

7. The activities of both SnS and FeS in the linuid mattes calculated from
the reaqular solution model show fairly small nositive denartures from
ideality (Raoult's law). These departures slowly decrease with increasinn

temperature,

8. The amount of carrier nas and the oil renuired to be burnt to provide
this aas to fume SnS from mattes containing S% Sn initially, to a final
matte containing J% Sn , at different temperatures, can be estimated
from the vapor nressure measurements nerformed in this work by use of a
simple computer nroaram (NILREN) which, when the actual conditions of a
plant and the costs of the various items are added, can be easily trans-

formed into an Optimization Pronram,
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IX SUGGESTIONS FOR FURTHER UORK

Since the volatilization process for the recovery of tin,
not only from slans and mattes but also from low arade ores, is acauirinn
increasing imnortance in the tin industrv, it is necessary to nrovide a rmore
adequate knowledae of the SnS-FeS svstem,

The only experimental data available are those niven by Haan(g) in 1913,
It is therefore suaqested that a new exrcerimental determination of this
system should be carried out, to confirm Haan's data or tc nive a better
approximation tc the true values of the phase diacram boundarv,

The thermodvnamic properties derived therefrom should be compared with the
values obtained in this work, and it would be established whether the new

values aaree or disaaree with the nresent ones,

This work renresents one of the first experimental attempts to fqive an ac-
count of the behavior of the Fe-Sn mattes, and as such it might have many
defects,

It is also sunqested that - based on the accurate SnS vanor pressure deter-
minations over pure SnS(C’]) in this work -« more determinations on the mat-
tes, expanding the composition and temnerature ranaqes considered in the
present investination, should be carried out by means of the same or other

techniques.

This determinations would then be cormpared with other data,
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APPENDIX I

Calculations of Yanor Pressures in the Svstem Sn - S

Free enerav of vaporization and related equilibria taken from Table III (Ch, III),

A1l free enerqy values are aiven in cal/rmole,

1. Equilibrium Sn(1) - SnS(c,1)

. 0

o}
P’ i AGl
2 RT
vhere;
AGCI’ = 24,793T - 43,704 for 1000 and 1100°K
Ar;‘l’ = 14,609T - 32,042 for 1400 and 1500°K
2. Equilihrium SnS(a) - Sn(1)
+3%5S = 0
ORI el CRINEIIE
——n 0
1 0 - ]0 GO
Sn(]) + L 52((1)_:_ SnS(q) . AG3 AU A 5
Thus,
0
Lon pSnS( ) T -ZXG3 + 1 Lon Pg . (1.2)
g RT 2(n)
vthere;
Ac;g = - 10.564T + 6,067 for 1000 - 1100°K |
AGY = - 11,503T + 8,060 for 1400 - 1500°K |
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3.  Enuilibrium SnS(c,1) - SnS(n)

SnS(c'-I) e gnS(q)
0
A6
RT

LI ] LOQ psns(q) - =

For which:

0
AG,

0
1362

- 35,3577 + 50,671 for 1000 and 1100°K

AGS = - 26,1137 + 40,102 for 1400 and 1500°K,

2

4, Equilibrium Sn(1) - SnZSZ(n)

S + S == 25
2 n(]) nS(

2(a) c,1)

ZSnS( f;== 2 SnS(q)

c,]

ZSn(]) + 52(

= 2SnS(

1) 1)

0
2 zsel

0
2 ZSGZ

0
2 Z&GB

0
Z§G4

o _ [ ¢] 0
AGS = ZAG3 + AG4

2501y *+ Sp(q) === 515,(4) ,
Thus ’ AGO
Log p = - + Log p , (
SM252(q) R T 52(a)
where:
zseg = 16,8317 - 32,954 for 1000 and 1100°K
AGP = 14,9537 - 30,768  for 1400 and 15000°K,

129

(1'3)

1.4)
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5. Equilibrium SnS(c,1) - SnZSR(q)
o 0
0
—_— o _ 0 ~0
zseg
e Log Psn.s = - . (1.5)
2°2(q) RT
vihere:
Ar;g = - 32,7547 + 54,454 for 1000 and 1100
Aeg = - 14,265T + 33,315 for 1400 and 1500°%
6, Equilibrium Sn{1) - Sn(n)
—— 0
AG? (1.6)
Log p = o .
Sn(q) R T
where o
AG, = - 23.830T + 70,109  from 1070 to 1500°¢
7. Equilibrium SnS(c,1) - Sn{n)
—_ o _ o _ 0
SN(q) * % S2(q) T SS(c,1)  » DBg = A6 - AG
Aeg -
A Log p = - %logp o7
where: o
AG8 = 48,6237 - 113,813 for 1000 and 1500°K
Aeg = 38,4397 - 102,151 for 1000 and 1500°K,

The calculated equilibrium pressures (from 1,1 to I.7) are niven in table I,1,
from which Fiqgs, 3 and 4 (Chanter IIl) were obtained,
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Appendix I, Table I,1

Vapor Pressures in the Svstem Sn = S

TEMPERATURE ENUILIBRIU Log p , atm  Log p., .\ , atm
SZ(Q) 1((])
oK No, Phases i = aqaseous phase
1000 1 Sn(1)-SnS(c) - 8.267 -

2 SnS(a)=Sn(1) -11.000 - 4,71

--9,000 - 3.71

SnS(c)=SnS(a) - - 3,35

4 Sn(])-SnZSZ(q) -11.000 - 7,48

- 9,000 - 5,48

SnS(c)-SnZSZ(q) - - 4,74
Sn(1)-Sn(n) - -10,116

SnS(c)=SnS(n) - 6.000 -11.25

- 4,000 -12,25

1100 1 Sn{1)-5nS(c) - 6.53_ -

2 SnS(q)=Sn(1) -11,00 - 4,60

- 8,00 - 3.10

SnS{c)-SnS(q) - - 2,34

4 Sn(])-SnZSz(q) -11.,00 - 8,13

- 8,00 - 5.13

SnS(c)-SnZSZ(q) - - 3,66

Sn(1)-5n(n) - - 8.72

| 7 SnS(c)-Sn(n) - 6,00 - 8,99

- 4,00 - 2,99
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Appendix I, Tahle I,1 -  Continued
TEMPERATURE ENUILIBRIUYN Log p , atm Loqg p. , atm
32(‘1) 1('])
oK No, Phases i = qaseous phase
1400 1 Sn(1)-SnS(1) - 3.610 -
2 SnS(n)-Sn(1) - 9.000 - 3.240
- 5,000 - 1,240
SnS(1)~-SnS(q) - - 0,553
Sn(])'anSZ(q) - 8.000 - 6.460
- 5.000 - 3.460
5”5(1)'Sn252(q) - - 2,083
Sn(1)=Sn(n) - - 5,737
1 .7 SnS(1)-Sn (n) - 3,0n0 - 6,050
- 1.0n0 - 7.05
1500 1 Sn(1)-SnS(1) - 2,952 -
2 SnS(a)-SnS(1) - 9,000 - 3.160
- 5,000 - 1,160
SnS(1)=SnS(n) - - 0,136
Sn(])-anSZ(q) - 8,000 - 6,780
- 5,000 - 3.789
SnS(])-SnZSZ(q) - - 1,749
Sn(1)=Sn(n) - - 5,007
J 7 SnS{1)-Sn(na) - 1,000 - 5,980

0.000 - 6.480




T-1501 133

Appendix I -  Continued

Effective Total Pressure in the Sn - S Svstem as a Function of Ps
>2(1)

The effective total nressure of tin in this system is aqiven bv the follouwina

expression:

=D

+ + 2
pT(SnS) sn(q) ~ Psns(n) n

M55 q)

or,

Log p = Loq p +p +20p .
T(SnS) Sn(q) SnS(qa) SnZSZ(q)

Values of pr are aiven in Tahle 1,2 alonn with resnective values from pravious

1 e i 3N '
calculations, It can bhe seen that the differance hetueen pT ) and pSnS(q)

(SnS
is in all cases verv small,

Partial Pressures of Gaseous Snecies in the Svstem Sn - S Over Pure SnS(C 1
\ k]

The partial nressures of qaseous snecies over pure SnS( ) that is; the va-

c, !
lues which are independent of sulfur pressure (to the riant of equil, line
Sn(1)-SnS(c,1) in Figs. 3, 4, and 5; chapter I11), are obtained from equil,

equations (1.3), (I1.5), and (I.7) in this apnendix., They are qiven in table 1.3

for various temperatures (Fia, 6, chapter I1I),
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Apnendix I, Table 1.3

Total and Partial Pressures of Yanor Snecies Over Nure SnS(C 1
3y

TEWPEHATXRE Log Psn Log Psns Log pSn232 Log pT(SnS)
oK 10 /T atm

1000 10,0 - 10,12 - 3.35 - 4,74 - 3.31
1100 9.09 - 8,72 - 2,34 - 3.66 - 2,30
1290 8,33 = 7.56 - 1.60 - 2,95 - 1,56
1300 7.69 - 6,58 - 1.03 - 2.48 - 1.00
1400 7.14 - 5,74 - 0,55 - 2,08 - 0.53

1500 6.70 - 5,00 0.13 1.73 - 0,12
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Appendix 1

Calculation of the SnS=FeS Mhase Dianram

(8)

To exnress the pronerties of the linuid phase of this svstem in terms of the

The SnS-FeS phase diaaram, as obtained by Haan , Shous no solid solubility,
properties of the pure components, such as their meltina points, and a knoun
property of the mixture (the eutectic temperaturc and composition) a solution
model can be assumed,

The simplest model would be that of an ideal solution, Emniricallv, very feu
solutions annroach ideality, but many miscibility aap systems in addition to
simple complete-solution systems, like the SnS-FeS svstem, are consistent
with the reqular solution model, which is characterized bv a non-zero enthal-
py of solution and an ideal entropy of mixinqg correspondina to nerfect random
mixinqg,

Therefore, this nhase diaaram is calculated assuminn that the liquid phase
behaves as a reqular solution and that there is no solid solubility.

Data,
SnS melting temperature, T¢ = 1143% (8700°¢),
FeS " " . Tf - 14689k (1195¢°C),
Eutectic temperature, Te = 1058%K (7859C) at 15% FeS (in weiqght),
0 - AcO _
Ak"f(FeS) = 7730 cal/mole , ZXSF(FeS) = 5,26 e.u,
Thus,
0 _ 0 _
AGf = AS1c ( Tf -T)==RTLog aces (11,1)
This system can be represented by:
_ B 2
Log § Loc = — s (11.2)

where B is the reaqularity constant.
The FeS activity at the eutectic temperature and comnosition (”FeS= N.2323)
is:
= - g
Log 3ras : 0.44555
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And:
109 § oo = Lon ag ¢ = Loa N o = 0.18837 (11.3)

Solving (I1.2) for B, and substituting values:

B = 338,225 (11.4)

Equating (I1.1) and (11,3), substituting (I1,1) and (11.4) in the resulting
equation, and solving it for T, the followinn expression for the FeS-rich
side of the nhase diaqram results:
AT, + (1 -1 )2
f ' f FeS
T = (11,5)
zss? - R Loa N

FeS

where: o = B«R = 1547,38
Then, for the SnS-rich side:

- 2 _
Uy]XSnS =(338,225/1058)(0,2323)° = 0,017254 at Teut.
then; Lon ag ¢ = - 0.97556
" Hence: AG2
AS?(SnS) = __f_(.‘iﬂ.s.)._ = 5.56 e.u,
Tf - Te

By analoay with (11,5):

0 ' _ 2
ASe Te + 0¢( 1 = Hgyo)
T = (11.6)
zssg - R Loq H

SnS

Calculated values usina equations (I1,5) and (1I,6) are aiven in table II,1 ,

(33)

The values calculated by Davey , and the experimental values obtained by

Haan'8) are also listed in table IT.1.
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Mote, The calculation of the phase dianram from the experimental values
of Psns obtained in this work was the same as this one, The only difference
was that it vas calculated from the estimated value of AHC and the

fSnS

eutectic was not knoun,

Estimation of the VYanor Pressure of SnS Over Sn-Fe !Mattes
It was assumed that the FeS-SnS system can be renresented bv:

_ B 2
For the SnS{c,1) - SnS(q) equilibrium:
AG2
Log pgns = --—E%%ﬁi- (11.8)

where pgns is the vapor pressure of SnS over pure SnS(C 1)1 and subscripts

]
s, v stand for sublimation and vaporization respectively,

The partial pressure of SnS in matte is:

- 0
Psns © xSnS Neng Psns (11.9)

Applying lonarithms to both sides in equation (I1,9) and substituting (11,7)
and (I11,8) in the resulting equation:

AGE

S,V
RT

Loq pg.c = - + Lo Ng o + 338225 N o/ T (11.10)

SnS

From table III, Chapter II, the following expressions for ZSGg y are ob=-
]
tained:

AG‘S’ = 50,671 - 35.357 T (800 - 1143°K)
AGS = 40,102 - 26,113 T (1143 - 15009K),

Fiqure 8 (Chapter III) was obtained from enquation (I1,10), for a range of
compositions and temperatures, '
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Appendix III

Matte Analvsis Report

Sample no, Sn % Fe % S %
S -1 ( 68.1) 3.69 22,3
S-2 ( 63.1) 9,27 22,5
S-3 ( 45.5) 11,50 24,4
S-4 ( 45,0 ) 15.90 26.4
Calculations, MW, SnS = 150,754 , MM, FeS = 87.911
Sample S - 1,

% S (for 3.69%Fe) =(3.67)(32.064)/(55.847) = 2,12
oo 2,12 + 3,69 = 5,81% FeS
22.3 - 2,12 = 20,18% S left.

9% Sn = (20,18)(118.69)/(32.064)= 74.699
so, 20,18 + 74,699 = 94,879% SnS.
Total: 100.69% Sample,
Sample S - 2,

%S (for 9,27%Fe) = (9.27)(32.064)/(55.847) = 5,3223
ot 9,27 + 5,3223 = 14,5923% FeS

22,5 = 5,3223 = 17.1777% S left,

% Sn = (17.1777)(118.69)/(32.064) = 63,586
S0, 17.1777 + 63.586 = 80.764% SnS,
Total: 95,356% Samnle,

Samnle S - 3,

% S (for 11,5% Fe) = (11.5)(32.064)/(55.847) = 6.6026
. 6.6026 + 11,5 = 18.1N26% FeS
24,4 - 6,6026 = 17.7974% S left.

% Sn = (17,7974)(118,69)/(32.064) = 65,88
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SO, 17,7974 + 65,88 = 83,67747% SnS,
Total: 101.7974% Sample,
Sample S - 4,

% S (for 15,9% Fe) = (15.9)(32.064)/(55.847) = 9,129
e 9,129 + 15,9 = 25,029% FeS
26.4 - 9,129 = 17.271% S left,

% Sn = (17,271)(118,69)/(32.064) = 63,932
S0, 17,271 + 63,932 = 81,2n3% SnS,
Total: 106,232% Sample.

Therefore, considerina the difficulty in the analvsis of Sn, and the nossi-
ble error in the analvsis of sulfur, the matte composition is taken as fo-
1lows:

Matte prepared Chemical Analvsis Balance
for ____%FeS % FeS % SnS
6 5.81 94,89
15 14,5923 85,4077
18 18,1026 81.8974

25 25,029 74,971
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Appendix IV

Sulfur Potential Control

Derivation of the eauations involved See section 2,, Chanter 1V,

Interaction Between SnSLC 1) and H,,S/H2 Mixtures, Free eneraies (in
4 o

cal/mole) of Sn - S reactions from Table III, Ch, II (Ref, 23), Free ener-
gies (in cal/ mole) of H - S reactions from Table ¥, Ch., II (Ref. 1).

—_—— o

D T N RS A6

— 0

"a(q) * % So() ™ oS () » 25
o) T o) T3 PP, A6 = a6 + A6 (6 in Ch.1V)

. L 0

b) SnS(]) C Sn(]) + 4 Sz(q) , 1363

1 —_— . o}

"aa) * % So(a) T M5 (a) » 2%

. 0 _ A0 10 . 1
SnS(]) + Hz(q)-—— Snm + HZS(q) » AGy =AG, +AG, (7 in Ch,1V)

.. For (6) and (7):

PH,S - AGY
27(q) - oo R (1v.1)
p RT
Ha(a)
— 0
c) NSy T== NSy, DG,

———

L (o]

== H,S

1. . 0
Hatq) * %2 S2(0) 2°(q) A

Aag =AG2 +AG§+AG§ (8 in Ch.IV)

SnS(q) + HZ(q)=;== Sn(]) + HZS(Q)
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e p
H2S ()
p
H2(q)
d) ZSnS(q) —
Snzsz(q) _
ZSnS(q) S

0
-AGR
= | exp
RT
S
2Sn (1)
snS
2sn (q)

ZSn(]) + Sz(q)

2H2(q) + SZ(q)==== ZHZS(q)

Psns(q)
, 2AG2
AG°
’ 5 4
, AGg
2465
0
, ASGR
Y
*p
SnZSZ(q)

143

(1v.2)

(9 in Ch,IV)

(1v.3)

Interaction Between FeS(c 1 and HZS/H2 Mixtures., Free enernies of the

Fe - S, and the H = S reactions from Tables IV and V respectively (Chapter

I1), A1l free enerqy exnressions in cal/mole,

e
—_————

TS

2k8(¢) * S2(a)

2}{2((}) + SZ(n) — ZHZS@)

FR T T () T M)

or,

[

P
HZS(q)

Pata)

FeSiey * gy =

= exn

0
-AGR

RT

EE(C) * Ho500)

,  AGS
1,

, 206,

. AGy,

’ AGg = l/zAth

(10 in Ch,IV)

(1v.4)
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- —_— 1 10
— 0
"o(n) * % S2()) T M) o
FeS, \ + H,, == F + H.S G2
PG A I C N
and: P s / Py same as (IV.4).
2 2
e t——— " 1. 0
c) FeSiy) = ;F(c) YRSy s D6
1. —— ’0
H2(0) o SZ(n) H25(0) ’ A(\2
— (o}
R ()T e P ) A
and: Py s / Py same as (IVY.4),
2 2
1, —T 0
d) FEE(C) + 1 sz(q).-TESE(C) y AG;
—— o — O
st(q) —_— |@(n) + 252(q) . AGzr
FeS(C)+ st(q)==== resz(c) + Hz(q) , ZBGR
e p
H25(a) RT
———emenemee— = QXN | - 0
P, AG
Ha(a) R

144

(11 in Ch, IV)

(12 in Ch, IV)

(13 in Ch, IV)

(1V,5).

The respective ratios were calculated from (IY.1) thorouah (IV,5). The re=

sults are tabulated in this Apnendix, Fiqure 12 in Chanter IV .;as obtained

from these calculations,
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Sample Calculation for the Vapor Pressure of SnS
Above Pure SnS(c,1), and Above Sn-Fe Mattes.

The partial pressure of SnS vapor can be represented by:

NSns
Psps = - . . Pt (atm) (v.1)
SnS Carrier gas
But since Acarrier gas > Sps
then: Nens
Psps = Py (atm)

Carrier gas

The perfect gas law can be applied to the carrier gas. Therefore the volume
of the carrier gas is given by:

R Tr

V(Carrier gas) p " Mcarrier gas (v.2)

where Tr is the temperature at which the volume of the carrier gas is measured
(9K).
From (V.2):

n . = s (v.3)
Carrier gas RT

where R, the gas constant, is equal to 0.08205 1t atm/gmole OK.
The number of moles of SnS is represented by:

JAY !

T — (v.4)
150.754

Nsns
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where AW is the weight of sample lost during a test (in gm).
Hence, substituting (V.3) and (V.4) into (V.1) yields:

AW Pt Tr

Pec = ,
SnS P, V 150.754

atm (v.5)

where V is in 1t, and AW in gm,
Since the weight loss during a test was in all cases a fraction of a gm, it
is better to convert gm to mg in equation (V.5). Thus:

(AW, gm)(0.08205)(Tr)

pSnS = ’ atm
(v, 1t)(150.754)(1000 mg/gm)

Finally:

(AW, mg) -7
= ——— (7., %)(5.4-107")

, atm .
(V. 1t ) r

Psns

The values of Tr and AW/V were taken from the third and last column respecti-
vely, from Tables V.1 through V.3 .

The equilibrium vapor pressure was obtained from the average of all the tests
marked (*), for each individual group.

The least-squares fit results for all the groups of tests run, are given in
the following pages. The program itself is not listed here since it is a com-
mon program in use at C. S. M,

ot
= Log Psns , and

In these results:

STD ERROR OF Y = Standard deviation of Log Psns



T-1501

PUKE SC€LID SNS .

CARRIERK GAS: NITREGEN.

LEAST-SQUARE

NUMRER CF PEINTS
vVEAN VALUE
MEAN VALUE

STD EkRkEEK

¢rF X
1 2
CrF Y

S

- KEACTIEN CHANMREK:

PeL Y

9.3296
-?048843
0.477698

NC¢TE: CCDE F@R WHAT NEXT? IS:

PCLYFIT ¢F DEGRFE

?2

TERWM

o
1

X~-ACTUAL
9.7607

9.3075
892061

WHAT
2?0

NEXT?

WN =0

STD

STEP Pk{Ghady

CCEFFICIENTS ONLY

ENT I KF

CCEFFICIENT

8.0881
-1.13365

Y-ACTUAL

'2- 49935
-2.00537

ErRRER €F ESTIVATE FCK Y

SUNMNMAKY
FIT NEXT HIGHER DEGKEE

1 INDEX €F DETEKN

Y-CALC

-2.97715
-2.02478

N ¢ M

158
NCe 1.
I AL S
0995738 WHAT NEXT?
DIFF PCT-DIFF
1 e656T4E -2 -0«556435
=359742E -2 1 e 46036
1« 34068E=-2 ~0.958467
0.0441049
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PURE S€LID SNS.

159 .

CARRIER GAS: (HZ2S + H2) NIXTURES . - REACTION CHAMBER: NC. 2.

A

LEAST-SQUARES PeCLYNGEWNMIALS

NUMRER CF PBINTS = 2

VMEAN VALUE €F X = 9.0702

~MEAN VALUE €F Y =-2.32033
= 0341073

STD ERKCK €F Y
NCTE: CEDE FChk WHAT NFAT? IS:
STEP PHCGRAWN
CCEFFICIENTS ONLY

ENTIRE SUNVNMAKY
FIT NEXT HIGHEK DEGKEE

WN -0
o nn

PeLYFIT €F DEGREE 1 INDEX ¢F DETERM = 1 WHAT NEXT?
22

TERWM™ CQEFFICIENT
0] 765915
1 -1.10025
X-ACTUAL Y-ACTUAL Y-CALC DIFF
902894 ‘?056‘5 ‘205615 ‘6055651‘;‘7
8.851 =2.07915 ~2.07915 Seb66244E-7

STD ExKRCKR @F ESTIVMATE FCK Y = O

WHAT NEXIT?
?0

PCT-DIFF

0.0000255964
~2.72344E-5
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PURE LIGUID SNS.
CARRIER GAS: (H2S + H2) MIXTUKRES. - KEACTIGN CHAMFER: NC. 2.

LEAST - SQUARES PELYNEMIALS

3

NUMBREKR €F PCINTS =

¥EAN VALUE €F X = 8.5025%

MEAN VALUE €F Y =-1.75119
STD ERkER €F Y = 0.132558

NGTE: CCDE FCk WHAT NEXT? IS:

STtFP PR{GxrANM
CCEFFICIENTS €NLY
ENTIKRE SuUMMAKY

FIT NEXT HIGHER DEGKEE

W N - O
-t tn

POLYFIT €F DEGRFEE 1 INDEX €F DETERM = 0.993979 WHAT NEXT?
2?2 ‘

TERM CCEFFICIENT
0 S«79595
1 ~0.88763
X-ACTUAL Y-ACTUAL Y-CALC DIFF PCT-DIFF
R.6389 ~1.87943 ~1.87219 =7.23790F -3 0.3866
83437 ~1.6147 -1.61016 =4.536265-3 V281726

8.52515 ~1.75945 ~1.77122 117741k -2 =0e664743
STD Ekk€rx ¢2F ESIIMATE FCK Y = 0.0145463

WHAT NEXT?
20
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SNS

CARRIER GAS:

LEAST-SQUARE

NUMBER @F PRINTS
MEAN VALUE ©F X
VEAN VALUE €F Y

STD ERKERK €F Y

NeTE :

WN -0
fn 1 v n

FIT NEXT

PELYFIT @F DEGREE 1

(H2S + H2) MIXTURES. -

CCDE FCR WHAT NEXT?

INDEX €F DETERM =

161

~ 5.81%ZFES MATTE.

REACTION CHAMBEK: NC+ 2.

S PeLYNGEMIAL S

«62925
« 90686
« 149754

4
8
-1
o

IS:

STOP FPRCGRAN
CCEFFICIENTS €NLY
ENTIKE SuMiMAKY

HIGHEK DEGKEE

0.99%9644 LWHAT NEXT?

?2

TEKWM CCEFFICIENT
0 558914
1 -0.868673

X-ACTUAL Y-ACTUAL Y-CALC DIFF PCT-DIFF
8.58 -1.86059 -1.86407 3+.48286E-3 0. 186842
8.407 -1.71543 -171379 ~1.63749E-3 9eS5477E -2
8.78 -2.0368 -2.03781 100735k -3 ~4.54330E-2
B.75 -2.0146 -2.01175 -2.85283E-3 0.14180%

STD

WHAT NEXT?
?0 .

ERKCk CF ESTIVMATE

FER Y = 3.46158E-3
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SNS - S.81%ZFES MATTE (UNCCKKECTED)

CAR&IER GAS: (H2S + H2) MIXTURES. - REACTICN CHAMREK: NP. 2.

1

LEAST-SQUARES PEQLYNECMIALS

NUMBEK @F PCINTS = 4

"MEAN VALUE €F X = 8.62905
MEAN VALUE CF Y =-1.89974
STD ERRCK €F Y =

0.162047

)

NeTE: CeDE Fek WHAT NEXT? IS:

STEFP PhEC KAV
CCEFFICIENTS €NLY
ENTIKE SUMMARY

FIT NEXT HIGHER DEGREE

W N - O
W

PZLYFIT @F DEGREE 1 INDEX €F DETERM = 0.998941 WHAT NEXT?
22 '

TERM CCEFFICIENT
0o 6.19243
1 -0.937782
X~-ACTUAL Y-ACTUAL Y~-CALC DIFF PCT-DIFF
8.58 -1.86059 -1.85374 -6.84573E-3 0.369292
8.4062 -1.6869% -1.69076 0.00377777 -0.223437
8.7R -2.0368 -2.0413 4.5007%E=-3 ~0.220456
8.75 -2.0146 -2.01317 -1.43275E-3 7.11688E-2

STD ERRCR €F ESTINVATE FER Y = 6.45931E-3

WHAT NEXT?
2?0
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SNS = 14.59%ZFES MATTE.
CARRIER GAS: cHes‘; H2) MIXTUKES. - REACTICN CHAMREK: N¢. 2.
LEAST-SQ@UARES PeLYNEMIALS
NUMBEK CF PCINTS = 3 : -
MEAN VALUE CF X = 8.83927
MEAN VALUE CF Y =-2.14059
STD ERRER €F Y = 0.276321
NCTE: CCDE FCR WHAT NEXI? IS:
0 = STZP PKRCGKAM
1 = CEEFFICIENTS ENLY
2 = ENTIKE SUMMAKY
3 = FIT NEXT HIGHEK DEGKEE
PCLYFIT €F DEGREE 1 INDEX @F DETERM = 0.99746 WHAT NEXT?
22 ‘ '
TERM CeEFFICIENT
0 5.67853
1 -0.884589
X-ACTUAL _Y-ACTUAL Y-CALC DIFF PCT-DIFF
9.12 -2.399 -2.38892 -1.00764E-2 0.421798
88944 ~2.17347 -2.18936 1 eS58904F -2 -0.725801
8.5034 -1.8493 -1.84349 -0.00531387 0.315374
STD ERRCk CF ESTINMATE FCR Y = 1.96937E-2
PHAT NEXT?

?0
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SNS - 25.029%ZFES MATTE.

CARRIER GAS: (H2S + H2) VMIXTUKES. - REACTICN CHAMBER: N@. 2.

LEAST-SOQUARE

S PeLYNGEWMIALS
NUMRER CF PEINTS = 3 :
MEAN VALUE CF X = 8.60773
MEAN VALUE €F Y =-2.00524
= 0.203871

STD ERKCK CF Y
NCTE: CODE FeKk WHAT NEXI? IS:

STCP PRCGKRAM
CGEFFICIENTS @NLY
ENTIKE SUMMAKY

FIT NEXT HIGHER DEGKEE

WMN-0
Hhwnn

POLYFIT €F DEGREE 1 INDEX €F DETEKM = 0.999379 WHAT NEXT?
72

TERWM COEFFICIENT

0 6 .03485

1 -0.934054
X~-ACTUAL Y-ACTUAL Y-CALC DIFF PCT-DIFF
8.3752 -1.7903 -1.78804 ~2.25864E-3 0.126319
8.64 -2.02956 -2.03538 S«818B4E-3 -0.285885

STD ERRCR CF ESTIMATE FEK Y = 7.1856KE-3

WHAT-NEXT?
2?20
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SNS - 18.103%ZFES M™MATTE.

‘CARRIER GAS: (H2S + H2) MIXTURES. - KEACTIEN CHAMRER: NC. 2.

LEAST-SQ@UARES PELYNOMIALS

NUMRER €F FEINTS = 3
VEAN VALUE 775 =& = <,.,%0047
MEAN VALUE €F Y =-2.20937
STD ERREGR €¢F Y =

0.346962
NCTE: CEDE FGR WHAT NEXT? 1IS:

STeP PRCGRAM
CCEFFICIENTS ©NLY
ENTIRE SuMMAnLY

FIT NEXT HIGHEKR DEGKEE

WN -0
ionoaen

PCLYFIT ¢F DEGREE 1 INDEX €F DETERNM = 04995545 WHAT NEXT?
22 ’ '

TERM CCEFFICIENT
0 5.76218
1 -0.896439
X-ACTUAL Y-ACTUAL Y-CALC DIFF PCT-DIFF
9.2893 ~2.5773 =2+5651 ~1.21967F-2 0475484
8.8702 -2.1627 -2.18941 2.67060FE~2  -1.21973
85179 -1.8881 -1.87359 ~0.0145094 O0«774414

STD EKRCZR ¢F ESTINMATE FER Y 3.2T74¥9E-2

WHAT NEXT?
2?0
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Appendix VI

Tin-Iron Mattes

Corrected Equations for the SnS Vapor Pressures

Taking the mean value of the O~ function (See Table X, Chapter VI):

o = 1193.2 ,

and the equation obtained for pgns (Table IX, Ch. V), Log Pgps €8N be re-
calculated as follows:

Log pgpg = L°9‘¥A5ns + Log pgpg + Log Ng o

where LogX‘SnS = ( Dé-NEeS) / (RT)

The corrected values are listed in table VI.1, and the least-squares fits
are given thereafter.
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Appendix VI. Table VI.1

Corrected Values of Log Psps

MATTE TEMPERATURE Log pg.c » (atm)
COMPOSITION oK 104/

SnS - 5.81%FeS 1139.0  8.780 - 2.03869
| 1143.0  8.750 - 2.01142
1164.6  8.587 - 1.86743
1189.5  8.407 - 1.70792.
Sn - 14.59%FeS 1096.6 9.120 - 2.39781
1124.3  8.894 - 2.19869
1176.0  8.503 - 1.85212
SnS - 18.103%FeS 1076.0  9.294 - 2.57250
1127.4  8.870 - 2.19770
1174.0 8.518 - 1.88630
SnS - 25.03%FeS 1135.3  8.808 - 2.18865
1194.0  8.375 - 1.80578
1157.4  8.640 - 2.03994
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SNS SBIZFES MATTE
2k 3 3k S ok 3 e 3% 3k 3l K ok O e sk oK 3K ook koK %k
LEAST-SOUARES POLYNGBGMIA L'S
NUMEER CF PAINTS = 4
MEAN VALUE @F X = 8.631
MEAN VALUE OF Y =-1.90636
STD ERROR @F Y = 0.152143
NGTE: CODE FER WHAT NEXT? IS:
0 = STGP PrROGRAM
1 = COEFFICIENTS OGNLY
2 = ENTIRE SUMMARY
3 = FIT NEXT HIGHER DEGREE
PALYFIT @F DEGREE 1 INDEX OF DETERM = 0.999997 WHAT NEXT?
22
TERM COEFFICIENT
0 $S.74018&
1 -0.885939
X-ACTUAL Y-ACTUAL Y-CALC DIFF PCYT-DIFF
Re78 -2.03869 -2.03837 =3.20077E-4 1570265-2
HeT5 -2.01142 -2.01179 3e71724E-4 -1.84773-2
BeSH7 ~1.86743 -1.86738 =4e6327T72-5 2.45089=-3
8407 -1.70792 -“1.70791 =5.31971E-6 3.11474E-4

STD ERROR @F ESTIMATE FGR Y

WHAT NEXT?
2?0

= 3.48427E-4
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SNS = 14.5923%FFES MATTE
sk ok 3k ok s ke sk ok ok 3k 2k 33 ok ok 3k 3 ok s ok ke ok ok ok ok K
LEAST-S0O0OUARES PGLYNDBGMIALS
NUMRBRER OF POINTS = 3
MEAN VALUE OF X = B.439
MEAN VALUE ¢F Y ==2.14954
STD ERRKCGKR CF Y = 0.276145
NGTE:s CGDE F@RrR WHAT NEXT? 1IS:
0 = STOP PrOGRAM
1 = CEEFFICIENTS ONLY
2 = ENTIRE SUMMARY
3 = FIT NEXT HIGHER DEGREE
PBGLYFIT GF DEGREE 1 INDEX BF DETERM = .0.999998 WHAT NEXT?
22
TERM COEFFICIENT
6] S«66976
1 ~0.B884636
X-ACTUAL Y~-ACTUAL Y-CALC DIFF PCT-DIFF
9.12 -2¢39781 -2.39812 0.000312775 ~1304255-2
B394 -2.19369 -2.19819 -4 «95106E~-4 2.25233E-2
8+503 -1.85212 -1.8523 1.82033k-4 -0.00952737
STD ERRCR &F ESTIMATE FOR Y = 6.13265E-4
SHAT NEXT?

20
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SNS = 18.103%FES MATTE
ok ok ok sk ok ok 3k ok ok ok Sk o 3k 3k sk ok o ok ok 3K oK oK oK KR

LEAST-SOUARES POLYNGOGMIALS
NUMPRER §iF PGINTS = 3
MEAN VALUE CF X = 8.894 _
MEAN VALUE OF Y =-2.21883 j
STD ERRGR GF Y = 0.343588 {

N@TE: COGLDE FGik WHAT NEXT? IS:

STEP PROGRAM
CCEFFICIENTS ONLY
ENTIRE SUMMARY

FIT NEXT HIGHER DEGREE

WO -0
nouwoun

POLYFIT GF DEGREE 1 INDEX GF DETERM = 1. WHAT NEXT?
72

TERM COEFFICIENT

0 S«eA4584

1 ~0.884267
X-ACTUAL Y-ACTUAL Y-CALC DIFF

9.294 ~2.5725 -2.57254 3.99947E-5
.87 ~2.1977 -2.19761 -8.90791E-5

8.518 ~1.8863 -1.88635 4.89652E-5

STD ERRGR OF ESTIMATE FGR Y 1.G9235E~4

WHAT NEXT?
2?0

170

PCT-DIFF

-0.00155468
0.00405345
-2.59577£-3
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SNS = 25.0297FES MATTE
e o 3 o ok ke ke i ok sk ke ok ok i ok ok e ok Sk ok ok ok ook K K

LEAST-SGQ@QUARES PGLYNOGMIALS
NUMPER 6F POINTS = 3
MEAN VALUE 6F X = B.60767
MEAN VALUE GF Y =-2.01146
= 0193018

STD ERROR GF Y
NGTE: CEDE FOR WHAT NEXT? IS:

STEP PRGGRAM
CGEFFICIENTS ONLY
ENTIKE SUMMARY

FIT NEXT HIGHER DEGREE

WN=-=O

PGLYFIT ©F DEGREE 1 INDEX @F DETERM = 1. WHAT NEXT?
2?2

TERM CCEFFICIENT
0 5.59918
1 ~0.-884169
X~ACTUAL Y-ACTUAL Y-CALC DIFF PCT~DIFF
3 .808 -2.18865 -2.18859 6«4 TS04E =5 2.959015-3
8.375 -1.80573 -1.80574 ~4.01586E-5 2.020394E-3
8.64 -2.03994 -2.04004 1.04696E-4 -0.00513202

- STD ERRGR CF ESTIMATE F@R Y = 1.29491E-4

WHAT NEXT?
20
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Appendix VII

Program SUBREG

The Gaussian Algorithm to Calculate n

Simultaneous Linear Equations

hDIM I(50),J¢(50)5A(50,50),B(50),X(50)

N=4
REM

172

REM PREGGRAM SUBREG CALCULATES N SYMULTANECUS LINEAR EQUATIENS

REM USING THE GAUSSIAN ALGORITHM.

REM

REM AC1s1IXT + AC1,5,2)X2 + AC153)YX3 + eceeceeececeees = BI
REM eeecevsee *+ oseceseoe + eeecceece + o evsssesee = soe
REM ACNS1IIX1 + ACNL,2IX2 + A(Ns»3IX3 + ecssscececeses = RBRCN)
REM ' ’

FER I=} TO N

FCR J=1 TC N

READ ACI, )

NEXT J

NEXT 1 A

PRINT"SYMULTANECGUS LINEAR EQUATIONS: GAUSSIAN ALGGRITHM"
PRI NT " sk ok ok ok sk 5k sk ok s sk ok 3 ok 3 ok o o ok ok 3k ok sk ok ok ok ok 3k ok ok ok ok ke ok ok ok o ok ok ok ok ok ok ok ok ok ok ok ke k ok
PRINT

PRINT"™CQEFFICIENTS ARE:"

PRINT

FOR I=1 T N

F@R Jd=t T@ N

PRINT ACI,J)

NEXT J i
NEXT 1

PRINT

F@R J=1 TE€ N

READ B((J)

NEXT J

PRINT"INDEPENDENT CENSTANTS ARE:"
PRINT

FOR J=1 To N

PRINT B(J)

NEXT J

PRINT

PRINT

FZR K=1 T€ N

REM

REM REW NERMALIZING LECCP STARTS.
0 FCR J=(K+1) T@ N

0 A(K,L,JU)=A(K,JI/AC(K,K)
0O NFXT J
0O RB(K)I=B(KI/ZA(K,K)
2 REM
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Appendix VII - Continued
REM ROW NORMALIZING Lec2P ENDS.
134 REM
135 REM
136 REM SUBSTRACTING MULTIPLES €F kKCW K FRZM ALL
137 REM THE SUBSEQUENT ReWS STARTS.
138 REM '

140 FOR I=(K+1) T@ N

150 F2R J=(K+1) TO N

460 ACILU)=ACTILU)-ACIKIXA(KLJ)

170 NEXT J

180 B(I)>)=B(I)~-A(I,KI*B(K)

190 NEXT 1

200 NEXT K

201 REM

202 REM SUBSTRACTING MULTIPLES @F R@OW K FROEM ALL
203 REM THE SURSEQUENT REWS ENDS.
204 REWM

205 REWM

206 REWM THE BACK S@LUTION STARTS.
207 REM -

210 FOR I=N T€ 1 STEP (=-1)

220 X(I)>Y=B(I)

230 J=N

240 IF J<=I THEMN 280

250 XC(I)=XC(I)-ACI,0)*X(I)

260 J=J-1 ) /

270 G@ TE 240

280 NEXT 1

282 REM THE BACK SZLUTI@N ENDS.
283 REM

284 PRINT"NUNMBER @F VARIABLES ="3N

285 PRINT ' ,

286 PRINT"S ¢ L U T I @ N S ¢

290 PRINT " % sk %k sk sk %k s ok sk ok % ok ok ke sk keok k¢

300 PRINT

305 FER I=1 TQ N

308 PRINT"™X(*31I3) = "3X(CI)

310 PRINT

320 NEXT 1 .

330 DATA 58929,5.5698E =45 e 45245 4¢2TS6E~45 o 4049353e618E-43e25765,2.3021E-4
331DATA «0399852G68E-5,Te988E=355e93E-6s3¢T703E-3,2.6E-6,2.2253E-4
332 DATA 1.5E-7

340 DATA +188345,.0806775-.0054195,~-.0090738
S00 END

1

READY
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Appendix VII -  Continued

SYMULTANE@QUS LINEAR EGQUATI@NS: GAUSSIAN ALGZRITHM
3 3 ok ok 3 sk ke ok ok 3k ok ok ok ok ok ok ok ok 3k 3k ok ok 3k 3k ok ok ok ok sk ok ok e 3k ok ok ok ok 3k o ok ok ok ok ok ok ok ok

COEFFICIENTS ARE:

»*0«58929
5.56980E-4
0.4524
4.27560E-4
0.4049
3.61800E-4
0.2576
2.30210F -4
3995007-2
0.00002968%
7.98300E-3
5.93000£-6
3.70300E-3
2.60000E-6
2.22530z-4
0.00000C015

INDEPENDENT CENSTANTS ARE:
0.188345

0.080677

-0.006419

-9.07800E-3

NUMBER OF VARIABLES = 4

S@eLUTI!IOo®NS:
e ok ok ok ok ok ke sk sk ok ok ke ke ke ok ok ok ok X

X¢( 1 ) = 527.245
X¢C 2 ) = =-7735869.
XK€ 3 ) = 119.697
KC 4 ) = 154857.

Note. Data from table XV, Chapter VI.
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Appendix VIII

Numerical Results of Log Pgps 25 @ Function of

Sn Content in Sn-Fe Mattes, and Temperature.

It was found that:

_ 8876.3 260.8 ,,2
Log Psps = - ; + 5.80 + Log NSnS + : NFeS , (Eqn. 44, Ch, VII)

This equation was programmed for a temperature range between 1000 and 1500°0K,
and from 0% to 100% Sn in matte.
The results are tabulated in the following pages.



100
102
103
137
138
140
141
142
143
144
145
126
150
160
165
170
180
185
190
195
200
210
220
230
235
240
245
250
255
400
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PRINT

PRINT

PRINT

PRINT

PRINT

PRINT

PRINT"P(SNS) VS. WTZSNS IN MATTE - REGULARITY CCNST. = 260.8"
PRI NT "k 2 sk sk sk 3 sk 5k o 3 3 sk vk ok e ok ok e ok ok o sk ok ok skokook >k 3 2k e ok e e S ok e vk ok ok ok 3k ok sk ke ok ok sk skeok kke !
PRINT

PRINT"CALCULATICN OF PC(SNS) AS A FUNCTIZN OF COMPOSITICN AND TEMP.'
PRINT '

PRINT

FGR T=1000 T¢ 1500 STEP 100

PRINTY"TEMPERATURE = *5T;3"DEG. K"
PRINT"***********************f******"

PRINT
PRINT'"WTZ SN*,"WTZSNS","NCSNS)",""LGG P(SNS)","P (SNS)"
PRINT

FOR A= 10 T@ 100 STEP 10

S=A%1 1077150754
NI=CA/150.754)/7CCA/150.754)+(C100-A)/87.911)
N2=1-N1 ' ‘
P1=-88763/T+5.796+(LCGIN1))/2.303+260.8%x(N2t2>/T
P2=EXP(P1%2.303)

PRINT S,AsN1,P1,P2

NEXT A

PRINT

PRINT

NEXT T

END

READY
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\

PCSENS) VS. WTZSNS IN MATTE - REGULARITY C@NST. = 260.8
3 e 0 ok ok ok ok ok ok ok ok ok ok s ok sk ok ok ok ke e ok ok ok ok ok ok sk ke e ok sk ok ok s ok ok ok ok o ok ok ok ok sk ok Ok K ok ok ok

CALCULATIGN €F P(SNS)Y AS A FUNCTIECN €F CGMPOSITION AND TENMP.

TEMPERATURE = 1000 DEG. K

o 3k ok ok o ok e ok ok ok sk ok Sk ok sk ok sk sk ok sk Sk ok sk sk ok ok ok 3k ok oK

WTZ SN WTZSNS NC(SNS) LG P(SNS) P (SNS)

T 87375 10 6.08508E-2 ~4.06579 8.57983E-5
15.7475 20 0.127236 -3.77687 1.66897E-4
23.6213 30 0199948 -3.61232 0.000243795
31,495 40 0.279934 -3.49792 3.17284E -4
39.3688 50 0.368345 -3.40991 3.88575E-4
A7 . 2425 60 0+466585 ~-3.3371 4.59510E~-4
55.1163 70 0.576391 =3.27274 5.32929E-4
62.99 80 0.699931 -3.21173 6.13320E-4
T0.8638 SO 0.839956 -5414235 T.O0ROB1E=-4
787375 100 1 -3.0E803 8e30128E-4

TEMPERATURE = 1100 DEG. K

3 ok ok 3 ok ok ok sk ok ok ok ok ok 3k ok 3k 3k ok ok ok %k ok ok ok ke ko

WTZ SN WTZSNS N{SNS) L@2G P(SNS) P (SNS>
787375 10 6 08508E~-2 ~3.27976 5.24379E -4
1S.7475 20 0.127236 -2.988 1.02675E-3
23.6213 30 0199948 -2.82056 1.50983E-3
31.495 40 0.279934 -2.70328 197804E-3
39.3688 50 0.368345 -2+61243 2043834E-3
47 « 2425 60 0.466585 -2¢53691 2.90155E~-3
55.1163 70 0.576391 -2.47006 0.00338451
62.99 80 0.699931 -2.40693 3¢691412E-3
70.8638 S0 0.839956 -2.34302 45.53479E-3
78.7375 100 1 ~2.27336 S.32386E-3

TEMPERATURE = 1200 DEG.

e ok ok sk 3k ok ok ok ok ok ok ok ke sk ok ok 3k sk sk sk K ok kK oK ok oK K

WTZ SN WTZSNS NCSNS) LEG PC(SNS) P (SNS)

7 87375 10 6 .08508E~-2" -2.62474 237020E-3
157475 20 0.127236 -2.3306 4666640FE -3
23.6213 30 0.199948 -2.16076 C«.006E999K
31.495 40 0279934 -2.04108 9.08985E-3
39.3688 SO 0.368345 -1.94787 1.12662E=-2
47 2425 60 " 0.466585 -1.87009 1 e 34764E -2
5541163 70 0.576391 -1.80116 1 e57949E -2
62.99 80 0.699931 -1.73626 0.018341
70.8638 90 0.839956 -1.67108 2.13118FKE-2
78.7375 100 1 -1.60092 2.504937-2
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PC(SNS) VS.
e ok s ok ok o 3 ok ok ok ke ok ok ok o ok oK ok Sk ke ok ok ke K ok ok K

WTASNS IN

MATTE

- REGULARITY CCNST. = 260.8
% e 3k e e ok sk ok sk sk sk ook ok ok ok ke dkok ok ok ok

178

CALCULATIZN @F P(SNS) AS A FUNCTICN QF CeMPOSITION AND TEMP.

TEMPERATURE

WTZ SN

787375
15.7475
23.6213
31.495
39.3688
47 « 2425
55.1163
62.99

T0.8623%
787375

TEMPERATURE

WTZ SN

787375
15.7475
236213
31.495
39.3688
47 . 2425
55.1163
62.99

70.8638
78.7375

TEMPERATURE

WTZ SN

7.87375
15.7475
23.6213
31.495
39.3688
47.2425
55.1163
62.99
70.8638
78.7375

= 1300 DEG. K
o ke ok sk ok ok o ok sk ok ok ok ok ok ok ok sk sk sk sk ok ook ok Ok ok ok ok

WTZSNS

10
20
30
40
50
60
70
80
S0

100

= 1400 DEG. K
3 e e 3k sk ok 3k sk 3 ok ok ko ok ok 3 K ok sk ok ok ok ok ok ok ok ok

WTZSNS

10
20
30
40
50
60
70
80
90
100

= 1500 DEG. K
e 3k ¢ ok e 3k e 3k ok e ok ok o ok ke ok ook ok sk ook K ok ok ok ok kK

WTZSNS

10
20
30
40
50
60
70
80
90
100

NCSNS)

6 .08508E-2

0.127236
0199948
0.279934
0.368345
0.466585
0.576391
0.699931
0.839956
1 .

NCSNS)

6.08508E-2

0.127236
0199948
0.279934
0.368345
0.466585
0.576391
0.699931
0.839956
1

NC(SNS)

6.08508E-2

0.127236
0199948
0.279934
0.368345
0466585
0.576391
0.699931
0.839956
1

LOG P(SNS)

-2+07049
-1.77434
-1.60247
-1+48075
-1.38555
-1.30585
-1.23516
~1.16378
=1.10251
-1.03192

LEeG PC(SNS)

~1.59542
~1.29755
-1.12393
-1.00047
-0.903556
~0.82222
-0.750026
-0.682358
-0.615173
=0e544214

LEG P(SNS)

-1.1837
-0.884324
-0.709202
-0.584229
-0.48583
~0.403072
-0.329574
~0.260795
-0.19281
-0.121533

P (SNS)

B+49439E-3
1.68013E-2
0.0249598

3+30357E-2
4411342E-2
4.94212E-2
S.81586E-2
6.7T7662E-2
7«RBO3Z2E-2

0.0928733

P (SENS)

2.53681E-2
0.0503757
0.0751387
9.98502E-2
0124819
0.150523
0.177762
0.20774
0.242503
0285554

P (SNS)

6.547T1E-2
0.130472
0195286
0.260415
0.32665
0.395235
0.46813
05483477
0641439
0.755866
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P(SNS) VS. WTZSNS IN MATTE -
e sk ke ok ok ok 3 ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok

REGULARITY CCNSTe. = 260.8
3k sk ok ok ok ok ok sk ok ok ok ke ok ok ok ok ok ok ok ok e ke

CALCULATION OF PC(SNSY AS A FUNCTIEN GF CeMPOSITICN AND TEMP.

TEMPERATURE = 1000 DEG. K
e ok ok ok ok sk ok sk st ok ok ok ok ko ok koK o ok ok ook ok ok ok ok ok

WTZ SN WTZSNS NCSNS) LEG PCSNS) P C(SNS)
1.57475 2 0.0117609 ~4.75481 1.75522E~5
3.1495 4 2.37212E-2 444563 3.49060E~5
4.72425 6 3.58861E-2 -4.2827 S.20634E-5
6.299 8 4.82608E-2 -4.16023 6+90266E -5
7.87375 10 6+.08508E-2 -4.06579 8.57983E-5
9.44851 12 0.0736618 ~3.98906 1.02381E-4
11.0233 14 Be66997E-2 -3.92455 1.18779E~4
12.595% 1A G.992T705E-2 R HARG9 1.340958 =4
14.1728 18 0.113481 ~-3.82024 0.000151032
15.7475 20 0.127236 -~3.77687 1.66897E~4

TEMPERATUKE = 1100 DEG. K

K 3k s ok 3k ok sk 2k ok % ek %k vk sk vk ke sk ke ok sk ok ok ok ok ok ok ok Xk

WTZ SN WTZSNS NCSNS) LEG P(SNS) P C(SNS)
1.57475 P 0.0117609 -3.97103 1.06722E -4
3.1495 4 2.37212E-2 -3.67196 2.12511E-4
4.72425 6 3.58861E-2 -3.4978 3.17375E-4
6.299 8 4.82608E -2 ~3.37477 0.00042132¢
7.87375 10 6+.08S08E -2 -3.27976 5.24379E~4
9.44851 12 0.0736618 -3.20247 0000626545
11.0233 14 8e66997TE-2 -3.13739 7.27850E-4
12.598 16 9.9970SE-2 -3.08126 8.28303E~24
14.17238 18 0.113481 -3.03194 9.27930E-4
15.7475 20 0.127236 -2.988 1.02675E=3

TEMPERATURE = 1200 DEG. K

ok e ok 3 3k sk ke sk s sk ok e kK sk sk ok ok sk ok ok ok ok ok sk ke ok ko

WTZ SN WTZSNS NCSNS) LEG PCSNS) P (SNS)
1.57475 2 0.0117609 -3.31788 4.8031235-4
3.1495 4 2.37212E-2 -3.01834 9457 44SE -4
4.72425 6 3.58861E-2 -2.84372 1.43144E=-3
6+299 8 4.82608E-2 -2.72022 1.90234E-3
7.87375 10 €& +08SO8E -2 -2.62474 2.37020E-3
9.44851 12 0.0736618 -2.54698 . 2.8350%E-3
11.0233 14 8.66997E-2 -2.48143 3.29706E-3
12.598 16 9.99705E-2 -2.4248] 3.75621E-3
141728 18 0.113481 -2.37502 4.21263E-3
15.7475 20 0.127236 4.66640E -3

-2.3306
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P(SNS) VS. WTZSNS IN MATTE - REGULARITY CONST. = 260.8
e 3k e ok Ok koK o ok ok ok ook ok ok s ke ok ok K ok ok sk ok ok o ok ok ok sk o sk e ok ok sk ok sk ok ok ok ke sk ok ok ok ok

CALCULATIEN @F P(SNS) AS A FUNCTIGN ©F CCMP@SITION AND TEMP.

TEMPERATURE = 1300 DEG. K
e ok e s ke ok ok ok o ok ok sk ok ok ok ok ok ok ok ok sk ke ok ok ok ok ok k%

WTZ SN WTZSNS NCSNS) LOG PCSNS) P (SNS)
157475 2 0.0117609 -2.76521 1.71511E-3
3.1495 4 2.37212E-2 -2.46528 3.42195E-3
4.72425 6 3.58861E-2 -2.29026 0.00512066
6.299 8 4.82608E-2 -2.16637 6.81141E-3
7.87375 10 6 «08508E-2 -2.07049 8e49439E-3
9.4485]1 12 0.0736618 -1.99233 1.01693E-2
11.0233 14 8.66997TE-2 -1.92638 1.18379E-2
12.59% 16 9.997055-2 -1.86936 1.34990E-2
14.1728 18 0.113431 R R I 1.51823%0-2
15.7475 20 0.127236 ~1e77434 1.68013E~-2
TEMPERATURE = 1400 DEG. K
3 3k ok ks ke ko ke sk sk k% koo %k ok sk ok gk sk ke ok ok ok ko

WTZ SN WTZSNS NCSNS) LOG PC(SNS) P (SNS)
1.57475 2 0.0117609 -2.2915 5.10611E-3
3.1495 4 2.37212E-2 -1.99123 1.01955E-2
4.72425 6 3.58861E-2 -1.81587 0.0152686
6.299 8 4.82608E~-2 ~1.69164 2.03260E-2
7.87375 10 6.08508E-2 -1.59542 2.53681E-2

" 9444851 12 0.07366183 -1.51692 0.0203956
11.0233 14 8.66997TE-2 -1.45062 3¢54093E-2
12.598 16 9.99705E-2 -1.39326 4.04099E-2
14.1728 18 0.113481 -1.34272 4.53984E-2
15.7475 20 0.127236 -1.29755 0.0503757
TEMPERATURE = 1500 DEG. K

e 3 e S e sk Sk Sk ok sk sk Sk ok sk ok ok sk sk sk ok ok 3k ok ok ok ok ok ok ok

WTZ SN WTZSNS NCSNS) LG PC(SNS) P (SNS)
1.57475 2 0.0117609 -1.88094 1.31437E-2
31495 4 2.37212E-2 -1.58039 2.62620E-2
4.72425 6 35886 1E-2 140474 3.93561E-2
6299 8 4.82608E-2 -1.28021 S.24273E-2
7.87375 10 6.08508E-2 -1.1837 6¢54771E-2
9.44851 12 0.0736618 -1.104839 7.35072E-2
11.0233 14 Be66997E-2 -1+0383 9.15195E-2
12.598 16 9.99705E-2 ~0.98064 0104516
14.1728 18 O.113481 ~0.929797 0117499

15.7475 20 0.127236 ~0.884324 0.130472
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Appendix VIII -  Continued

Development of a Simple Computer Program to Calculate

the Theoretical Volume of Carrier Gas and 0il Required

to be Burnt to Provide the Gas to Fume SnS from a Tin-

Iron Matte Containing Initially S% Sn to a Final Matte
Containing J% Sn

The tin content of a matte is to be reduced from S% Sn to a
final content of J% Sn. This reduction is to be performed assuming Psns to be
constant within a small concentration range, say each 1%Sn in matte.

The addition of all these reductions together gives the total carrier gas and
the 0il required.

Consider, therefore, the reduction of tin in matte from S% Sn to (S-1)% Sn.

A Toop with the desired 1imits will then solve the problem to achieve the reduc-
tion aimed at the temperature required.

S% Sn in matte corresponds to,

s 150754 _ 51 4 sns in matte.

118.690
Assume Psns constant from S% Sn to (S-1)% Sn, and call S2 the wt% SnS in matte
after fuming 1% Sn.

150.754
118.690

S2 = (S-1).

The matte is assumed to consist only of FeS and SnS. Therefore, before fuming:
100 parts of matte contain S1 parts of SnS and (100-S1) parts of FeS.
After fuming, matte contains:
P parts of SnS and (100-S1) parts of FeS.

SO,
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P _ 32
P + (100-S1) 100

_ S2 - (100-51)
(100-51)

Thus SnS fumed: F

S1 -P (%).

Taking the mean value of the %SnS in matte before fuming, and the %SnS in mat-
te after fuming (for which the Psns is assimed constant):

A= (S1+P)/2 (%),
for which: N Nl = A/150.754 s
SnS A (100 - A)

150,75t 87911

N is the SnS mole fraction.

SnS
‘It was found that:

_ 8876.3 260.8 .2
Log Psps = - - +5.80 + Log Ng o + ——;_"'NFeS , (Egn. 44, Ch.VII)
or:
Q=-8876:3 5 g0+ Log N1 + 2608 (1 _ y1)2
T T

Psns = B = EXP(Q/2.303) |, atm ,
Consider 1 ton of matte, from which F/100 tons of SnS must be fumed.
The volume of SnS vapor will be:

(F/100).-10% 22,4 3

Vl = m at STP ,
150.754 1000

or:

vi - T 3

Ve = m at TOK,
273
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Therefore, the volume of carrier gas required will be:

V3 = v2. (1-8) m3 at T9K for each 1% Sn reduction.

B

And the total volume of carrier gas required will be:
V=V+\V3,

Now, consider an o0il of the following composition:

86% C, 11%2 H, 3% 0, and a S. G. of 0.9 .

64.5 moles of C
49,5 moles of H
0.84 moles of 02.

One liter of o0il contains: 86% C 774 gm C
11% H 99 gm H
3% 0 27 gm O

The 02 required respectively is: 64.5 moles O2
24,75 " "
(-0.84) " "

Total 88.41 moles O2 required.
This oil is to be burnt, say with a 25% excess air (79%N2, 21% 02 by volume).

88.41 moles + 25% excess O2 = 415.74 moles N2.

Therefore, the total number of moles of flue gases is:

64.5 moles CO2
49.5 moles HZO
22.1 moles 02
415.74 moles N2

Total 551.8 moles.
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The volume of these gases at TOK is equal to:

W = 551.8 - 22.4 T mS

1000 273

Hence, the 0il required, burnt with 25% excess air, to fume Sn from S to
(S - 1)% Sn in matte is:

@=V3 /W 1tat TOK ,
and the total volume of 0il required is:
P1 =V /W 1t at TOK.

The program, OILREQ, is listed below followed by the results on a 10% Sn-
and a 15% Sn- matte fumed to final contents of 1% Sn and 5% Sn in matte, each.



S M
6 J
10
12
14
16
18
20
21
22
24
25
28
30
32
34
36
40
45
46
48
50
52
55
56
57
60
65
70
75
80
85
90
95
100
105
110
115
120
125
130
135
140
145
150
155
160

REA
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=15

=5

PRINT' FUMING SNS FRZM SN - FE MATTES"

PRINT" S 3k 3k e 3k ok ok ok ok e e ke ok ok ok ok 3 ok ok sk ok ok de ok ok ok ok Kk ok k ok ok !

PRINT

PRINT

PRINT"THE@RETICAL V@LUME €F INERT GAS REQUIRED TO FUME TIN FREM

PRINT"A TIN-IRON MATTE CENTAINING INITIALLY";M;"ZSN TC A FINAL"
PRINT" MATTE COBGNTAINING"3J3*"%SNe"

PRINT ’

PRINT"THECZRETICAL V@LUME CF QIL REQUIRED T¢ BE BURNT WITH 25ZEXCESS"

PRINT"AIR T@ PREVIDE THE CALCULATED V@L. CF INERT GAS REQRD."
PRINT

PRINT"CIL ANALYSIS: 867C 5 11ZH » 37%Z0 » SeGeo 5"

PRINT'™ AIR CGMP. @ 217Z0XYGEN » 79ZNITROGEN BY VCLUME®"

PRINT . '

PRINT
FCGR T=1000 T 1500 STEP 100

PRINT"TEMPERATURE = "3T3"DEG. K"

PRINT®® %k s 5k 5k 5k 5k sk 5k 5%k sk sk ok 5k ok 3% %k ok 5k ok ok ok ok ok okk ok k*®

PRINT

PRINT' INITIAL SN CONTENT = "s3M3*Z*

PRINT

PRINT"FREM ABCVE'","P(SNS) Q2F*,'SNS VAPOK","INERT GAS'","CIL RORD."
PRINT"”ZSN TQeese *»"AVGE COCMP",* ", "REQUIRED"," v
PRINT® ZSN ", ATM "," CULMETERS","CU.METERS'">»** LITERS "
PRINT
FZRrR S=M T€¢ (J+1) STEP (=-1)

S1=S%150.754/118.69

S2=(S~-1)X*%150.754/118.69

P=S2%(100-31)/¢100~-52)
F=S1-P

A=(S1+PY)/s2 )
N1=C(A/150754)/CA/150.754+C100~A)/87.911)

Q==-8876e3/T+5.796 +(LEGI(N1))/2.303+260.8%xC(1=-N1)Yt2>/T
B=EXP(Q*2.303)

VIsF*224/150.754

V2=V1%xT/273

V3=v2%x(1-8)/8B

V=V+Vv3

W=(551.8%22.4%T)/27300C

e=v3/¥

PRINT S3"T@'"3(S-1),B,V2,V3,¢C

NEXT S

RRINT

PRINT"TGTAL VE@LUME CF INERT GAS REQKRD. = *"3V;3"CU. METEKS"
Q1=Vrs1t@

DY
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CF CIi JZEQUIRIS = "0l LITERS" S

TE » S51=38H3 Il LATTE
1

3 3

S$S2=;504S 1L WUATTZ CONTAINING (S-13)TIH

P=3Z05 COLTZNT 1 HATTEZ AFTER FULLUG ISTIN
F=351-P=TIN FHUZD ) :

SELLT Ll B S LTS TI0 D
DRI QUICD |

AFLCZ 2520 3=2{3135) ATH.

VI=7oLULE CF O3LE JARPG AT 5T?

V2=VC0LULIZ OF 3545 7AaP0R AT TP T(DEZG.
V3=JVCLUGEZ 0F ILEZAT a3 EZQUINZD. CJTeLiZTZNE
V=T{TaL JOLUIIZ CF LJENT GAS REQAUINZD.  CTULUETZIRS.
W=UQLTULID OF FLUZ GaAaldE5 AT T CUWUITZINS.

'=0IL PZ32De TGO 32 ZUANT + 255I0CESS Alte LITZS.

01=T70TaAL J/CL

c .- —

STATZIZLTS 5
STATZIIZLT 3¢

R
~ P mim e
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ryre — - 5=
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A0 5
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s 31IVES TUZ Tliual COLTIIT oF Tia ) v ATT
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