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INTRODUCTION.

Balanced Reactions and Desulphurisation in the Basic
Open-Hearth Furnace.

The reactions which bring about the removal of impurities
from the bath of metal in the basic open-hearth furnace have been
established in a qualitative manner. The following equations re-
present the principal reactions involved in the purification of

the molten metal:

C + Fe0 = Fe + CO ~ 36 cals.-=------nm- (1)
Mn 4+ FeO = Fe +Mn0 4+ 26 cals.----—=--mmm- (2)
Si + 2Fe0 = 2Fe + Si0p + 65 cals.-------=--- (3)
2P + 8Fe0 = 5Fe + P05 + 37 cals.------o---- (4)

Besides these fundamental reactions, secondary reactions such as
the following may occur:

8C + Po0g = 5CO + 2P — 220 calsS.~~~———mmmmmm (8)

The different constituents of the slag also interact and produce
compounds which may have a great influence on the process of puri-
fication. Thus the following reaction is possible:

4Ca0 + Po0g = 4Ca0.Polg--m==smmmmmm oo e ———— (6)
The formation of tri-calecium phosphate is also possible, and the
production of the tetra- or tri-calcium phosphate will probably
depend on the amount of available lime in the slag. The removal of
the impurities consists then essentially in the oxidation of the

carbon, manganese, silicon, and phosphorug by means of iron oxide.



It is probable that the ferrous oxide also plays an important
part in the removal of sulphur from the bath of molten metal. The
chief desulphurising agents used are manganese and lime, and their
actions may be represented by the equations:

FeS + Ca0 = Fe0 + CaS-------ommmommmemee <7

FeS + Mn

t
+
)
®

]

!

'

]

t

!

i

1

]

I

i

1

I

i

i

I

I

|

!

i

]

1

]

|

1
PR
«

Some of the MnS formed by reaction (8) rises into the slag where it
is oxidised as follows:

2MnS + 30 =z  2MnO + 250g---------mmemmmm e {9)
The greater the amount of lime and the smaller the amount of fer-
rous oxide, the further will reaction (7) tend to go to completion
towards the right. In other words, the larger the ratio CaO/FeO,
the more suliphur will be transferred from the steel to the slag.
Lime also combines with FP20s5 to form 4Ca0.P205, and the more lime
there is the greater will be the amount of calcium phosphate pro-
duced. The PoOs results from the oxidation of phosphorus by FeO,
(equation (4)), and if there is an excess of lime in the slag,
then the P50z will quickly combine with the lime to form 4Cal.PoOg.
This will hasten the oxidation of the phosphorus and so the FeO
content of the slag will fall. A4s the FeO also oxidises the man-
ganese in the bath (equation (2)), then the amount of manganese
in the bath will increase due to the decrease in the FeO content
of the slag. Thus, it may be sald that the effect of adding ex-
cess lime to the slag is to increase the amount of manganese in
the bath. This manganese will then proceed to desulphurise as

shown in equations (8) and (9). The transference of sulphug from

e

)

metal to slag thus depends on the ratio CaO/(FeO+-Mno) ? yg
’ " (N
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s b ' .o
\ﬁf}' The active desulphurising agent then secms to be manganese ' -
uwﬁich is present either as a direct addition or through thé re-
duction of MnO from the Slag. TheAferrcus oxide also plays an
important part in the removal of sulphur, because the lower the
fe0 content of the slag, the léss mahganese'will be oxidised and
so there will be more of the latter available for desulphurisation.
Moreover, when FeQ is added to the bath it probably reacts with
the MnS thus:

FeO + MnS = FeS + MnO------- e —————— (10)

The FeS will remain dissolved in the metal, but the MnO will go to
the slag and so the manganese content of the metal will decrecse,
with a consequent decrease in the process of desulphurisation.

Although the reactions which bring about the removal of im-
purities from the molten metal in the basic open-hearth process
have been qualitatively established, much work has yet to be
carried out on the physical chemical characteristics of these re-
actions. A wider and more accurate knowledge of the equilibrium
constants of the balanced reactions is desirable, together with
the effect on the reactions of various controlling factors, such
as temperature and the constitution of the slag.

Mc Cancé’ has pointed out that different reactions which are
interrelated have a characteristic property which can be used to
derive values for the equilibrium constants. The following ex-

ample is an illustration of MC Cance's technique. Consider the

three equations:



Fe0 + CO = Fe + COp-====r=m=mmmmmecomameoao (11)
2C05 = 200 4  Q9--===-mmmmm oo (12)
2Fe0 = 2Fe + Og----mmoomemmcm e (13)

If equation (11) is multiplied by two and added algebraically
to (12), then equation (13) will result. A similar relationship
will hold for the equilibrium constants of these reactions and
therefore:

K13 = K5q.Kg

where Kj31, K15, and Kl3 are the respective equilibrium constants.
Thus if Kll and K12 are known it is possible to derive a value for
the equilibrium constant of the reaction representing the dissoci-
ation of ferrous oxide. This method cannot be used when the pow-
ers of theeguilibrium constants on both sides of the equation are
equal, because the equation then becomes an identity and is unsol-
vable.

The reaction between ferrous oxide and carbon is one of the
most important in steel-making. It is the only one of the primary
reactions (1) to (4) which is endothermic and some investigators
have stated that it is confined to the higher temperatures of
steel-making. The equilibrium constant of this reaction may be
written:

K = Fe.Pco

L Fe0.C

where Peo is the pressure of the carbon monoxide and is taken as
a measure of its concentration. The concentration of iron in the

steel bath will be little affected by the course of the reaction

and it may be taken as constant. As the pressure of the carbon
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monoxide will be limited to one atmosphere - above this pressure
the excess gas will escape from the bath - then it may also be
taken as heing constant, and thus the following is obtained:
K} = Fe0.C

Vacher and Hamiltof obtained a value of 0-Oll at 16209C for this
constant using weight percentages. The equilibrium stage of this
reaction is influenced by the solution pressure of carbon monoxide
and the dissociation pressure of ferrous oxide. Both of these are
very low, and so the reaction proceeds until the carbon concen-
tration is very small, as long as there is sufficient iron oxide
available. The oxidation of the carbon by ferrous oxide has been
discugsed from the point of view of the bath only, but it is also
necessary to consider the part played by the slag in this reaction.
The ferrous oxide is dissolved in bhoth the slag and the molten
metal, and any variation in the iron oxide content of the slag will
be communicated to the metal. The partition coefficient of the
ferrous oxide between metal and slag may be represented by Lpgo
and for practical purposes it can be taken as a constant depend-
ing only on temperature.

The equilibrium constant of reaction (2) may‘be written as:

Ko = _Loane - _LMEQLLEQQl_ ’
: Lro (FeQ) [Mn]

where L is the partition coefficient of MnO between metal and

Mno
slag, and ( ) indicates the concentration of constituents in the
slag, and [ J the concentration of constituents in the metal.

The concentration of the iron may again be taken as constant and



thus:

LFCO (FeO) [Mn]

This equation indicates that the concentration of manganese in the
metal is dependent on the ratio of the MnO to the FeO in the slag.
Me Cancé%>by plotting many practical results, has shown that this
theory is supported by experimental evidence. Korber and Oelserg‘ﬂ
give the following equation as representing the variation of the

constant with temperature:

log Ky = 6234 _ 1°026
m

In basic open-hearth furnace practice it is found that sili-
con is the first element to be oxidised and this fact supports the
thermochemical data. The equilibrium constant of the reaction

(equation (3)) by which silicon is removed is as follows:
Ky = Fe® . Sio
3 F . 2
Si . Fe0<
The silica formed is probably insoluble in the steel bath., and its

concentration in the steel may be taken as constant, as may also

the concentration of the iron. Thus we have:

I'd

{
K, = Si.Fe0? « g
1
MC Cancg)deduced theoretical values for this constant and obtained
a value of 0+56 . 10”7 for Kg at 1600°C on a percentage weight

basis. The best experimental results are those of Korber and

-4 . .
Oelseéf)whose value for Ké at 1600°C is 7°*1 . 10 . Their equation
for the variation of the constant temperature is as follows:

log K5 = =32:360 , 14153
T
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The phosphorus pentoxide formed through the oxidation of the
phosphorus by the iron oxide (equation (4)) is unstable and may
be attacked by carbon as shown by reaction (5). As carbon monox-
ide is formed as a result of this attack, the resction is limited
only by the low solubility pressure of the gas. Thus most of the
phosphorus will return to the metal unless the phosphorus pentox-
ide is 'protected' from the action of the carbon. In the acid
open-hearth process no such precaution is taken and the removal
of phosphorus from the steel is impossible. However, in the basic
process the lime which is added combines with the phosphorus pent-
oxide to form the calcium phosphate, 4Ca0.P505, which is unattacked
by the carbon. The oxidation and removal of the phosphorus to the
slag can then proceed according to equation (4). The equilibrium
constant of this reaction should be:

K, = Fe® . Pg0s
"PZ | FeO®

As has been indicated the reactioh is greatly influenced by the
presence of ‘lime in the slag, and experimental results show that
the ratio of phosphorus pentoxide in the slag to phosphorus in the
metal increases as the lime content of the slag is increased. The
results of the many investigations carried out on this reaction
show great divergence and no quantitative conclusion can be deduced
from them. It may be said that, as the reaction is exothermic, the
value of the equilibrium constant increases with fall in temper-~
ature, and therefore more phosphorus will be oxidised at a low than

2 high temperature.



S
It has been pointed out that manganese is used as a desulph-
urising agent. An addition is made to the bath in the form of
ferro-manganese and the menganese reacts with the iron sulphide
as indicated in equation (8). The concentration of the iron may

be again taken as constant and so we have:

KS - MIlS
FeS.Mn

If the iron is saturated with manganese sulphide at any definite
temperature then the concentration of this compound may be neg-
lected and we may write:

K§ = S.in,
where the concentration of the sulphur is substituted for that of
iron sulphide. Saturation of the metal with manganese sulphide
must be assured in experimental work by having present high per-
centages of manganese and sulphur. By studying the results of
" various investigators of this reaction M® Cancgnhas derived the.
following equation for the variation of this equilibrium constant
with temperature:

log K§ = =6100 4 3°67
T

This equation does mot apply to steels which contain so little
sulphur that they are far from being saturated with manganese sul-
phide. When the metal bath is covered by a slag which can dis-
solve manganese sulphide then the partition coefficient of the
sulphide between metal and slag will largely influence Ké.

The problem of the desulphurisation of the bath in the open-

hearth process has so far been discussed mainly from the point of

view of the slag only, but the distribution of the sulphur between
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metal and gas 18 an extremely important one in basic open-hearth
furnace practice. The following reactions between gas and metal

are fundamental sulphur reactions in the open-hearth process:

{’,,,r,,ﬁzﬁ*avﬁ—'"“{j ~FeS + H FEe + HoSemcmomom o cae cmmmee e
- 2 2 ~---(14)
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These reactions are reversible and, given., time, equilibrium will
be reached in each case.

Investigations of the equilibrium of the reaction between
iron and hydrogen sulphide have been carried out by Jellinck and
Zakowskg? Britzke and Kapustinsk;z)and Bierne%%)respectively, but
these were concerned only with equilibria at temperatures below
the melting-point of iron.

Maurer and Bischo%»studied how the sulphur in the gas, in
the form of hydrogen sulphide or sulphur dioxide, reacts with
liquid steel containing sulphur. The equilibrium points of the
two reactions and their dependence on the temperature were deter-
mined for sulphur contents in the molten iron of up to 30%. They
circulated mixtures of known composition of HoS/H,, and 802/02,
respectively, over molten mixtures of iron and iron sulphide at
different temperatures. The equilibria were approached from both
gides of the equations. They evaluated a large number of prac-
tical operating analyses, and they concluded that the reaction
with sulphur dioxide was the chief controlling factor of sulphur
absorption or desulphurisation in the open-hearth process. The

ratio of hydrogen sulphide to hydrogen in the fuel gas, they con-

cluded, was of no aid in deducing any effect on the sulphur
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content of the steel bath. Maurer and Bischof also made obser-
vations in practical operation cdncerning the dependence of the
sulphur content of the bath on the ratio of the sulphur to the
oxygen in the waste gas, and they claimed that these observations
gaveChipmagqhtory agreement with the test results.

Chipmagd%as carried out an investigation of the condition of
equilibrium in reaction (14). Values of the equilibrium constant
were obtained for temperatures above the melting-point of iron.
The iron was melted in a high-frequency induction furnace in a
gaseous mixture of hydrogen sulphide and hydrogen of known com-
position. Chipman assumed that equilibrium had been established
when the composition of the gas flowing from the furnace was the
same as that entering it. At this stage the melt was quenched
by suddenly cutting off the power supply of the furnace. The
iron was then analysed chemically for sulphur. The equilibrium
point was approached from the high—sulphur and low-sulphur sides.

The experimental data obtained by Chipman are summarised by the

equation:
log K = =4,500 + 0+095,
T
where K = HZS (volume ratio) x 1
Ho %S in melt

Thus at 1535°C, K = 0:0041. It is worthy of note that Maurer

and Bischof's values are about one hundred times as large as this.
Chipman states that the free lime is the most important variable
in the desulphurisation of liquid steel by slag in the open-hearth

process. He also concludes that the desulphurising power of
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metallic manganese is essentially equivalent to that of an equi-
librium amount of manganese oxide in the slag.

At the present time the tendency in metallurgical research is
toward the application of the methods of thermodynamics to metal-
lurgical'reactions. The use of thermodynamic methods can contrib-
ute greatly to investigations into the behaviour of sulphur in the
basic open-hearth furnace, and may perhaps result in a better
understanding of the methods of sulphur-control in open-hearth
operation. An accurate determination of the value, and variation
with temperature, of the equilibrium constant of the reaction:

ﬂ”ﬁ% FeS + Ho, = Fe + HgS

will enable the knowledge of desulphurisation to be placed on a
more quantitative basis. As has been indicated, the equilibrium
constant of this reaction has been investigated by Maurer and
Bischoé?)and Chipmagdgt liquid iron temperatures. Unfortunately,
the formers' values for the constant are about one hundred times
as large as Chipmah's values. Because of this it seemed desirable
to re-investigate the reaction. The following is an account of

guch an investigation.



PRINCIPLE OF METHOD

When pure iron is melted in an atmosphere of hydrogen
sulphide and hydrogen the metal picks ﬁp sulphur from the gas
mixture. The sulphur combines with some of the iron to form
iron sulphide which is miscible in all proportions with liquia
iron. The molten iron will continue to pick up sulphur until
a state of equilibrium has been reached, which will be indic-
atéé by the percentage of hydrogen sulphide in the gas mixture
remaining constant. At equilibrium, the total amount of sulphur
in the iron will remain the same, providing that the temperature
and the composition of the gas supplied are not altered. The
reaction between the iron and the hydrogen sulphide will still
be proceeding, but as the iron displaces hydrogen from soume of
the hydrogen sulphide so, simultaneously, some hydrogen will
recombine with sulphur in the melt to produce an equivalent
amount of hydrogen sulphide. This state of affairs can be
aptly described as a state of "dynamic equilibrium". If the
melt were quenched at this stage, then the resulting solid
wouid contain the equilibriuﬁ amount of sulphur. Knowing the
percentage of sulphur in the melt, and the composition of the
gas mixture, it would then be possible to calculate the equi-
librium constant for that temperature. This is an application
of a well-known method of determining equilibrium constants,

and the method is often referred to as "freezing the equilibrium!



This was the principle of the methods used by Maursr and
Eischoé? and Chipmaﬁ?)respectively.

If the iron could be weighed at intervals during the course
of the reaction, 1t would be possible to record the rate of pick~
up of sulphur and to note it decreasing.progressively as equi-
librium was approached. At equilibrium, the weight of the melt
would remain constant and, as the gain in weight of the iron
would be due to sulphur picked up, the equilibrium constant éould
te readily calculated. If necessary, the melt could be guenched
vand then weighed at room temperature in order to check the high-
temperature weighing. This is the principle of the method which
was used in the present investigation. It is the method of ths
"High- Temperature Balance", and was préviously used to good
effect by Whitgoin reseérch on equilibrium at high temperatures

in systems containing iron oxides.
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APPARATUS

Furnsce anc Balance

The source of heat was a molybdenum - wound alundum tube
which was placed vertically inside a steel casing. This type of
furnace has been described many times previously. The molybdenum
wire waes heated in an atmosphere of nitrogen and hydrogen, which
Was obtaine& by cracking ammonia over iron turnings heated to
about 900°C in a nichrome furnace. |

The actual melting and weighing operations were carried out
inside a refractory tube which was fixed verticslly in the fur-
nace and progjected out about 38 cms. at the top and about 13 cms
at the bottom. The insertion of this tube in the furnace permit-
ted the use of controlled atmospheres. The tubes used were of
glightly smaller diameter than the alundum furnace tube, so that
the top annular space between the tubes could be tightly packed
round with asbestos wool. The bottom annular space between the
refractory tube andé the steel casing was plastered up with a
mixture of alundum and ashestos. These precautions hélped to
prevent air escaping into the furnace casing and oxidising the
molybdenum winding.
| | The refractory tubes used in the earlier experimental work
were of Pythagoras composition, and, although it begins to soften

F'O
above 1450°C, it can endure temperatures up to at least 1650°C.

- o ey T 1 i ‘_—),‘L & L eC
Furthermore, it is impervious to gases and it is not ttacked

. S a1 fde. rowever . if too
chemically by hydrogen or hydrogen sulphice However,
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great a strain is placed on a Pythagoras tube at temperatures
shove 14E8C0°C, then it is iiable to crack. Great care had there-
fore to be observed when heating and cooling the tube, It was
found that the best method of avoiding undue strain was to first
gsuspend the tube inside the furnace so that it hung freely. The
tube was suspenced from two cords which were tied to & wooden
board above the furnace. These cord suspensions passed through
a steel ring which was screwed around the Pythagoras, near its
top end. The bottom annular space bétween the outside of the
Pythagoras and the steel casing was then plastered up as already
mentioned. . When the furnace was being heated, the cord suspen-
sions were kept fairly taut and this prevented too heavy a load
from bearing on the hottest, and therefore weakest, part of the
tube. When the furnace was being cooled, the suspensions were
slackened progressively, so that the tube cooled without being
unduly strained.

Despite these precautions, breakages of tubes occurred
owing to the embrittlement of the outside surface of the tubes,
caused by many hours heating at over 1530°C. Some tukes also
failed because of spalling. Pythagoras is a German product and
latterly it was not possible to obtain the tubes. liorganite
tubes, a British make, were therefore tried and they proved to
he every bit as good. The same precautions were taken with the
Morganite tubes as descrited for the Pythagoras tubes.

The halance for taking the weighings was placed on a wooden

shelf which passed over the furnace. The arrangement of balance
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and furnace is shown in fig. 1. The balance used was a very
sensitive assay balance which had been suvitably modified.
Baffle plates made of alundum were fitted inside the lower

part of the refractory tube in order to prevent draughts from

affecting the weighings. These baffles alsc protected the lower

rutber bung from excessive heat. The first baffle plates made

were fitted to an alundum cylinder. This cylinder was made so

that its external diameter was slightly lsss than the internal

diameter of the refractory tube. The top end of the cylinder

was closed by a baffle plate consisting of a thin disc of alundum.

Another disc was fitted into the tube at the middie. A hole‘waé
cut in the centre of each of the baffles so0 that the Pythagoras
sheath (which enclcced the thermocouplie wires) could pass through

them. This sheath projected about 3 cms. above the top of the

the lower rubkber bung. This type of baffle system was later
altered in order to reduce the amount of alundum inside the re-
action tube. 1In the new system, a long narrow tube of alundum
was made so that it fitted loosely over the Pythagoras sheath.
This tube was cut into three parte and each piece was used to
Support a baffle plate. This arrangement can be seen in fig. 1.
The crucibles used throughout all the experiments were made
by the investigator. They were composed of a mixture of ten
parts of coarse to one part of fine alundum. When alundum is
mixed with water it becomes plastic and it is then possible to

mould it. The crucibles were first moulded to the rough shape.
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The alundum was then dried, this being carried out slowly in order
to prevent cracking. The roughly-shaped crucibles were next sand-
papered down to the appropriate size, and were given a preliminary
firing at 1000°C in a gas muffle. They were then fired at about

- 1600°C in an atmosphere of hydrogen in the molybdenum furnace.
The type of crucible used in the investigations is illustrated in
fig. 2. The dimensions of these crucibles were approximately as
follows: 2°& cms. high, 3 cms. top diameter, and 1°5 cms. bottom
diameter. The average weight of the crucibles was about 15 gms.

The greater length of the wire used to suspend the crucible

ingide the reaction tube was composed of platinum. The platinum
wire was hooked to the left-hand pan of the balance, and extended
to about 17°S cms. from the top of the hot zone of the furnace.
The remainder of‘the suspension consisted of two equal lengths
of molybdenum wire (0+04 inch diameter; which were hooked through
the‘two holes in the crucible. The platinum wire consisted of
two different sizes; the lower part was 1-0O mm. diameter and
15 ems. long, and the remainder consisted of platinum wire of
05 mm. diamefer. The suspension was made of such a length that

 the crucible which was hooked to it swung Jjust clear of the top

of the Pythagoras sheath (enclosing the thermocouple wires) when

é the left-hand pan of the balance was at the lowest part of its

| swing.

Weighing Device.

In prévious work with the "high-temperature balance" (WhitS%

the balance was enclosed in a specially constructed bell-jar.

The latter was connected to a Pythagoras tube by means of wide
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 glass tubing down which the suspension hung. By this means,

% weighing at high temperatures in sSpecial aﬁmospheres was compara-
- tively easy. In this arrangement the balaﬁce was encloséd in the
- controlled atmosphere. This method was suitable for the present
work provided that steps were taken to protect the balance from
the chemical action of the hydrogen sulphide, which would be a
component of the special atmosphere. At first, attempts were

made to try and protect the balance by coating it with a thin
£ilm of collodion. A specially-constructed tube, containing
copper phosphate for the removal of hydrogen sulphide, was also
made for insertion between the balance and the furnace. However,
it was not necessary in the present investigation to make the
balance a part of the controlled atmosphere. It was decided,
therefore, to confine the hydrogen sulphide/hydrogen atmosphere
 to the reaction tube, and to permit the gases to pass through an
‘outlet tube fitted into the top bung of the tube. This introduced
the difficulty of carrying out weighings when the iron was béing
heated at over 1530°C in a hydrogen sulphide/hydrogen mixture of
definite composition. The difficulty was overcome by fitting a
special device into the top rubber bung. This arrangement is
illustrated in figs. 3 and 4. A glass tube of about 12 mms. di-
ameter, with a very small hole at one end, was inserted centrally,
with the orifice at the top, into a hole in the bung. The plat-
inum suspension wire passed through this tube. The orifice could
be sealed by slipping a short piece of tight-fitting rubber tubing
over the glass tube and clipping the rubber by means of a
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screw-clip, as shown in fig. 3. When the orifice was thus sealed,
the gas mixture passed through the outlet tube. When a weighing
had to be carried out the c¢lip was undone and the rubber tube was
slipped down the glass tube until it was clear of the orifice (see
~fig. 4). The gas mixture then escaped into the atmosphere but, as
the amount of hydrogen sulphide in the mixture was always fairly
low, there was never any strong smell of hydrogen sulphide in the
air. Before an accufate weighing’could be made, it was first of

- all necessafy to centre the glass tube so that the suspension wire
did not touch it at any point, especially at the orifice. This
was readily accomplished by means of centring screws as illus-
trated in fig. 4. The centring device consisted of a steel ring,
8 cms. diameter, containing four equidistént holes through which
passed steel screws, 6'S cms. long. The ring was screwed to a
wooden bracket which was fastened to the board above the furnace.

| This bracket can be seen in fig. 1 (facing pagel6). To facilitate
the removal of the bung and glass tube from the refractory tube,

| part of the steel ring was cut away. In order that the glass tube
could by centred from extreme positions without any strain being
put on it, it was cut in two and the two parts were connected to-
gether by a short piece of rubber tubing, as shown in the diagrams.
It was found that when the orifice was sealed by the rubber tube
and the screw-clip there was no leakage of gas through the weighing

device.
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Temperature Peternination and Control

The'temperature inside the reaction tube was determined by
means of a platinum/platinum~rhodium thermocouple which was con-
nected to a Tinsley vernier potentiometer. The thermocouple wires
‘were enclpsed inside a narrow sheath of Pythagoras composition in
order to protect them from the action of the hydrogen sulphide and
hy&rogep. The sheath passed through a central hole in the rubber
bung which was fitted into the lower end of the reaction tube.

The Pythagoras sheath was 50 cms. long and 0°'6 cm., diameter. It
‘was fikéd at such a height that the top of the thermocouple wires
' were just below the middle of the hot zone of the furnace.

Thé thermocouple was calibrated against the melting-points of
silver; gold, and palladium, respectively.

In the method adopted for calibration, the "hot"™ ends of the
thermséouple wires were connected by a short piece of silver, gold,
or paliadiﬁm wire. The thermocouple was then lowered through the
top of'the refractory tube until the ends of the wires were in the
hot zone Qf.the furnace. At the melting-point of the wire connect-
ing thé thermocouple wires, the ends of the thermocouple broke
| apart éﬁd;the potentiometer ceasedyrécording. The reading on the
botentiqméter was then noted. The thermocouple was calibrated
beforé‘use and the calibration was checked at intervals during the
course of the investigation.

When it was fixed in position inside the Pythagoras sheath
the thermocouple was checked against the melting-points of silver,

gold, palladium, and dicalcium ferrite, respectively. A small
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stirrup, made of alundum, was lowered through the top end of the
refractory tube, a small piece of silver wire having been laid
across the stirrup. The alundum stirrup was lowered by means of
a length of platinum wire until it was just touching the top of
ihe Pythagoras sheath. The stirrup was then allowed to remain in
that position. The furnace was heated very slowly as the temper-
ature approached the melting-point of silver, and the wire was con-
tinually kept under observation. At the tempefature of the melt-
ing-point the wire melted and broke and, at that stage, the reading
on the potentiometer was noted. The process was repeated using
gold and palladium wires. When using the dicalcium ferrite, a
‘large crystal of the compound was selected and this was placed in
a small platinum basket, which was lowered into the refractory
tube. The melting of the crystal could then be clearly observed.
The temperature of the furnace was controlled by means of a
variable resistance. By judicious use of this resistance, it was
possible to maintain the furnace at a constant temperature.
 Gas System
| The gas mixtures of hydrogen sulphide and hydrogen were con-
tained under pressure in a glass carboy with a capacity of about
forty-five litres. This vessel was thoroughly cleaned and dried
before starting to use it. It was contained in an iron basket and
was packed round with straw. A rubber bung, containing two right-
angled glass tubes, was fitted into the carboy.
| To prepare a gas mixture, the carboy was first of all evac-

uated by means of a Cenco-Hyvac pump which was capable of producing



a vacuum of OO0l mm. mercury. A small amount of hydrogen sulph-
ide, obtained from a Kipp's apparatus, was then passed into the
vessel. Before passing into the carboy. the hydrogen sulphide was
cleaned by bubbling it through water and it was then dried by pass-
ing it through a flask which contained calcium chloride. The rate
of flow of the gas into the large evacuated reservoir would nor-
mally be very fast, but the flow was consgiderably reduced by in-
serting a fine glass jet into the rubber tubing which connected
‘the reservoir to the drying-flask. The flow of the gas was con-
trélled by means of a stop-cock which was alsc fitted into the
rubber connection. It was thus possible to carry out an efficient
cleaning and drying of the hydrogen sulphide before it finally
entered the reservoir. After the requisite amount of hydrogen
sulphide had been admitted into the carboy, hydrogen from a cylin-
der was passed in until the pressure inside the reservoir was
about two atmospheres.

The carboy was connected by means of rubber tubing to a glass
inlet tube which &as fitted into the bottom bung in the reaction
tube. The latter was connected to a manometer by means of a glass
T-piece, and it was first evacuated before the gas mixture was ad-
| mitted. After going through the reaction tube, the hydrogen
sulphide/hydrogen mixture passed into a trap and then bubbled
through a little water which was contained in a flask. The mix-
ture was then allowed to escape into the air through a window.
Between the trap and the flask containing water a T-piece was in-

Serted so that the outgoing gas could be analysed as desired.
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When the reservoir was being evacuated, the gas mixture was
passed through a long glass cylinder which contained pumice-stone
chips impregnated with copper phdsphate. This removed the hydro-
gen sulphide and so prevented the pump from being damaged by chem-
ical attack.

The carboy was connected to a mercury manometer and, by
noting the pressure readings during the preparation of a gas mix-
ture, it was possible to obtain a good approximation of the com-
position of the mixture. The true composition was obtained by
chemical analysis. For this purpose a gas-analysis apparatus was
made and this was connected to the reservoir when it was desired
to carry out an analysis. This piece of apparatus consisted of
two boiling tubes, each containing an ammoniacal solution of
cadmium chloride, which were connected to each other by means of
glass and rubber tubing. One of the boiling tubes was connected
to an aspirator containing water, and the other tube was connected
to the reservoir. 1In carrying out an analysis, the gas mixture
in the carboy was bubbled slowly through the cadmium chloride
solutions. The rate of flow of the gas mixture was diminished by
passing it through a fine glass jet, and it was controlled by
meané of a stop-cock. All the hydrogen sulphide in the gas mix-
ture reacted with the cadmium chloride, and cadmium sulphide was
precipitated according to the equation:

HoS + CdClg — CdS + 2 HCL.
As the solution was strongly ammoniacal, the reverse reaction

could not take place. The hydrogen alone then passed into the
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aspirator where it displaced an equal volume of water into g
measuring cylinder. Although two glass tubes containing cadmium
chloride solution were used in the analysis apparatus, only the
first one ever contained any precibitate of cadmium sulphide.
Thisvwas because the rate of flow of the gases through the tubes
was always maintained slow so as to ensure that all of the hydrogen
sulphide reacted with the cadmium chloride. When a gas mixture
containing a very low percentage of hydrogen sulphide was being
analysed, a large volume of the mixture was used in order to give
a sufficiently large precipitate of cadmium sulphide. The cadmium
chloride solution consisted of 22 gms. CdCl,, ZHQO, 520 c.cs. dis-
tilled water, and 480 c.cs. ammonia (specific gravity, 0-90).

50 c.cs. of this solution were capable of precipitating approx-
imately 0°+175 gm. sulphur evolved as hydrogen sulphide.

When a sufficiently large precipitate of cadmium sulphide had
been formed, the passage of the gas mixture was stopped. 'The pre-
cipitate wés dissolved slowly in hydrochloric acid and the liber-
ated hydrogen sulphide was titrated rapidly against standard
iodine solution, using starch as an indicator. The strength of

the iodine solution was in the region of N/60 and it was standard-
ised at frequent intervals against tartar-emetic. Only freshly-
prepared starch solution was used as an indicator.

The method of calculating the ratio of the volume of hydro-

gen sulphide to 100 c.cs. hydrogen in the gas mixture was as

follows:
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Let v

volume (c.cs.) of iodine solution used in the titration,
F - normality factor of the iodine solution,

T = temperature (CAbsolute) of the hydrogen,

P - atmospheric pressure (mms.),

W = water-vapour pressure (mms.) at T CAbsolute,

V = velume (c.cs.) of water displaced by the hydrogen.
Since one litre of normal iodine scolution is equivalent to 11°2

litres of hydrogen sulphide at 0°C and 760 mms., then:

v c.cs. of F - normal iodine solution = (11200.v.F) c.cs. HoS,
‘ 1000
at 0°C and 760 mms. pressure,
i.e.,
v c.c8. of F - normal iodine solution = l;'Z.V.ELI.76d> c.cs. HoS,
. 273.(P-w)

at TPAbsolute and (P-w) mms. pressure,
As this volume of hydrogen sulphide is present in the mixture for

every V c.cs. of hydrogen, then:

Volume of HoS (c.c8.) = 11°2 . v,.F.T. 760 .100
100 c.cs. H2 273 . (P-w) .V

By evaluating the various constants, this formula may be simpli-

fied to the form:

~ Volume of HoS = 3118 . V . . T

¥
100 c.cs. Hg (P-w) . V
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PRELIMINARY INVESTIGATIONS

Before any exact determinations of the equilibrium constant
were attempted it was necessary to carry out some preliminary
investigations.
| It was first of all desirable to investigate what would be
the effect on the weight of an alundum crucible of heating it to
over 1530°C in atmospheres of hydrogen, and hydrogen sulphide/
hydrogen, respectively. On first heating in hydrogen the crucible
lost weight appreciably but after about five or six hours its
weight became constant. The total loss in weight of the crucible
was gbout 0°05 gm. and practically all of this was probably water
which was driven out of the alundum at the high temperature.

When this crucible was heated in a gas mixture containing a larger
percentage of hydrogen sulphide than was later to be used in the
investigations, its weight remained practically constant after
heating for about six hours at over 1530°C. Before a crucible

was used it was heated in hydrogen at 1550°-1600°C until its
weight had become constant.

In spite of these satisfactory results it was thought desir-
able to investigate the effect on the crucible of heating it with
molten iron in a gas mixture. In such a circumstance there was a
possibility that the alundum crucible could pick up sulphur

through the iron sulphide in the iron fluxing with the crucible.

To test this, a crucible which had been used in many runs with
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molten iron was broken up and part of it was weighed. The broken
part was then roasted in air, cooled, and re-weighed. The results
showed that there had been a slight gain in weight. This pick-up
was probably due to oxidation of iron, which is present in small
amounts in alundun. No sulphur dioxide was detected during the
roasting. Part of another crucible, which had also been used in
many runs with molten iron in gas mixtures, was crushed to a fine
powder. Part of the powdered alundum was boiled up with hydro-
chloric acid (equal volumes of concentrated acid and water) in a
conical flask. In order to determine if hydrogen sulphide would
be evolved, the flask was connected to a glass vessel which con-
tained ammoniacal cadmium chloride solution. ©No precipitate of
cadmium sulphide was formed after boiling for several minutes. A
wet-analysis was carried out on another portion of the powder and
| no sulphur was found to be present. It was therefore concluded
that there was no danger of the crucible picking up sulphur when
heated, either alone or in contact with molten iron, in a hydrogen
sulphide/hydrogen atmosphere. This meant that the total gain in
weight of a crucible and melt, after heating in a gas mixture,
could reasonably be attributed solely to sulphur picked up by the
melt. Confirmation of this was obtained when melts were quenched
and anai&sed for sulphur. The sulphur obtained from the analysis
showed good agreement with the pércentage sulphur éalculated from
the total gain in weight of crucible and melt.

Crucibles which had been used in many runsg showed no sign of

chemical attack. Frequently it was found that when the melt was
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taken out of the crucible, small particles of alundum adhered to
that part of the melt which had been in coﬁtact with the crucible,
but this was a physical action. The crucibles also remained clean:
apart from a dark ring around the inner surface at a height corres-
ponding approximately to the top of the melt. Fig. 5 is a photo-
graph of a crucible which was broken purposely in order to illus-
trate the appearance of the crucibles after use. During the in-
vestigations it was often necessary to quench a melt by sharply
pulling up the crucible from the hotvzone of the reaction tube to
the relatively cold top part. This sudden cooling put a strain on
the crucibles, but they withstood it well and only showed signs of
serious cracking after about four quenchings.

During the early investigations the suspension gave some
trouble. The first suspensions used were composed entirely of
"platinum wire. The suspension was attached to the crucible by
means of a stirrup of thick platinum wire, the crucible having two
holes in it. On heating in hydrogen, the suspension frequently
broke at a point inside the hot zone of the furnace when the tem-
perature was only about 1200°C. To try and remedy this, thicker
pieces of platinum wire were used for that part of the suspension
in the hot zone but the breakages still occurred, although the
fhicker wire did endure a little longer. The breaking of the
‘platinum was due to red-shortness, the grain boundaries having
been weakened by absorption of hydrogen.

Because of these breakages, it became necessary to find a
suitable substitute for platinum. As the platinumfalways broke at

a point inside the hot zone of the furnace, it was only necessary
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to replace that part of the platinum insidé the hot zone and, as

a safety margin, two or three inches above it; the remainder of
the suspension could be left as it was. Alundum was first thought
of as a suitable substitute. It is a very refractory material and
when fired at high temperatures it becomes strong and hard. It is
also a very stable substance. It was decided therefore to try and
make rods df alundum, about six inches in length. Normally, a
mixture of ten parts coarse to one part fine alundum powder is

used in making refractory ariicles. The coarse-grained alundum
forms the main bulk of the mixture as it is much less liable to
crack on drying than is the fine alundum. The latter is added
because of its bonding power. In making the rods it wasldecided

to use a mixture of equal parts of coarse and fine alundum. The
success, or otherwise, of the rods would be determined by their
ability to bear a load of about 40 gms. at temperatures up to
1600°C, and this would depend largely on the strength of the bond-
ing agent used in making them. The coarse and fine alundum powders
were thoroughly mixed up and then moistened with a little water.

It was found that best resulﬁs were obtained by adding only a

small amount of water. The plastic mass was then put into a steel
cylinder with a small hole in the bottom, and the alundum was ex-
truded through this hole by means of a screw and plunger arrange-
ment. As the rod of moist alundum came through the hole it was
caught én a piece of cardboard which was held underneath the press.
The cardboard was held horizontally and was gradually moved along
as more of the alundum was extruded. The length of the rods varied

from 6 to 8 inches and, while they were still damp, they were bent
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at both ends. They were then slowly dried and fired at 16000~
1700°C in a carbon-granule furnace. The rods were next tested by
using them in the suspension. It was found that, on heating in
air, the rods broke when the temperature was much lower than
15300C. They always broke at a point just above the hooked parts
attached to the crucible. Because of this it was thought that the
hooks were points of weakness and it was decided to eliminate the
lower hooks. As the upper parts of the alundum rods were always
relatively cool, it was thought unnecessary to alter them. In-
stead of bending the lower ends of the rods, small blobs of alun-
dum were attached to them while they were still damp. A special
alundum crucible with two pairs of lugs on it was made and the
rods were slotted between the lugs, which then rested on the small
blobs at the ends of the rods. This type of crucible is illus-
trated in fig. 6. The rods, howevef, continued to break when
heated under load, and it was next decided to make thicker ones.
In making the new rods about 6% of AlF5 was mixed up with the dry
alundum, and the rods were firéd at 1800°C in the carbon-granule
furnace.’ These rods did not break when tested and some of the
earlier runs were carried out with them. The use of these rods,
however, introduced some disadvantages: as the rods were heavier
thanlwire, they increased the weight which the balance had to
carry; the crucibles with lugs were also heavier than the normal
erucibles, and were more difficult to centre inside the reaction
tube when a weighing had to be taken, as the lugs left much less

clearahce; after each run the rods showed an appreciable gain in

“weight owing to sulphur deposition on those parts of the rods
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outside the hot zone, and, because of the porous nature and rel-
atively large diameter of the rods, this increase in weight was
greater than it would be for wire.

Thus, although the alundum rods were satisfactory up to a
point, it was thought desirable to try and improve on them. With
this end in view, molybdenum wire was tested as part of the sus-
pension. Although molybdenum oxidises readily on heating in air,
this would not matter as the wirés would always be heated in a
reducing atmosphere. The wire chosen was of the same diameter
(0«04 inch) as that used to méke the furnace winding. Two lengths
of about 8 ins. were hooked through holes in a crucible, and the
lugs were thus eliminated. On testing under load it was found
that the molybdenum endured temperatures over 1530°C without
" breaking. The wires also picked up much less sulphur than did the
rods. Although the parts of the wires inside the hot zone became
brittle with continual heatings, they never at any time broke
during a run. As a precautionary measure, they were renewed from
timé to time. Platinum wire was of course used for the rest of
the suspension, the thicker platinum wire being attached to the
molybdenum.

In order to discover how much time was required for mixtures .
of hydrogen sulphide and hydrogen to become homogeneous, experi-
mental mixtures were prepared for analysis. It was also necessary
to test the gas-analysis apparatus to see if it gave consistent
results. The first few analyses gave varying results but, after
that, consistent results were obtained. The early inconsisténcies

Were probably due to the absorption of the gases by different
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parts of the apparatus until they became saturated. It was found
that the gas mixtures became homogeneous after being allowed to
stand overnight.

Accurate weighings at over 1530°C of the crucible and melt
were found to be possible when a gas mixture was.passing slowly
through the reaction tube. The weighing operation was affected
very little by draughts, and small changes in weight could be
readily detected.

It was realised that the melt, crucible, and suspension
weighed slightly more in a hydrogen sulphide-hydrogen atmosphere
than in air but the difference was, at the most, about two in the
third decimal place. Besides, the real criterion of the attain-
ment of equilibrium was the weight constancy of the melt, and so

this small difference was really immaterial.




EXPERIMENTAL WMETHOD

The iron used throughout the investigations was Armco ingot
iron, which is the trade name for commercially pure iron manufac-
tured by the basic open-hearth process. It is the purest commer-
cial iron made and is surpassed in purity only by electrolytic iron.
The pig iron, ore, limestone, fuel and scrap, used in the manufac-
turing process, are all carefully selected so as to keep the im-
purities at a minimum. The manufacturers guarantee less than 0°16%
total impurities in the iron, and the following is given as a typ-
ical analysis:

Carbon er  ». 07012%
Manganes€.. .. O0-0l7%
Phosphorus - O‘OO&% i
Sulphur .. .. 0+025%

Silicon .. «. trace

TOTAL.. .. .. 0°059%

The first step in the determination of an equilibrium constant
was to heat an alundum crucible to about 1580°C in an atmosphere of
hydrogen, obtained from a cylinder. The crucible was heated until
its weight was constant. It generally lost about 0-:03 gm. after
four hours heating, but the rate of loss in weight then rapidly
diminished until, after about six hours, when it had lost about
005 gm., the weight of the crucible became constant. The weight

of the crucible thus obtained was termed the "basic weight". This
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process was carried out in the molybdenum-wound furnace, and the
weight of the crucible during the firing was noted on the high-
temperature balance. In the meantime, a piece of Armco iron of
about 18 gms. weight was cleaned and then accurately weighed.
Next, the crucible with the iron in it was lowered into the re-
action tube and again heated to about 1580°C in a stream of hydro-
gen until the total weight was constant. It was found that there
was always a small but decided decrease in the weight of the cru-
cible and iron. This loss in weight was probably due to the
purifying action of the hydrogen stream on the molten metal. ‘When
the iron had been thus treated it was allowed to remain in the
crucible during the remainder of the investigation until it had
to be analysed chemically. By subtracting the weight of the cru-
cikble from that»of‘the crucible plus iron, the "basic weight" of
the latter was obtained. The platinum suspension wire and the two
molybdenum wires were each weighed also.

The next step was the preparation of a gas mixture. When the
mixture had been made up it was allowed to stand until it had bé—
come completely homogeneous. It was then analysed as already de-
scribed and the volume of hydrogen sulphide to 100 c.cs. hydrogen
was calculated. The compositfon of the gas mixtures used varied
between the limits 0+05 c.c.-1-50 c.cs. hydrogen sulphide in
100 c.cs. hydrogen.

The crucible and iron were carefully lowered into the re-
action tube and suspended from the high—température balance. The
suspension, crucible, and iron were then weighed. The orifice in

the weighing device was sealed, the outlet tube was closed, and
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the reaction tube was evacuated by means of the Cenco-Hyvac pump
which was connected to the gas inlet. When evacuation was com-
plete, the inlet tube was connected to the reservoir and some of
the gas mixture was slowly admitted until the pressure inside the
reaction tube was a few centimetres of mercury above atmospheric.
The outlet was then opened and the excess gas escaped. The cru-
cible and iron were thus suspended in a mixture of hydrogen sul-
phide and hydrogen of known composition.

The furnace was then heated up to a definite temperature
which was maintained during the run. The temperatures chosen
for the determinations were 1530°C, 1550°C, 1570°C, and 1600°C
respectively. ‘hen the furnace was being heated up, the gas mix-
ture inside the refractory tube expanded and the excess gas es-
caped through the outlet. When the temperature had been reached
the connection between the inlet and the reservoir was carefully
opened until a fast stream of gas mixture was passing through the
reaction tube. During most runs the gas mixture was passed in at
a rate of about 50 c.cs./min. but this was sometimes increased to
100 c.es./min. In the early runs the rate of flow was about
30 c.cs./min. The effect of increasing the gas flow was to hasten
the pick-up of sulphur by the melt and so shorten the time taken
to reach equilibrium.

The molten iron reacted with the Ho5 to form FeS, which re-
mained in solution in the iron. The melt thus gained in weight
and this increase in weight was noted by taking weighings at
regular intervals on the high-temperature balance. ihen a read-

ing on the latter was being made the gas flow was reduced to
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about 8 c.cs./min. so that the weighing operation was not affected
to any great extent. In taking those weighings, use was made of
the weighing device and it was found to work efficiently. Aafter
a weighing had been made, the orifice was closéd and a fast
stream of gas was again admitted to the reaction tube.

It was found that at the beginning of the reaction the rate
of pick-up of sulphur by the iron was very rapid. Gradually,
however, the rate slowed down until it became relatively small.
The gain in weight recorded by the high-temperature balance was
due mainly to the sulphur picked up by the iron, but the molyb-
denum and platinum wires of the suspension also gained in weight

a little. When the high-temperature balance was registering only?

small changes in weight then it was assumed that equilibrium had %
been almost reached. The melt was then quenched by pulling it up
sharply to the cool top part of the reaction tube, and the fur- vé
nace was cooled. |

When the furnace was cold the crucible, melt, and suspension
were withdrawn. The platinum and molybdenum wires were weighed
~and their total increase in weight was obtained. This gain in
weight wﬁs subtracted from the total gain in weight recorded on
the high-temperature balance immediately before the melt was
quenched. The pick-up of sulphur by the melt, denoted by the !
high-temperature balance, was thus obtained. The crucible and
melt were also weighed at room temperature after they had been

withdrawn from the reaction tube. The gain in weight of the i

crucible and melt at room temperature showed very good agreement

with the gain in weight obtained from the high-temperature balance.?
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This increase in weight was, of course, due to the sulphur picked
up by the wmelt. The method of quenching the melt thus showed it-
self to be quite efficient.

During the run, two analyses of the gas mixture were carried
out. The gas was also sometimes analysed after it had passed
through the reaction tube.

As the original weight of the iron was known, it was a simple
matter to calculate the percentage of sulphur in the melt. A
value for the equilibrium constant was then calculated using the

equation:

K = HoS (volume ratio) x 1
HE“ %3 in melt

In order to ensure that the gain in weight of the crucible
and iron was_due solely to the formation of iron sulphide in the ;
latter some melts were analysed for sulphur, and good agreement k
was obtained. The method adopted for such analyses was as follows:

An accurately weighed sample was brushed into a conical flask
which was then closed with a rubber stopper fitted with a thistle-
funnel and a delivery tube. The stem of the funnel reached to
near the bottom of the flask and the delivery tube extended from
the flask to the bottom of a long glass cylinder which contained
ammoniacal cadmium chloride solution. A mixture of equal propor-

tions of concentrated hydrochloric acid and water was poured

rapidly down the funnel until the end of the stem of the funnel
was. covered. The flagk was then carefully heated. Hydrogen sul-

phide was liberated by the action of the acid on the sample, and

the gas passed into the cadmium chloride solution where it
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precipitated cadmium sulphide. Heating was continued intil all
the sample had been dissolved and all of the hydrogen sulphide had
been driven out of the flask. The precipitate of cadmium sulphide
was dissolved slowly with concentrated hydrochloric acid and the
liberated hydrogen sulphide was titrated against standard iodine
solution, using starch as an indicator. The cadmium chloride and
iodine solutions were the same as those used in analysing the gas
mixtures. The accuracy of this method was confirmed by carrying
out analyses on standard samples of steel with known percentages
of sulphur.

In analysing a melt, great care had to be observed in order
to obtain samples which were representative of the entire melt.
This was necessary, because micro-examination of polished specimens
had shown that the iron sulphide was not always distributed uni-
formly throughout the iron. The procedure was to take'borings
through various parts of the melt. The turnings thus obtained
were thoroughly mixed up, and at least three analyses were carried
out on them. It was found that consistent results were obtained
by this practice. Sufficient turnings were weighed out in each
analysis to give a titration of about 15 c.cs. iodine solution.

The above is an outline of the technigue adopted in the early
runs. The first results obtained were rather inconsistent and,
during some runs, the melt seemed to pick up more sulphur than was
being passed into the reaction tube in the form of hydrogen sulph-
ide. 1In these early runs the ironwould pick up sulphur rapidly
at the start, but after about three hours the rate of pick-up



would be very slow. This seemed to indicate that the equilibrium
state was being approached. However, on quenching the melt and
then continuing with the same run the following day, it was found
that the rate of pick-up of sulphur increased instead of remain-
ing at the previous low value. This seemed at first to indicate
that the melt had not really been near the equilibrium point in
the first instance, but this was not the full explanation. An
analysis of the outlet gas frbﬁ the reaction tube revealed the
true reason for the inconsistency. During one run this gas was
found to contain almost twice as much hydrogen sulphide as the
inlet gas. It was obvious that the gas mixture, in its passage
through the reaction tube; wag picking up sulphur in some form.
This extra sulphur could not have come from the melt as it had
been gaining in weight during the run. The possibility of sulphur
deposition in the tube was considered and it was decided to carry
out an investigation. An examination of the reaction tube revealed
that there was a thin deposit of sulphur on the surfacé»a few
inches above the hot zone. The hot zone itself was clean. The
lower part of the tube contained the alundum baffle plates, and
as the alundum was porous it would obviously provide a large sur-
face for sulphur deposition. An examination revealed this to be
the case. Because of this,the design of the baffle system was
altered so as to reduce the amount of alundum. (See pagel® )
There were two possible explanations for the presence of

sulphur in the reaction tube. One was that the hydrogen sulphide

was being decomposed - or perhaps dissociated would be a more
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appropriate word - into hydrogen and sulphur during its passage
through the tube. Part of this sulphur would then be deposited on
those areas of the tube which were at a suiiable temperature for
condensation to occur. It was also possible that the hydrogen
sulphide gas was being absorbed by the alundum and certain parts
of the reaction tube. Although the sulphur deposition was contin-
ually being formed, some of the sulphur would also be‘given off
when the tube was heated up and a gas mixture was passing through
it.

It was necessary that this sulphur should be cleaned out of
the reaction tube before an equilibrium run was started. The
method adopted for cleaning the tube was to pass‘a rapid stream of
hydrogen through it at about 1550°C. 4n analysis of the hydrogen
after its passage through the empty tube showed that it contained
as much sulphur as some of the gas mixtures used. This was defin-
ite proof of the existence of sulphur deposition. The hydrogen
was passed in until the amount of sulphur it contained after going
through the tube was negligible. This treatment solved the prob-
lem of sulphur deposition. It geherally took abdut four hours to
clean the tube and it was then possible to carry out a run with
the knowledge that the gas in the tube was of the same composition
as that being passed in from the reservoir. The reaction tube was
cleaned with the hydrogen very frequently so as to keep the sul-

phur deposition so low that it could not interfere with the equi-

librium determinations.

The time taken for the reaction: to reach the equilibrium

state, starting with pure iron, was rather long. It was possible
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to shorten the time by increasing the rate of flow of the gas, but
the gas réte could not be increased too much as the refractory
tube was liable to crack if too fast a stream was passed through
it. DBesides, there was no real advantage in increasing the gas
flow above a certain value, and the rate of flow of the gas was
never greater than 100 c.cs./min. It was decided to try and
hasten matters by first melting the iron in a mixture containing
a comparatively high percentage of hydrogen sulphide. After melt-
ving the iron in this mixture for about two hours. the run was
stopped. A gas mixture about half as strong in hydrogen sulphide
as the previous one was then prepared and the melt heated in it.
The iron picked up sulphur during those runs, and the process of
reducing the concentration of hydrogen sulphide was continued un-
til the iron either gained only a little, or started to lose sul-
phur in a gas mixture. The'gas mixture in which this occurred
was not altered and the run was continued until equilibrium had
been reached in it. It was found that the melt was usual}y near
equilibrium in the third or fourth mixture. The gas mixtures were
not prepared indiscriminately; if it was thought that the melt
was not very far from being in equilibrium with a mixture, the
latter was not altered too much. This method worked quite well,
but it had the disadvantage of causing larger sulphur depositions
in the reaction tuhe, owing to the relatively strong gas mixtures
used at the start. More time was taken up in removing those de-

posgits.

When the value of K was known at least approximately, it was

poasible to calculate the composition of the melt which would be
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nearly in eguilibrium with a gas mixture, the composition of which
was known from analysis. The first dependable values of K ohtained
were thus utilised. Melts which had already been used for equi-
librium determinations were found to be convenient for preparing
the synthetic melts. When the percentage of sulphur in a melt
+was known it was possible to prepare a melt with a smaller, but
known, sulphur content. This was accomplished by adding a weighed
amount of the melt, usually in the form of turnings, to a weighed
piece of Armco irog. The usual procedure was to prepare a gas
mixture of known composition and then a melt was made up contain-
ing the appropriate sulphur content. This process could also be
revefsed, the melt being made first and then the corresponding
gas mixture. The former method was more favoured, as synthetic
melts could be prepared more accurately than the gas mixtures.

Another method adopted for reaching the equilibrium stage
more quickly was to melt in hydrogen a sample whichhad previously
reached equilibrium in a known gas mixture. This treatment re-
duced the sulphur content of the melt. At the same time, the
remaining gas mixture in the reservoir was diluted with hydrogen
and so a gas weaker in hydrogen sulphide content was prepared.
This éas was analysed. Knowing at least the approximate value of
K and the gas composition, it was possible to calculate a value
for the sulphur content of the melt at equilibrium. The melt
could then be heated in the hydrogen until its sulphur cohtent
had been reduced to the appropriate percentage.

By the judicious application of these various techniques,

it was possible to reach the equilibrium state from both the

S LT e

i AR I




s

3.

high-sulphur and low-sulphur sides. all but one of the following

results were obtained by using these methods. That is, in only

one case was there no sulphur in the iron at the start of the

equilibrium run.




EXPERTIMENTAL RESULTS.

The results of the investigation may be divided broadly into
two groups: the early results, which were inconsistent because of
sulphur deposition, and the results obtained when provision was
made to eliminate the sulphur deposition. The samples used in the
early investigations are referred to as Sample I, Sample II, etc.

E The melts from which more reliable data wefe obtained are denoted
by a létter thus, Sample A, Sample B, etc. Runs with the same melt
in different gas mixtures are numbered Run 1, Run 2, etc. For ex-
ample, the first run with Sample A in a gas mixture is termed as

| Sample A Run 1, and the next run with Sample A in a different gas

| mixtﬁre is called Sample 4 Run 2. Similarly, the first run with
Sample B is denoted as Sample B Run 1, and so on with the other
melts.

The first results were obtained for the temperature 1550°C
and the starting material was Armco iron. As has been previously
explained, the early results were inaccurate because of the sulphur
deposition in the reaction tube. This caused ﬁhe iron to pick up
more sulphur than it would have if the sulphur content of the gas
in the tube had been the same as that of the gas in the reservoir.
The equilibrium constant of the reaction:

FeS + H, &= Fe + HoS5,

may be represented as:

K = HoS (volume ratio) 1
B %S in melt
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The effect of the sulvhur deposition was that on calculating K
a value which was too low wes obtained, because the percentage of
gulphur in the melt occurs in the denominator of the above equation.

Fig. 7 is a good illustration of the effect of sulphur depos—‘
ition. In this graph the weights of sulphur picked up by the iron
(Sample II) have been plotted against the corresponding times.
The run was started with 19°920 gms. Armco iron and ﬁhe compos-
ition of the gas in Run 1 was 0+203 c.c. hydrogen sulphide to
100 c.cs. hydrogen. The flow of the gas mixture through the tube
was maintained at about 3C c.cs./min., except of course when it
wag reduced while a weighing was being made. The rate of pick-up
of sulphur by the melt decreased progressively as the run was con-
tinuved until, after about three hours, the pick-up was very slow.
At this stage Run 1 was stopped. (Point X on the graph) The melt
had then gained in weight by 0-028 gm@ sulphur after three hours
at 1550°C. A mixture consisting of 0072 c.cs. hydrogen sulphide
to 100 c.cs. hydrogen was prepared, and on the following day the
melt was reheated to 1550°C in this new atmosphere. This was Run
2 with Sample II. The flow of the gas through the reaction tube
was maintained at the same rate as in Run 1, and it was expected
that the rate of pick-up of sulphur by the melt would at the most
be the same as at the conclusion of Run 1. As the melt had seemed
to be approaching equilibrium in the first run, and as the second
run was in a gas containing a much smaller content of hydrogen
sulphide, it was thought possible that the melt would lose sulphur
in this new run. It was found, however, that the melt picked up

sulphur, and at a much greater rate than before (X—Yon the graph).
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Phereas previously it had taken three hours to gain 0°028 gnm.
sulphur. 1t now picked up 0°040 gm. sulphur in 45 mins., after
which the run was stopped. On continuing the run the following
day, with the same gas mixture, there was an additional pick-up of
0+036 gm. during ©6C mips. (Y—Z on the graph). The evidence in-
dicated that the melt was not yet at the equilibrium stage, but a
value for K was calculated by taking the total pick-up of sulphur'
as 0°104 gm. This represented 0°52% sulphur in the melt, and thus:

K= 0072 x _1 = 0°00138
100 0-52

But, as the sulphur content of the melt was still increasing, then
K was really iess than 0-00138. It was in this manner that the
sulphur déposition resulted in the values obtained for K, in the
early investigations, being too small. This particular investig-
ation was carried out using freshly-made alundum rods as part of
the suspension for the crucible, and, during the runs, the alundum
picked up an appreciable amount of sulphur. However, in drawing
the graph in fig. 7, a correction was applied for the sulphur picked
up by the sﬁspension, and the sulphur gains recorded in the graph
were thosé of the melt alone. The time occupied in taking a weigh-
ing on the high-temperature balance was only about two minutes,
during which time the gas flow was reduced to 8 c.cs./min.

As the results of these early runs proved to be false, they
will not be discussed in detail. They were all carried out at
1550°C and the values obtained for K varied from gbout 0°00130 to

0-00250. Later, new values for K were re-determined at 1550°C.
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One point which is well illustrated by fig. 7 is the time
taken by a melt to reach equilibrium. Thepick-up of sulphur by the
iron was fairly fast at the start of Run 1. but it slowed down con-
siderably before equilibrium was attained. It was for this reason
that new techniques for reaching the equilibrium stage more quickly
were evolved. These techniques have already been described in
general terms in the EXPERIMENTAL METHCD. 4ll but one of the sub-
sequent Qalues obtained for the equilibrium constant were arrived
at by utilising these various methods. These results are presented
in concise form in Table I. (Page 48).

The results are not written in the table in the order in which
they were carried out. The numbers given for the runs are those of
the equilibrium runs. All the melts (except Sample F) already con-
tained sulphur prior to the start of the equilibrium run. Thus,
apart from Sample F, the figures given for the percentages of sul-
phur in the melts represent the total sulphur pick-up, and do not
represent the sulphur picked up during the equilibrium run. Samples
D and E were gsynthetic melts. The latter was made from part of
Sample A and some armco iron; Sample D was prepared by combining
parts of Samples C and A. The figures given for the basic weights
of Samples D and E were obtained by calculation. The sulphur per-
centages at the conclusion of the equilibrium runs were all calcu-
lated from the gains in weight of the melts. The values given for
the gas compositions were those of the gas mixtures in the reservoir

It is now proposed to give the details of three representative

determinations.
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TABLE I.

Run
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1530 | 16-9933 | 17-1333 |0+1400 | 0°817 | 0293 | 0°00359
1530 | 17-2400 | 17-4204 |0 1804 | 1036 | 0" 466 | 000450
1530 | 17- 2400 | 17-3285 |0-0885 | 0+511 | 0 217 | 000425
1530 | 17-2400 | 17-2877 |0-0477 | 0°276 | 0 <113 | 0°00410
| 1550 | 20-1230 | 20-2600 |0-1370 | 0-676 { 0" 277 | 0-00410
1550 | 20°1230 | 20- 1863 [0-0633 | 0°314 [ 0°115 | 0°00366
1550 | 15°1861 |15-2094 [0-1133 | 0-741 | 0-323 | 0°00436
1570 | 15-9506 | 16-0145 |0- 0639 | 07399 |0-181 | o0-00454

1570 | 15°9506 |15°9933 |0-0427 | 0-267 | 0°100 | ©°00375
1570 | 20°2481 20-3291 |0-0810 | 0-398 | 0°178 | 0-00447

1600 | 198255 | 19-9496 |0-1241 | 0-622 | 0-261 | 000420

o O O O o O

1600 | 19°8255 | 199601 -1346 | 0*674 | 0308 | 0°00457
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Sample Z was the first synthetic melt made. A gas mixture
was first prepared. An analysis of this gas gave 0-181 c.c. hydro-
~gen sulphide to 100 c.cs. hydrogen. The value of K was taken as
being known at least approximately, and for purposes of calculation
it was assumed to be (+0040. These two values for the gas compos-
ition and K were substituted in the equation:

K:HQS‘X
B

where S = % sulphur in melt. Thus -

?

O

004 = *181 x 1

100 §
. S= -18 x _1
100 +004

= 0-45% sulphur,

It was thus necessary to prepare a melt containing 0°45%
gsulphur, which would be nearly in equilibrium with the gas mixture.
Such a melt was obtalined by mixing part of Sample A with armco iron.
In preparing the melt the percentage of sulphur in Sample A was
taken from the analysis of it and not from the gain in weight.
These two percentages differed slightly and they will be discussed
later. The synthetic melt prepared in this particular example con-
tained 0°+445% sulphur, and on heating it at 1670°C in the gas
mixture its‘ﬁeight had not changed greatly after 205 mins.

Sample B, Run 3 is a good example of the technique of reaching
equilibrium by melting the iron first in a relatively high concen-
tration of hydrogen sulphide and then in mixtures which are succes-
sively weaker in hydrogen sulphide. The weight of the armco iron

after it had been melted to constant weight in hydrogen was 17+2400
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gms. A gas mixturé containing a relatively high proportion of
hydrogen sulphide was prepared, and on analysis it was found to‘
contain 1+310 c.c. hydrogen sulphide to 100 c. cs. hydrogen The
iron was melted in this atmosphere for two hours at 1530°C. After
that run (Run 1), the pick-up of sulphuf by the iron was 0°1275 gm.
Hydrogen was Lhen passed into the gas in the reservoir, and an
analysis of the new mixture gave 0°620 c.c. hydrogen sulphide to
100 c.cs. hydrogen. The melt was heated at 1530°C for two hours in
this weaker mixture. This was Run 2, and at the end of this run
the melt had picked up a further 0°0600 gm., making a total gain
in weight of 0°1875 gm. At this stage it was necessary to clean
the Sulphur deposition out of the reaction tube by passing hydro-
gen through it at about 1580°C. Some hydrogen was added to Run 2
mixture, and the resulting gas when analysed was found to contain
0+466 c.c. hydrogen sulphide to 100 c.cs. hydrogen. After two
hours at 1530°C in this mixture (Run 3), the melt lost 0°0081 gm.
and, because of this, the mixture was unaltered. The run was then
stopped by quenching the melt, and the sulphur deposition was
cleaned out of the reaction tube. On continuing with Run 3, the
melt gained in weight by only 00010 gm. in 165 mins. and K was
then calculated from the available data.

It has already been mentioned how the percentage of sulphur
in some melts was reduced by melting in a stream of hydrogen so as
to decrease the time taken to reach equilibrium in a known gas mix-
ture. Such a method was adopted in the case of Sample E, Run 2.
After Run 1, the melt contained approximateiy 0«064 gm. sulphur.
The composition of the Run 1 gas mixture was 0+181 c.c. hydrogen
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sulphide to 100 c.cs. hydrogen and., at the conclusion of the run,
hydrogen was passed into the remaining gas. The new gas contained
0-100 c.c. hydrogen sulphide to 100 c.cs. hydrqgen. Taking K as
being 0+004, and letting S = weight of sulphur in the melt, then:

004 = 1 x (15-95+38) ,
100 100.5

where 15°95 (gms.) is the approximate "basic weight" of the iron.
On evaluating, S = 0°04 gm. Thus the sulphur in the melt had to
be reduced from about 0°064 gm. to 0°040 gm. The melt had there-
fore to lose 0°024 gm. sulphur to be nearly in equilibrium with
the new gas mixture. The sample was accordingly melted in hydro-
gen in order to decrease the percentage of sulphur in it. It was
~ heated in the hydrogen until it had ldst about 0-°018 gm., so that
it contained somewhat more than the equilibrium amount of sulphur.
On melting in the mixture, the sample lost $°003 gm. during 180
minutes, and K was then calculated. Thus, this was also an exam-
ple of approaching the equilibrium state from the high-sulphur
side.

It has already been pointed out that the high-temperature
balance recorded the slight pick-up of sulphur by the-suspensioﬁ
as well as the melt. Thus, even at the equilibrium stage, the

high-temperature balance was recording weight changes. These
changes in weight during the latter parts of the equilibrium runs
are given in Table II (page 52) under the heading H.T.B. Also
given, under the heading 1..T.B. (low-temperature balance); are the
changes in the weightsrof the melts after the equilibrium runs,

when the crucible and melt alone were weighed at room temperature.



TABLE IT.

o H.T.B. L.T.B.
o ™ Sulphur Pick-up Sulphur Pick-up
g o . 9 during Equilibrium | from Equilibrium
oR =] ga h:: Run. Run.
§ an ] .
& Weight | Time Weight | Time
(Gms.) | (Mins.) (Gms.) (Mins.)
Al4 11530 | 0°359 | +0-0050 110 +0+ 0060 200
B3 |1530 | 0450 | +0°0040 90 +0+0010 165
B |4 |1530 | 0425 | -0°0026 210 =0+0077 210
B |5 |1530 | 0°410 | +0°0060 180 +0+-00086 180
C 11550 | 0410 | +0°'0030 30 +0-0130 180
C |2 (1550 | 0°366 | +0°0050 60 -0-0017 | 180
D|1]|1550 | 0+436 | +0 0050 30 +0-0104 150
E|1]1570 | 0°454 | -0°0010 140 -0:0074 205
E|2|1570 | 0375 | -0'0010 40 -0+0030 180
Fl1|1570 | 07447 | +0-0025 50 . -0-0010 240
Gl2|1600 | 07420 | -0-0030 60 +0-0380 | =210
G|3|1600 | 0'457 | +0-0013 30 +0-0105 | 180




53.

The plus sign denotes a gain in weight, and the negative sign a
loss in weight. The times given are those during which the
changes in weight occurred. It can be seen from this table that,
except for four results, the changes in weight given under L.T.B.
are all in the third decimal place. In the four exceptions (Sample
C Run 1, Sample D Run 1, and Sample G Runs 2 and 3) the melts had
changed weight more appreciably after the equilibrium run, but the
changes in the weights of thesemelts,recorded by the high-temperature
balance, during the latter parts of the equilibrium runs are rela- |
tively smallern, when allowances are made for time and the gain in '
weight of the suspension. !

As the melts had been changing slightly in weight at the con-

clusion of the runs, it could not be assumed that they were com-

pletely in equilibrium with the gas mixtures. However, as it was
known whether a melt had been gaining or losing sulphur,vit was
possible to indicate whether K was smaller or larger than the |
calculated value. For example, the value of K for Sample B Run 3
is 0°'00450, but at the end of Run 3 the melt had been picking up
sulphur slowly, thus K would be really slightly less thanO-00458C.
On this basis the values of K have, in Table III (page 54), been
grouped into two sections accprding to whether the melt was losing
(K increasing) or gaining (K decreasing; sulphur at the conclusion
of the run. The average values for K at each temperature are also

given and it can be seen that they are good representations of the

experimentally found values. For example, the average value at
1530°C is practically the same as that for Sample B Run 5, and

during this run the melt only changed weight by 0-0006 gm. after
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TABLZE III

Temperature °C | K increasing | K decreasing Average of K

0-00359

1530 Q00425 0-00450 0+00411
0*00410

1550 000366 0-00410 O+ 00404
0°00436

000454

000447

1570 0.00375 _ 0-00425

1660 0+00420 0-00457 0-00439

three hours. The same sort of thing applies to the other temper-
atures.

The equilibrium constant of the reéction may also be calcu-
lated by expressing the concentrations of the iron and FeS in the
melt as mole fractions. Representing this constant as Kys then:

Ky, - _HsS Fe
M I~ X Fed

HoS (volume ratio) x Fe _in melt . 88
Ho FeS in melt . 56

In Table IV (page 55) the data for calculating the constants

in this manner are tabulated and the values of Kylare given.
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TABLE IV.
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A |4 |1530 | 16°-9933 | 17°1333 | 16-750 |0-3850 |0+293 02003
B |3 |1530 | 172400 | 174204 |16-920 [0+4961 | 0+466 0- 2498
B |4 |15830 | 17°2400 | 17-3285 | 17020 |0+2434 |{0:217 02394
‘B |5 |1530 | 172400 | 172877 | 17-160 |0+1312 | 0-113 02323
C |1 |1550 | 201230 | 202600 |19-880 |0-3768 |0-277 Q- 2297
C |2 |1550 | 20+1230 | 201863 }20-010 (0+1741 }0-118 02077
D |1 |1550 | 15-1861 | 15-2994 |14.990 |0-:3116 |0-323 0-2442
E|1 [1670 ] 159506 | 16-0145 |15-840 |0+1757 |0-181 02565
E(2 |1570 ]| 15:9506 | 15-9933 | 15:880 |0-1174 | 0-100 0-2125
S F |1 1570 202481 | 203291 | 20-110 |0-:-2228 J0-178 0-2524
G| 2 |1600| 198255 | 19°'9496 | 19610 |0+3413 | 0-261 0:2356
G| 3 (1600 19°8255 | 199601 | 19-8690 [0+3702 | 0-308 ‘0°25662







The average values of Kplat each temperature are as follows:

T%pp. Km

c (Average)
1530 02305
15850 02272
1570 C*2405
1600 | - 2459

In fig. 8, log_KNlhas been plotted against the reciprocal of
the absolute temperature. The graph so obtained should be theor-
etically a straight line, and it can be seen that the value of Kpm
at 1550°C is obviously on the low side. The other three vaiues lie
nearly on a straight line, and the equation of this line is:

log Ky, = :l%é; 4_'107 , | |
where T = temperature (°absolute).

All the values of K (and K) so far considered were obtained
by using the gain in weight of the melt to calculate the sulphur
percentage. Most of the melts were analysed chemically for sulphur
and., as Table V (page 57) illustrates, quite good agreement was
obtained between the two percentages. Samples II, III, and IV were
three of the early melts which were analysed. Samples B and E fell
out of the crucibles when further runs with them were being attempt-
~ed; the crucibles had been rather badly crackeg due to,mény quench-
ings, and they broke during the extra runs. Sample G was not

analysed. The values of K calculated from the sulphur analyses

are included in Table V, together with the corresponding values



- % S from . % S f?og K . 102 K . 102

Sample Anaﬁgiis of balgf}ﬁwﬁi}ght (Analysis) | (Weight Gain)
IT 0964 1-012 - ———
III 0-765 0-808 - ——
v - 0-1588 0-157 -—- ——
A 0-810 0-817 0362 0+359
B - 0-276 - 0+410
o 0-:320 0-314 0-359 0-366
D 0-732 0.741 0-441 0+436
E - 0:267 - 0375
F 0-400 0.398 0+445 0-447
G -—- 0-674 -— 0-457

obtained from the increase in weight of the melts.

There is little

difference between these values and, as most melts were used to

obtain more than 6ne value for K, it is better that all the con-
stants considered éhould be those based on the gain in the weight
of the melt.

Some analyses were carried out on the gas mixtures after they
had passed through the reaction tube but the compositions of the
inlet and outlet gases always differed slightly. In the equilib-

rium runs, which were all carried out after the sulphur deposition

had been removed from the reaction tube, the percentage of hydrogen



Melt with B LOW HOLES

Fig. 10 — Blow hole, in Me i_t.
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sulphide in the outlet gas was lower than in the inlet Zas. This
difference was probably caused by the formation of fresh sulphur
deposition. Examination of the reaction tube showed that the
sulphur deposition occurred mainly a few inches above the hot zone
in the reaction tube - that is, after the gas had passed over the
’melt. As the molybdenuﬁ suspension wires also absorbed some sul-
phur, it was probable that the inlet gas was more representative
of the gas which was in eguilibrium with the melt. For this
reason all the values for the constants were calculated using the
inlet gas composition.

Melts which had been quenched usually contained hlow-holes,
and often the surface of the melt rose considerably. Figs. 9 and
10 are examples of two melts containing blow-holes. ‘When the melts
were cooled slowly in the furnace they sclidified to a solid mass.
Fig. 11 (overleaf) illustrates the normal appearance of the melts.
Pieces of alundum from the crucibles can be seen sticking to these
latter melts but, as has been mentioned in the PRELIMINARY INVES-
TIGATIONS (page2®), this was merely a physical action. The blow-
holes in the quenched melts were probably due to the very sudden
decrease in the solubility of the hydrogen (and the hydrogen sul-
phide) when the temperature fell quickly below the freezing-point
of the melt. The gases would be much less soluble in solid than in
liquid iron, and so at}the freeiing—point there would be a sudden

evolution of gas, with the consequent formation of bhlow-holes.



.

1

N ORMAL.

A

PPEARANTCE:

OF

M

ELTS






DISCUSSION OF RESULTS.

Comparison with other Investigators.

The equilibrium constant of the reaction between hydrogen
sulphide and iron at temperatures of liquid iron has been studied
previously by Maurer and Bischofs»and Chipman and Lf?ﬁ The formers'
values for K are about one hundred times as large as the present
values. In fig. 12, the logs of the average values of K obtained
in the present investigation are plotted against the reciprocals
of the corresponding absolute temperatures, and the same procedure
is adopted with Chipman's results. It can be seen that there is
fairly good agreement between these two sets of results. It is
obtvious from the graph that Chipman's value for K at 1546°C is too
high, and ﬁhe value at 1550°C in the present work is too low.
Although Maurer and Bischof's constants differ greatly from Chip-
man's and the present results, all three agree in one respect -
namely, that the equilibrium constant increasés in value as the
temperature rises. This agrees also with the findings of inves-
tigators of the reaction in the solid state.

Maurer and Bischof carried out their investigation in &
Tammann furnace. In it a charge of steel was melted, and a gas
of known composition was circulated in the space above the charge.
After a definite time had elapsed, the gas was analysed for sulphur

after passing over the charge. They knew from the analysis whether

the gas had lost or gained sulphur and on this information they
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deduced the direction in which the movement toward eguilibrium
was taking place. The initial composition was compared with the
final composition of the residual gas and by this means they
finally ascertained the direction of the reaction. They found
that at the high temperatures of the investigation the crucibles
and reaction tubes were unable to resist for more than 6C mins. at
a time the chemical attack of the reactants, apart from the phys-
ical stresses to which the vessels were subjected. Because of
this, it was impossible for them to prolong the operation suf-
ficiently to attain the point of completé equilibrium. It can
thus be seen that Maurer and Bischof's values are based on data
which are far from conclusive as regards indicating the true equi-
librium point. Their high results were possibly due in part to
the relatively short time which they were forced to allow for the
melt to attain equilibrium with the circulating gas mixture. This j
would result in the percentage of sulphur in the melt being too
low, and thus K would be too high. They also used beryllia cru-
cibles, and according to Chipman these crucibles absorbed sulphur;
part of the sulphur in the gas would therefore be taken up by the
crucible instead of the melt, and this would also tend to make the
value of K too high.

Although Chipman's values for K do not differ greatly from
the present values, he makes some statements which are not in
accordance with what was found in the present investigation.
Chipman preheated the gas mixture before it entered the reaction

tube, which was made of silica. This preheating was carried out

by means of molybdenum filaments which were placed inside the upper;
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part of the silica tube. according to Chipman, these filaments
vwere not corrocded by the gaseous mixture, and no hydrogen sulphide
wags decomposed or absorbed by the molybdenum. 1n the present in-
vestigation it was found that the molybdenum wires, which were used
in the suspension, gained slightly in weight after each run. This
increase in weight must have been caused by’the action of the gas
mixture on the wires. It is probable that the molybdenum reacted
slightly with the hydrogen sulphide to form small amounts of molyb-
denum sulphide. Also, it was found usually that after a run a thin
deposit of elementary sulphur coated the molybdenum suspensions for
a short distance above the hot zone. Although this deposit was
readily rubbed off, it is probhable that some sulphur was absorbed
by the molybdenum. H. Moissan (see Mellor's "Inorganic and Theor-
etical Chemistry", Longmans, Green and Co., 1931, wol. XI p. 513)
has found that sulphur has no action on molybhdenum at 44000, but
that hydrogen sulphide at 1200°C cénverts the metal into a sulphide
closely resembling molybdenite (MoSo). Chipman does not state to
what temperature the filaments were heated, but it seems reasonable
to assume that they would be heated to about 1200°C in order to
give effective preheating of the gas. His gas compositions were of
the same order as those used in the present investigation. It was
found in the present investigation that the action of the gas mix-
ture on the molybdenum wires was not a corroding one, and these
wires lasted for many runs and could be used even when brittle.
This agrees with what Chipman found.

According to Chipman, the preheating of the gas mixture had a

decided effect on the amount of sulphur absorbed by the iron in
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such a manner that the lower the temperature to which the gas was
preheated, the less was the amount of sulphur absorbed by the iron.
This preheating of the gas is probably of use in hastening the |
atteginment of equilibrium, but it is doubtful if it has any effect
on the final equilibrium state. It was found in the present ex-
periments that when pure iron was used it reacted rapidly at the
start, despite the fact that the gas was not preheated.

Chipman also states that there was no evidence of any kind as
to the depogition of liquid or solid sulphur in the cold part of
the furnace, and that this confirmed preliminary calculation that
the gas mixture passing through the furnace should not be decom-
posed. One of the chief difficulties of the present work has been
the sulphur deposition on the cooler parts of the reaction tube,
and the presence of such a deposition has been shown experimentally.

. 12)
It is interesting to note that Dahlstrom and Ahreg state that any

hydrogen sulphide present in producer gas is to a large extent dis-
sociated when the gas is preheated; they found that an average of
35% of the sulphur in the producer gas was retained in the regen-
erator chamber.

Chipman had difficulty in finding a suitable type of crucible
in whieh the reaction could occur without the crucible reacting
with the melt or the gas atmosphere. One of the types he tried
was porcelain crucibles, but they reacted with the melt. As an
explanation for the reaction, Chipman says that it is probable that
the alumina in the crucibles reacted with the hydrogen sulphide.

Alundum crucibles, which also contain alumina, were used in the

present investigation and these crucibles were found to be stable
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and they did not react with the melt or hydrogen sulphide, nor did
they absorb sulphur. Furthermore, these alundum crucibles were
quite capable of enduring many hours heating with the melts in
hydrogen sulphide/hydrogen atmospheres. Chipman's best results
were obtained when using silica crucibles, which softened at tem-
peratures above 1530°C and sometimes yielded so much that the melt

flowed out.

Variation of the Equilibrium Constant with Temperature.

It has already been seen that the constant increased with

temperature. Thus, writing:

K = HoS Fe
M 2y X ===
Ho FreS

increase of temperature favours the formation of HoS and Fe. Accor-
ding to the theorem of Le Chatelier, when heat is added to a system
in equilibrium a change takeé place, if possible, which is accom-
paniéd by the absorption of heat. Now, as a rise in temperature
favours the formation of HoS and Fe then, from Le Chatelier's
theorem, it is probable that the production of HoS and Fe is accom-
panied by the absorption of heat. Conversely, when HoS acts on
molten iron heat is evolved. Therefore there will be a smaller
percentage of sulphur in a melt which has been quenched from a
high temperature, than in one which has been quenched from a lower
temperature, when both melts have been heated in the same gas mix-

ture for the same period of time.

The Bffect of High Temperatures on Hydrogen Sulphide.

From the observations made during this investigation, it seems
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probable that hydrogen sulphide is decomposed into hydrogen and
sulphur at temperatures between 1530°C and 1600°C. The action
would probably be better described as one of dissociation rather
than of simple decomposition, and may be written:
HoS &2 Hot S .

The dissociation was probably greatest in the hot zone of the re-
action tube. The temperature in this zone would be too high to
allow any sulphur to deposit. This view is supported by the fact
that an alundum crucible, which had been used for many runs, was

analysed and found to contain no sulphur. 4lso, the surface of

the reaction tube in the hot zone was clean. There was, of course,

an upward flow of gas through the reaction tube, and this current
would carry up with it some of the elementary sulphur, which would

then condense on the cooler parts of the tube. The errors. in the

early runs were probably caused by the sulphur depositions, and by

the hydrogen sulphide which was absorbed by the alundum baffle sys-

tem and the reaction tube itself. That there was a sulphur depos-

ition of some sort in the reaction tube was proved conclusively

when hydrogen from a cylinder was passed through the empty tube at

1550°C. The escaping hydrogen was found to contain as much sulphur£

as some of the gas mixtures used in the investigation.
It is thus probable that the following reactions occurred
simultaneously in the hot zone of the reaction tube:
HoS &Ho+ S

Fe + S &2FeS
Fe + HoS = FeS+Hp
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All the gas mixtures contained a large excess of hydrogen, and

this would tend to decrease the dissociation of the hydrogen

sulphide. As the sulphur would be present in the form of vapour,

the reactionvbétween it and the iron would be reversible.
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CONCLUSION

An experimental investigation has been made of the equilib-

rium constant of the reaction:
‘ FeS + Ho == Fe + HoS,

when it occurs at 1530°c, 1550°C, 1570°C, and 1600°C, respectively.
This experimental study was undertaken in order to enlarge the
present knowledge of the thermodynamics of metallurgical reactions
and to facilitate the study of such other balanced reactions. an
investigation was also thought desirable because of the large’dis-
crepancies between the results obtained by previous investigators
(Maurer and Bischofg»and Chipman and Lg? of this reaction.

The results obtained may be summarised by the equation:

log Ky = -1341 +,'107,
T

where Kj; - HgS (volume ratio) x Fe (mole fractions)
He ’ FeS
and T - temperature (oAbsolute).

It has thus been shown that the coqstant increases slightly with ]
rise in temperature. The results obtained agree reasonably well
with those of Chipman, and they differ greatly from Maurer and
Bischof's. Of these two, the former's data are based on the more.
definite information concerning the state of the reaction as
regards equilibrium.

in'previous investigations of this reaction, the sole factor

used as an indication of the proximity of the reaction to the

equilibrium state was a chemical analysis of the hydrogen sulphide/|
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- hydrogen gas mixture, before and after it had passed over the melt.
In the present investigation use has been made of the "high-
temperature balance". By means of the high-temperature balance it
- has been possible to take weighings of the melt during the course
of the reaction, and this has been a useful indication of the near-
ness of the reaction to the equilibrium state. The accuracy of
the high—temperature balance has been confirmed by the agreement
between it and weighings taken at ordinary temperatures after the
melt had been quenched. The values obtained for the equilibrium
constant have been based on the gain in weight of the melt and
crucible when weighed at room temperature. The high-temperature
balance has been used chiefly as a pointer to the state of the
melt as regards equilibrium. That the gain in weight of the melt
and crucible was due to the sulphur in the former was shown by
the sulphur-analyses which were carried out on the melts. The
equilibrium state was approached from both sides of the equation.
Qther investigators experienced difficulty in obtaining a
crucible of suitable composition for containing the melts, and
they did not solve the problem satisfaétorily. This difficulty
was solved in the présent research by using alundum crucibles
which were made from a mixture of coarse and fine alundum powders.
The main sourcé of trouble in the present work was the sulphur
deposition in the reaction tube, but this difficulty was surmounted
by passing a rapid stream of hydrogen through the tube at 1580°C,
and so driving out the sulphur. The problem of a suspension for

the crucible and melt was solved by the use of molybdenum and

platinum wires.
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There is no doubt that the method of the high-temperature
- balance is a very useful ene for investigating metallurgical (and
other reactions. By its use one might almost say that it is
possible to witness the progress of the reaction. Reference has
already been made to its fruitful use by Whitég)and there are many
other similar avenues of research with it. for example, the effect
of various metallic oxides (Alzﬁogﬁg MgO, Crgo03, ete.) on the dis-
sociation of ferric oxide can be studied to good effect and, in
fact, some preliminary work on this was carried out during the
course of the present investigation. It should also be possible
to make useful investigations of many important metallurgical re-

actions, such as that between manganese and iron sulphide, in the

presence of various gas compositions.
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